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Modeling and Energy Balancing Control of Modular
Multilevel Converters Using Perturbation Theory
for Quasi-Periodic Systems

Albrecht Gensior

Abstract—The most common modular multilevel converter
(MMUC) balancing solution uses the circulating current to gener-
ate additional powers in conjunction with the terminal voltages
including the common-mode voltage, relying on distinct frequen-
cies. Usually, the energies affected by each frequency component
are identified assuming constant amplitudes, which neglects the
inevitable impact on the other energies that inherently arises from
the amplitude variation caused by the feedback. Two issues have
received insufficient attention: 1) the approach does not provide a
dynamic model of the converter variables suitable for model-based
balancing control design, and 2) studies are missing that explore
the limitations caused by the usually neglected mutual interactions
of the energies. Thus, an MMC model is derived using perturbation
theory for quasi-periodic systems that lends itself to balancing
control design, as it solely describes the average of the energies.
Moreover, the impact of the mutual interactions is evaluated, re-
vealing the characteristics of a tradeoff between model accuracy
and balancing speed, that is inherent to any similar scheme. Fur-
ther contributions are the calculation of the energy ripple and
the proposal of a three-step procedure to tackle the design of the
balancing feedback. The findings are supported by simulations and
experimental results.

Index Terms—Modeling, modular multilevel converters,

nonlinear systems, perturbation methods.

1. INTRODUCTION

HE topology known as modular multilevel converter

(MMC) has been introduced in the industry for medium
voltage and high voltage applications. As one of its main advan-
tages, the MMC allows an almost unrestricted number of series
connected cells, which practically unlinks the rated voltage of
the converter from the semiconductor devices’ blocking voltage.
On the downside, control is challenging and can usually be
split in three parts: 1) ensuring that the voltages within each
arm do not deviate too much from each other, 2) fulfilling the
requirements of the load, and 3) taking care that each arm retains
an equal share of the stored energy.
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The first task is usually solved by a modulation algorithm
or insertion index calculation that receives as reference the
voltage to be realized across all cells of an arm, e.g., [1]-[9].
Depending on the direction of the current and possibly other
information the cells to be inserted, bypassed, or modulated
are selected. Depending on the algorithm used, the solution
of the first task may solve the third task implicitly when the
voltage errors generated by the modulation algorithm introduce
a desired damping [10]-[14]. However, it slightly impairs the
second task [15] and its balancing performance depends on op-
erating conditions [16]. Using the measured capacitor voltages
avoids this problem by minimizing the modulation voltage error
but requires an explicit balancing controller [10], [11]. This is
considered here. Applications can be found in loads sensitive to
modulation voltage errors or to deviations of the desired load
current waveform such that they benefit from a high modulation
accuracy and a dedicated closed-loop current control. In any
case, the cells of one arm can be modeled by one equivalent
cell in the context of the remaining one or two tasks. While the
first task can be solved somehow independently from the others,
the second and optionally third task are usually treated together.
However, a trajectory tracking control for all system variables
is difficult because the system proves to be underactuated. This
means there remains an internal dynamics of at least order two,
which has been pointed out in [17] for instance. As a direct
approach to deal with this problem, the methods developed
in [18] and [19] predict the internal dynamics in order to find
suitable reference trajectories. Although yielding good results,
this option often appears too elaborate for the practical needs.

Fortunately, for many practical applications the energies are
not required to follow specific trajectories as it is the case for
the load currents for instance. Instead, it is sufficient to ensure
that their averages reach their setpoints within a few periods of
the base frequency. According to the overwhelming majority of
references, the state-of-the-art solution for this problem employs
dedicated frequency components in the circulating current and
common-mode voltage. In an averaged sense and in conjunction
with the ac voltage, dc voltage, or the output current, each
component generates an additional power affecting a different
energy. The roles of these components need to be identified
for each relevant operating condition, which is usually done by
analytic evaluation of the power introduced in the equivalent
cells. This scheme has been applied successfully for different
applications and operating regimes. In [20], drive applications
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have been considered. In case of grid applications, this concept
has been extended in [21] and [22] to consider also a negative
sequence in the grid voltages. Optionally, balancing can be
obtained in conjunction with a third-harmonic injection of the
common-mode voltage as in [23]. In [24] the approach has been
applied even in case of a nonconstant dc voltage. Generalizations
that aim to include other converters are proposed in [25] and [26].

Although this approach is widely accepted, there are several
drawbacks or open issues associated with it.

1) Its main drawback is that it does not provide a dynamic
model for the average of the energies that is derived from
the model equations of the electrical circuit. As a conse-
quence, it is neither possible to choose an error dynamics
for the balancing process nor to identify disturbances that
may be compensated for in the controller design. As an
exception, the authors in [22] state a model for the average
quantities, but without a mathematical justification.

2) Furthermore, the approach assumes constancy of the com-
ponents used for balancing which obviously contradicts
the use of a balancing controller. Thus, although a certain
decoupling can be observed for constant coefficients, this
cannot be fulfilled during the balancing phase. This leads
toundesired couplings that interfere with the balancing. As
a recourse for this problem, the balancing speed must be
limited. However, studies are missing that assess the extent
of this limitation to explore the range of useful application.
As an exception, see [27].

3) Usually, the discussion is limited to a particular appli-
cation except for the approach in [25] which, however,
suffers from the first two points. Thus, there is no general
framework available that provides the versatility to tackle
different applications with the same model.

Although dynamic phasor models as in [28]-[30] or models
derived using harmonic state space approach as in [31]-[33] are
capable to describe the behavior of the averaged voltages and
do not assume constancy of the components, they increase the
order of the system. Thus, they are better suited to model the
closed loop when a balancing controller already exists rather
than facilitating balancing control design.

Summing up, the modeling part required for a systematic
model-based controller design for the energy balancing task has
not been covered sufficiently yet.

The present article contributes to close this gap by presenting
a modeling framework which employs singular perturbation
methods in order to separate between the fast and the slow
behavior of the system variables. In a first step, a rather standard
method is used which leads to a current-fed model. In a second
step and as one of the main contributions of the article, a
lemma of singular perturbation theory for quasi-periodic sys-
tems from [34] is applied which is rather unknown in power
electronics. The result is a mathematically backed model which
lends itself to balancing control design, as it solely describes
the average of the energies and allows to obtain a controller
by specifying the error dynamics for the balancing task. As a
side-effect, it allows to justify the findings of [20]-[22] in terms
of the roles the spectral components of the currents play for
balancing as well as the results from [35]-[40] discussing the
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impact of the components that do not influence the balancing
but the voltage ripple. Beyond that, the approach opens up the
way for other applications and operating regimes.

As a further contribution, a workflow for designing and
implementing a controller is proposed that allows to stabilize
the average of the energies with a prescribed error dynamics.
Although the concept is very versatile, for the purpose of illus-
tration and to relate the findings to the literature, it is applied
to a standard application which leads to a well-known control
approach. The same framework is then used to identify and avoid
a singularity in this solution in a way which cannot be found in
the literature so far. In order to explore its range of application,
the impact of the mutual interactions are evaluated via simulation
and measurements, revealing a tradeoff between model accuracy
and balancing speed, that is inherent to any similar balancing
scheme.

The article is organized as follows. The following Section II
recalls a lemma of singular perturbation theory in a rather
general form. It is applied to the MMC model in Section III
in order to derive a dynamic model for the averaged quantities.
Together with the description of the stationary operating regimes
in Section IV, this enables the design of a controller in Section V.
Sinceitis necessary to translate the controller from one modeling
context to another, this is discussed in Section V1. Section VII is
devoted to support the findings by simulation and experimental
results. Finally, Section VIII concludes the article. The appendix
briefly discusses a modeling step that enables to neglect the
dynamics of the currents by making use of another method of
singular perturbation theory.

II. RECALL OF A SINGULAR PERTURBATION METHOD FOR
QUASI-PERIODIC SYSTEMS

Since the article will exploit a lemma for quasi-periodic
systems that can be found in, e.g., [34], it seems beneficial to
recall this briefly. It considers systems of the form'

i=ef(t,2) +e%g(t, 2,¢) (1)

fulfilling the following conditions:
1) The functions in the vector f are periodic in ¢ with the
period T'. The average of f is

T
() = / £(t, 2)at @

where z is kept constant.

2) Functions f, g, and 9f/0z are continuous and bounded
by a constant M independent of ¢.

3) Function g is Lipschitz-continuous in z.

In this case the solution of

z=¢ef"(2) 3)

approximates the solution of (1) for identical initial conditions.
Another reference is [41] covering the case g = 0 only.

Dot-notation # indicates the time derivative %z
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Fig. 1. Continuous model of an MMC with equivalent cells and inductive load
with e.m.f. and isolated star point.

III. MODELING OF AN MMC
A. Circuit Model and Preliminary Steps

In order to ease the derivation of the model, the variables
are considered as averaged quantities over the switching period.
This is common practice and, in particular, causes the switching
functions of the cells to cover the interval [0, 1]. Furthermore, the
series connection of n cells per arm is replaced by an equivalent
cell [42]-[44].2 With these simplifications in mind, consider the
MMC in Fig. 1. The modeling of the converter and the load can
be done separately. Using the arm energy definition [27], [47]

1 1 , 1.
Cop = §Cv20k + §(Lz + M,)i?, — ZMzzf,
k
pzbw,k:y..,ﬁ 4)

and the transformations and definitions in Table I, the model of
the transformed MMC energies in stationary coordinates reads’

Lego = vpciso — Re(iv)) (5a)
Leqp = —2vy0is0 — Re(isv,n) (5b)
F&s = vDCl, — Uit — 2ivyo (5¢)
Leq =vpci — iU a — 2000 — 2is0v,n  (5d)
with

vy =1, — M. Si. (6)

The dynamics of the MMC currents reads
(L + M, )df = Vg0 (7a)
(L. —l—M)dt o= U, (7b)

Subsystem (5a) is a power balance between the stored energy ey
and the dc side and ac side. The other subsystems describe the
energy distribution among the arms. Details on the modeling
can be found in [27] and [47]. Inclusion of the arm inductor

2Details on the error introduced by this step can be found in [45] and [46] for
instance.

3Note that for a complex variable a, a* = conj(a).
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TABLE I
DEFINITIONS AND TRANSFORMATIONS OF ARM ENERGIES, CURRENTS AND
VOLTAGES FOR THE CIRCUIT IN Fig. 1

definition

e; = (€21, €23, EZS)T

e, = (622,624,626)T
go = 5(1,1,1)
—_2 (1 J%F F
9,5 =3 (H® %,¢
eso = 2go(ed +ex)
edo = 2go(ed —ez)
e, =2g, (el +e2)
ea =29, (el —e2)
7/; = (izl77;23giz5)T
1; = (iZZyizéhizG)T
iso = go(id +4%)
ig=9,,(id +i2)
i=g, 6 i)

description

positive dc terminal arm energies
negative dc terminal arm energies

Zero sequence component

3ph axes in complex a3 notation

stored energy (scaled)
vertical difference (scaled)
complex energy sum

complex energy difference

positive dc terminal arm currents
negative dc terminal arm currents
(scaled) dc current

complex circulating current

complex output current

output voltages referred to M
U(;r = (Vg1,vg3,vg5)" upper arm injected voltages
vy = (vg2,Vq4,vg6) " lower arm injected voltages
Yy = 9,50 complex output voltage
Vyo = goUy

— oo — an (vt + v
V20 = UDC ggr(’vq +vg)
Yy = *Qaﬁ(vq +vg)

vy = (vy1,vy2,vy3) T

common-mode voltage referred to M
dc current driving voltage
circulating current driving voltage

load voltages
complex load voltage

_ T
vg = (g1, Vg2, Vg3)
Vg = 9,5%9

'Ug_[) :go'v_g o
10 = go(i1,12,13)

common-mode voltage of the load
common-mode current of the load

in the energy definition (4) leads to a cascaded structure of the
model, since the driving voltages v, and v, of the currents do
not appear in the energy system (5) [18].

For the model of the load one obtains

L&i=v,—Ri—v, (8a)
Vo = ’Uyo — Ug() (Sb)
i(] =0 (SC)

in the transformed variables from Table I.

For modeling purposes, the modulation algorithm is assumed
to ideally inject the arm voltage vy, implying a modulation that
takes the available voltage into account, e.g., [48]. However, a
voltage error can easily be included in the model to cover other
control approaches.

The model used here differs from other models, e.g., [10],
[28]-[30], in terms of using the energies rather than the capacitor
voltages as coordinates. However, it also differs from energy
models in most other references, [22], [49], [50] for instance,
by incorporating the energy stored in the inductors as can be
seen from (4). Although the quantitative impact is low, it leads
to a more compact model and avoids the neglect of terms related
to the energy exchange with the inductors. In [49] and [50] for
instance, these terms have been neglected by arguing that they
are small.

Summing up, (5)—(7), and (8) describe the model of the MMC
and its load, which is the point of departure for the subsequent
modeling steps. Before continuing with these, it might be helpful
to recall the difficulty of controlling MMCs by having a look
at the quantities to be controlled and the inputs of the system:
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Counting complex quantities as two, the model at this point
consists of equations in six arm energies, two load currents, two
circulating currents, the de-current, and six voltages correspond-
ing to the duty-cycles for the equivalent cells serving as inputs.
The requirements of the load fix the trajectory of the complex
load current ¢ whose closed-loop control consumes the input v,,.
The energy ey is controlled via the dc-current which in turn
is controlled by v,¢. Either e, or e; can be controlled by the
circulating current 7, via v,,. Finally, the common-mode voltage
vy can be used to control eg4g. Thus, two real-valued energies
are left uncontrolled. In other words, dedicating the load current
control solely to the application, generally requires an explicit
balancing scheme.

This motivates to develop another model not suffering from
being underactuated which proceeds in Section III-C. Before
doing so, a rather standard method of singular perturbations
theory is used to replace the currents by their quasi-stationary
counterparts.

B. Dealing With the Dynamics of the Currents

At least from a heuristic point of view it is common practice
to neglect the dynamics of the fast subsystem when discussing
the dynamics of the slow subsystem if such a splitting seems
appropriate at all. For MMCs, this means disregarding the dy-
namics of the currents when dealing with the dynamics of the
energies. This leads to the simplified model

ddteso = Upcisy — Re(z v ) (9a)
Leqp = —2vy0is0 — Re(ikn,) (9b)
e, =vpci, — y;z* — 2ivy0 (9¢)
ddted = Upct — — 200y — 2i50Y,- (9d)

This procedure can be justiﬁed by applying a rather standard
method of singular perturbation theory as shown in the Ap-
pendix.

However, although reduced by the dynamics of the currents,
the system is still underactuated. Furthermore, there do not
exist meaningful nontrivial stationary operating points in the
sense that all derivatives on the left-hand side of (9) vanish.
Although this can be avoided in an elegant way by choosing
dedicated reference frames for each energy, it may lead to
restrictions regarding the operation because this allows only
for one frequency component in each energy. This can be seen
in [50], for instance, where 2, allows only for a single harmonic
of minus twice the base frequency and v,y = 0. In order to avoid
such limitations, the present article rather focuses on stationary
operating regimes where the solutions of (9) are periodical in
time, possibly containing more than one frequency component.
The modeling step proceeding next will help to identify such
regimes and provide a model that does not suffer from being
underactuated. Therefore, (9) serves as starting point.

C. Averaged Model

In a usual application of an MMC, the trajectories of the
quantities on the right-hand side of (9) can be described by the
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Fourier series

= Villeiwt 4 yl-tlemivt (10a)

i = [Mewt 4 l-1eiwt (10b)

vo =V + Y vieiket (10¢)
keZ\{0}

vpe = V% (10d)

i =10+ > It (10e)
keZ\{0}

l‘s — Zlgk]ejkwt (10f)

keZ

withw = const. The assumption of constancy of the angular fre-
quency is justified here since the focus lies on a grid-connected
system. Some of the coefficients in (10) have already been omit-
ted because in the present context they are negligible in practice.
Since the remaining coefficients are complex, they inherently
contain the information about the phase alignment. However,
for the load positive and negative sequences for voltages and
currents are still possible. Since v, and i, are real quantities,
Vi = VI and 1Y = 1 nowd for k = 1,2, 0o This
representation is beneficial for the calculations below

In practice, the coefficients will change slowly in time
which especially may be caused by a feedback, which has yet
to be determined. For the time being, it can be considered

— 1] )
(1] [1] - K.%(O) + Kg/,(l)’f + ... with
\%4 \%

Vo oYy ay = const in the case of Kgl] and similarly for
the other coefficients.

Inserting the assumptions (10) on the right-hand side of (9)
and changing the time as 7 = wt brings (9) in the form (1).
The perturbation parameter is ¢ = w™!. Considering the time

dependence of the coefficients, it turns out that ZLI](O) and

by a Taylor expansion Kgl] (t)

its counterparts appear in f, and K[y ) i) 1 =1,2,... and the
corresponding coefficients of the other quantities appear in g. If
one assumes constant coefficients in (10) which is equivalent to
terminating the Taylor series after the zeroth element, g vanishes.
This case is also covered by [41]. Thus, it turns out that the series
used for the coefficients enables to consider that they depend on
time which brings the system in the form (1) with g # 0 such
that the theorem from [34] is applicable.

Following the results from [34] (see Section II), an approxi-
mation can be obtained by averaging f over 7 € [0, 27]. This
eliminates all terms with arguments depending on 7. In the
original time ¢, this yields the simplified model*

o= VLY - Re(ﬂ”zg}]*+ﬂ*”z£jﬂ*) (11a)
Qo= —20vi - S 2yl H
keZ\{0}
Re( VI 4y 11) (11b)

4Consider that for two complex variables a,b it holds ab* + a*b =
2Re(ab").
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die = Voo LV = v oyt
—yr et oyl (11¢)
Seq= — v vl

— 2> Vi — oy F T — oy Y (11a)
keZ

Note that the same model is obtained no matter whether the
coefficients are constant (g = 0) or slowly changing (¢ nonzero).
This is why the case with time-dependent coefficients is covered
as well. Thus, in order to ease the notation, the coefficients
have been named as in (10) when they are considered to be
constant. However, keep in mind that the disregard of g by the
theorem leads to a modeling error. Thus, the obtained model
is an approximation that is valid only to a limited extend. In
Section VII-B, experiments will be performed in order to explore
the limits of validity of the model.

Besides the fact that [28]-[30] use voltages instead of energies
as state variables, the model (11) is linked to the dynamic phasor
models in a way that it only describes the component with index
zero, i.e., the dc part. The same applies to the models in [31]-
[33] which use a similar concept known as harmonic state space
modeling. Although these models are well suited to describe the
behavior of the system when a controller already exists, it is
difficult to use them for control design because they artificially
increase the order of the resulting model and create the problem
of obtaining these states from the six energies of the MMC. In
contrast, the purpose of the present model is to facilitate the
control design.

D. Properties of the Model (11)

In contrast to the original model (9), describing the instan-
taneous behavior of the system, the model (11) describes the
behavior of the system in an averaged sense. As a consequence,
it exhibits fundamentally different properties at least in the
following two points.

First off, it has meaningful stationary operating points which
can be identified by setting the left-hand side to zero, similar to
the models in [28] for a different converter. Such stationary op-
erating points of (11) correspond to stationary operating regimes
of (9). This is discussed in more detail in Section I'V.

Second, depending on the application and control engineering
considerations, some of the coefficients in (10) will be parame-
ters while others will be system variables.’ Since there may ap-
pear products of system variables on the right-hand side of (11),
in general, the system is nonlinear. Thus, it evades from checking
the controllability as it can be done for linear systems. Fortu-
nately, the property of differential flatness extends the concept
of controllability to nonlinear systems. A system is differentially
flat, if all system variables can be parameterized by trajectories
of a so-called flat output [51]. Interestingly, the energies do not
appear on the right-hand side of (11). Furthermore, in any case
they will be part of the set of system variables which means that

SModeling quantities that are fixed by external requirements or by assump-
tions will be called parameters in this text. The remaining quantities are system
variables.
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y = (€50, €do, €5, €,4) Will be the only reasonable candidate for
a flat output. Proving for flatness reduces then to solving for the
remaining system variables. Since different coefficients of the
same variable in the reduced model (9) can be assigned the role
of system variables, in practice, one will extend the system by
algebraic constraints. These equations become part of the model
and ensure that a unique solution can still be found. This process
is part of the control design which is discussed in Section V.

IV. STATIONARY REGIMES OF THE REDUCED MODEL
A. General Idea

Assuming a stationary regime of the load, given by (10a) and
(10b), stationary operating regimes of the reduced model (9)
can be found by setting the left-hand side of (11) to zero. Since
this possibly does not fix all coefficients in the series expan-
sions (10c)—(10f) yet, further requirements can be incorporated
as demonstrated by an example below. Depending on these
choices, one obtains different possible regimes which can be
expressed by sums of complex exponentials

eso = B9 + 3 Re (Eggew) (122)
keN
€50,AC
e = EY + 3 Re (Eg’ﬁeikwt) (12b)
keN
€d0,AC
e, =EM+ > EM (12¢)
keZ\{0}
£s,AC
ea=EY + 3 Bt (12d)
keZ\{0}
£a4,AC

The dc offset £ £%] in the stored energy e,( determines the average
cell capacitor voltage and needs to be higher than 2Cv3 -, i.e.,
the value required to block the dc voltage with just one arm, in
order to provide enough room for the ac components of the cell
voltages. The dc offsets in the other energies, i.e., C[l%], ELO], and

EEZO], are zero in a balanced regime. The coefficients with k& # 0
of the stationary regime (12) represent the ac components of the
energies.

B. Example

A popular operating regime for symmetrical grid conditions
is characterized by a constant dc voltage, a constant dc current,
an optional triplen harmonic injection of the common-mode
voltage, and either zero circulating current or using a second
harmonic instead, which boils down to the coefficients

(13a)
(13b)
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TABLE I
CONSTANTS OF THE EXAMPLE STATIONARY OPERATING REGIME
CORRESPONDING TO (13a), (13b), (13e)—(13g). THE SHADED PART IN E[;Q]
'VANISHES BY CHOOSING (13¢) WITH A = 1

EY) > 2003
. 3 0]y ,[3 1] ,[—2
Lo 310V — 5Vy' 1
jwpl ™ gufam — v fLiCe o iy R
jorl! — 31y
jwEl ) 2y
jwBl VR — oV — [T o Ry B
all other 0
TABLE III
PARAMETERS OF THE MMC FOR THE EXPERIMENTS
symbol value
number of cells per arm n 6
cell capacitance nC 375 uF
arm inductor L, 1.2mH
mutual inductance M., 0.94 mH
rated arm current peak I 25A
nominal dc-voltage Vbe,r 650V
controller sampling rate and PWM frequency 4.884kHz
measurement to PWM update delay 102.4 ps
average power device switching frequency [53] favg 857 Hz
A Oy o —
w_ vl G k=2
I% =4 "ve ) (13¢)
0 otherwise
1 1] .jk (4
w _ [l k= 3,3
vk = ) (13d)
0 otherwise
0
VL > (v, V3 (13¢)
o _ 1 1 7[)*
Ly = —grRe(V1 1Y (13f)
DC
™M_o0 k>1 (13g)
s0 T = = g

The variable A € {0, 1} in (13¢) acts as a switch to optionally
compensate the second power term on the right hand side of (9¢)
which reduces the cell capacitor voltage ripple amplitude, as
in [35]-[40], [52].

The conditions (13) constitute a stationary solution of the
averaged system (11), because they render to zero its right-hand
side. The energy variables of the nonaveraged system (9) assume
the shape of (12) in which the constants E%, E 52] s EL‘” s EE;S],
and E([il] appear as given in Table II.

Representative waveforms of the regime (13) are given in
Fig. 2 for both values of A using the parameter set given in
Table III characterizing the test bench used for the experiments.
The dc voltage Vlgo(];, output current 1 1) and output voltage KE]
are the same for both cases and given in Table IV. Note that the
generation of the plots does not require a simulation (i.e., a nu-
merical solution of differential equations) because the solutions
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Fig. 2. Example regime (13) for A = 0 (left) and A = 1 (right): (a) Stored
energy eso, (b) vertical difference e, (c) complex sum e, (d) complex differ-
ence e, () equivalent cell voltages vy, (f) arm currents 7.y, () duty-cycles
qr, k=1,...,6. The MMC parameters are given in Table III and V[O] I [,

DC>
Zg[}] , and w can be found in Table IV.

TABLE IV
PARAMETERS USED IN THE CALCULATIONS, SIMULATIONS,
AND MEASUREMENTS

variable symbol value Figs.
output voltage Z,[yl] 323V 2,9-12
dc voltage VE[% 630V ——
645V 13
output current 10 (—12 —jL1)A  2,9-12
stored energy reference €50, ref 81.28J 9-12
55J 13
angular frequency w 2750Hz 2, 9-13
eso-control gain lsg/VlgOc] 1.5V—lg—1 9-13
esp-control integral gain ZSO,I/Vg)C] 323V—lg—2 9-13
gain setting Case A 4o, s, lg 5051 9-12
gain setting Case B —— 122s~1  11-13
gain setting Case C — 400s~1 11,12

can be calculated directly from (12) with the coefficients from
Table II and the use of the inverse of the transforms given in
Table I to obtain the quantities in natural coordinates.

The regime is similar to the hf-mode in [20] except for the

complex notation. The coefficients Z?[jég} in Table IT allow to em-

ulate the HB-B approach in [22] by disabling the third-harmonic

common-mode voltage via the setting K%g] =0.
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Fig. 3. Generic block diagram of a controller using averaged variables, indi-

cated by the outer shaded region. The controller is designed using the dashed
loop in the inner shaded region.

V. CONTROL
A. General Idea

The shaded regions of the generic block diagram in Fig. 3
illustrate the simplifications that have been achieved by the
previous modeling steps: The averaged plant represents the
relevant behavior of the unshaded signal path through the real
plant, allowing an efficient control design via the much simpler
dashed loop. Obviously, a translation between the averaged and
nonaveraged context is required, which is indicated by the blocks
denoted forward and back translation, respectively.

The goal of the control design consists in designing a feedback
law that stabilizes the trajectories of the averaged system (11)
around their nominal ones €, ref, €40, ref» €5 e and €4 ref- USU-
ally these trajectories are constant which reduces the problem
to the stabilization of a given stationary operating point; one of
which has been discussed in Section I'V-B. In general, the control
design proceeds in the following steps.

1) Collection of System Variables: For an analysis of the
model from a control engineering perspective it is necessary that
each quantity in the model must be assigned the role of being
either a parameter or a system variable. Those fixed by external
requirements or by additional assumptions are parameters that
can be collected in the set P and may have to be compensated for
later. If not compensated, the parameter will act as a disturbance.
The remaining quantities are denoted as system variables which
can be collected in the set V. Although they assume fixed values
in a stationary regime, in the transient phase they may deviate
from these values in order to accomplish the balancing task.
Note that, due to the Fourier series, the cardinality of VV might
be infinite.

2) Control Input Assignment: The control of the six energies
described by (11) requires six control variables that are collected
in the tuple u = (uy, ..., ug). The goal of this step is to assign
the control inputs to the system variables in ). Therefore, a

mapping

v = gi(u) (14)
must be chosen, where v; € V and g; : R® — R. These equa-
tions become part of the model and the choice is valid, if it is
possible to express all system variables in terms of the derivative
of the output y, i.e., Ly = (Le, Leg, Le,, Le,) which
makes y a flat output of the system (11), (14). Thus, at least
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locally exist solutions of the form

up = by, (5850, a0, 4, E4) (15)
and one may proceed with the next step.

Note that in the simplest case, six system variables are picked
out from the set V' to define the components of the input « while
the remaining variables from )V are set to zero. Alternatively,
additional requirements can be formulated at this stage that may
lead to a more sophisticated choice of the functions g;. As an
example, it is possible to share the control effort among different
system variables. In [26] this has been done in order to minimize
the root mean square (rms) arm currents in a similar application.

Note further that if a function g; is independent of wu, this
has essentially the same effect than assigning v; the role of a
parameter.

3) Error Dynamics Design: Finally, a desired dynamics for
the errors €50 — €50 ref> €d0 — €d0,ref> €5 — € rvef> and e; —
€4,vet Must be chosen. For instance, the dynamics

L (€50 — Eso,vef) = —ls0(Es0 — Eso,rer) — lso,1E50,1  (16a)
4 (2a0 — €do,vet) = —lao(Eao — €qo ret) (16b)
1 (€ = Eaver) = —1s(8s — & rer) (16¢)
L(8g — €grer) = —la(Eg — € rer) (16d)
Eéso,l = €50 — €50, ref (16e)

with the controller parameters lso,ls0,7,ld0,ls,lq enables an
asymptotic decay of the energy errors. The integral gain I, ;
eliminates a remaining control error in the stored energy in case
of model inaccuracies.

B. Example

For a better understanding, this is illustrated by an example:

1) Collection of System Variables: An operating regime is
considered that complies with the regime introduced in Sec-
tion I'V-B.

In order to avoid any interference of the third-harmonic
injection of the common-mode voltage and the optional
second-harmonic injection of the circulating current with

+3) _

the controller design, I} 31 — 0 and VE& = 0 rendering any

contributions of these two quantities together with K%S] and

1 [572] irrelevant for the averaged behavior; see (11). Thus, the
parameters and system variables are collected in the sets P =

(v v ISyl g2 sl e vy and v =
(8 10 vy U, 10, Ve € 2\ (on i€ 24 (0,2,

s 7— 0

+3}h,m e Z\{0,27j:3}} !
2) Control Input Assignment: Considering the assumptions
from 1) in the model (11), one can see that there is only one
term that is already fixed, namely, Re(Z [HKLH *) in (11a). Since

on the right-hand side of (11a), only [ £%] belongs to the system
variables, this one must be taken as a component of the input.
However, there are five (real) quantities left and there are differ-
ent options to choose the remaining components of the input .
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Fig. 4. Block diagram of the controller in terms of the averaged variables.

A very popular choice for the mapping (14) is

19 =, (17a)
I = ypeiare D) (17b)
I = g + jug (17c)
15U = (us + jug)e T804 (17d)
IM=0, kezZ\{-3,-2,-1,0,1,3} (17e)
vil=0, kez\{-323} (17f)
1§ =0, kez\{0}, (17g)

see [15] or Case A in [23]. °

3) Error Dynamics Design: The error dynamics (16) can be
used to eliminate the derivatives of the energies in (15) leading
to

up = @ (€s0,ref — 150(Es0 — €s0,rer)
— ls0,7€s0,1 + Re (lng}]*)) (18a)
ug = — |Ztll| ($5€a0.rer — lao(€ao — €ao rer)) (18b)
uz + jug = Virg (§i€swet — s (& — o ret)) (18¢)
us +jus = — 1y (§€arer = lal€i = Eiper)) - (180)

As one can see, as long as |K?[}] | > 0, the concept will work
and, if desired, it is also possible to add integral parts as already
suggested in (16a), (16e). A possibility to avoid this singularity
is discussed later in Section VII-C. Besides the expected control
of the stored energy by the dc current, the derived controller (18)
implements the common horizontal and vertical energy balanc-
ing, e.g., [20], [22], [23]: Subsystem (18c) provides the horizon-
tal balancing of the complex energy sum e, via the dc component
of the circulating current (17c). And, subsystems (18b) and (18d)
provide the vertical balancing of the energy difference ey and
e via the positive sequence (17b) and negative sequence (17d)
circulating current, respectively.

The block diagram in Fig. 4 shows the resulting controller
and the diagram in Fig. 5 depicts its application to the averaged

6Case B in [23] offers an alternative choice where the dc current component on
the ac side substitutes for the negative sequence circulating current (17d). This
is not directly obvious from the averaged system (11), because the series (10)
excludes a dc component on the ac side since not all applications allow it.
However, after amending the series (10b) to include a dc component I [0],

an additional power term Vg)] I [9) becomes available in the average energy
subsystem (11d) as a control input choice.
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Fig. 5. Block diagram of the controller applied to the MMC averaged
model (11).

system. The controller receives the average energy references,
including, if desired, their derivatives, while its output u is
inserted into the mapping (14), completing the system variables
of the averaged model (11). Fig. 5 corresponds to the dashed
loop in the shaded region of the generic block diagram in Fig. 3.
Connection of the controller to the solid loop in the nonshaded
region of Fig. 3 paves the way for a practical application. This
is discussed in the next section.

Note that the example has been chosen for reasons of sim-
plicity. Following the procedure above for unbalanced grid
conditions would require the following modifications which are
just sketched briefly. The averaged model (9) already considers a
negative sequence for the grid voltage and current. For identify-
ing stationary operating regimes, (13a) and (13b) no longer hold.
Depending on the stationary solution of (11), the components

in Table II change and the additional components EEEO], E%,

E[;‘q, EEJ, Egﬁl], and EE'] may appear. For the control input
assignments, the presence of Zg’l] opens up more choices as
one can see from (9). Revisiting [21], [22], and [54] allows to
verify that some of them have already been proposed which links

the method to the literature.

VI. IMPLEMENTATION
A. Translation of the System Variables

The implementation of the controller shown in Fig. 4 re-
lies on the averaged model (11). Consequently, the interfaces
consist of averaged quantities. Thus, using the same controller
for the reduced system (9) or even in a practical application
requires a translation of the system variables between the dif-
ferent contexts. While the average energy references can easily
be set, the actual average energies are not directly accessible
because the averaged system (11) has no real equivalent. This
is why the reconstruction of the average energies requires a
forward translation of the instantaneous energies. Here, the
forward translation is implemented by subtracting the respective
alternating components of the stationary solution (12) from the
measured energies, leading to the approximation

€50 & €50 — €50,AC = €50 (19a)
€d0 & €4y — €40, AC =: €do (19b)
€, N e, — e ac = € (19¢)
€4~ €4~ E4ac = Eq- (19d)

Consequently, the quantities €0, €40, €,, ¢4 Will be termed
forward-translated energies in the following. The alternating
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Fig. 6. Block diagram of the controller in Fig. 4 applied to the MMC reduced

model (9). In case of the example from Section V-B, the shaded region is replaced
by the block diagram in Fig. 7.

components in the forward translation (19) are calculated as-
suming nominal conditions, with the benefit of quick response
to operating regime changes. Alternatively, moving average or
low pass filtering can be used as in, e.g., [55] and [56] at the cost
of an acquisition delay which is avoided by (19).

The back translation is implemented by the series defini-
tions (10). The coefficients are provided by the system vari-
ables V and the parameters P of the averaged system (11).

Owing to this forward and back translation, the controller for
the averaged system is able to control the reduced system, as
shown in the block diagram in Fig. 6. Implementation of this
control scheme for a practical MMC system involves replacing
the reduced model (9) in Fig. 6 with the real hardware including
the underlying current or voltage controllers, as required by
the application. The references for these controllers are given
by the series definitions (10). Some of the series (10) may
already be fixed by the application, requiring their inclusion
solely for modeling purposes. In such a case, only a subset of
the series definitions (10) need to be implemented, reducing the
computation cost.

B. Example

Except for the shaded region in Fig. 6, the other blocks
remain valid for a practical implementation. For the forward
translation, the coefficients from Table II are used. Implement-
ing the back translation for the example from Section V-B to
a current controlled MMC in a grid-side application merely
requires the ac current (10b), the common-mode voltage (10c),
the dc current (10e), and the circulating current (10f), as shown
in Fig. 7. Implementation of the series (10a) and (10d) for the
output voltage v, and the dc voltage vpc, respectively, is not
required since the former is utilized by the ac current con-
troller (30) and the latter is obtained via measurement. Therefore,
the coefficients of the omitted series (10a) and (10d) need to be
identified in order to complete the parameter set P since the
remaining blocks may depend on it. The positive and negative
sequence Kgﬂl can be obtained from the stationary solution
of the load model (8a) after the current ¢ and its derivative
have been replaced with the help of the series (10b) and its
derivative, respectively. The dc voltage K][g]c can directly be
obtained from the measurement vpc, using an optional low pass
filter, if desired.
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Fig. 7. Block diagram of shaded region in Fig. 6 for the example from
Section V-B including current control, modulation, arm voltage equalization, and
transformations as implemented on the test bench. Only the required columns
from Table I or their inverse are used.

Fig. 8. (a) Control cabinet and MMC cabinet. (b) Twin-cell module.

VII. SIMULATION AND MEASUREMENT RESULTS

The aim of this section is to illustrate some of the results from
the previous sections by simulation and measurement results. A
low-voltage test bench with a rapid control prototyping system
and customized field-programmable gate arrays (FPGAs) isused
for the experiments. The control cabinet and one MMC cabinet
is shown in Fig. 8(a) and one of the twin-cell modules is shown
in Fig. 8(b). In order to ease a comparison between both, for
the simulation the parameters of the test bench have been used,
listed in Table III.

A. Invariance of the Averaged Behavior w.r.t. the Second
Harmonic of the Circulating Current

In Section V-B1 it has been stated that I’ [:2] does not influence

the average of the energies (as long as Z% = 0), such that its
use does not affect the balancing. This is confirmed by the
simulations and measurements in Figs. 9 and 10, where the
complex energy reference &, ¢ steps from (25+j0) J to zero
att = typep for A = 0O and A = 1, respectively. The left columns
in Figs. 9 and 10 demonstrate the behavior of the translated
controller (18), i.e., simulating the block diagram in Fig. 6. The
corresponding measurements are shown in the right columns
of each figure. In all four cases, the symmetric operation is
reached after two fundamental cycles, as apparent from the
equivalent cell voltages in Figs. 9(e) and 10(e), as well as from
the instantaneous energies shown as solid lines in (a) to (d)
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Fig. 9. Simulation (left) and measurement (right) of the regime (13) for A = 0 when the energy reference €4, vet StEPS from €, .. = 25+ 0jJ to zero at
t = tstep = —2.5 ms, i.e., symmetric operation: (a) Stored energy eso (solid), €50 (dashed); (b) vertical difference ey (solid), €49 (dashed); (c) complex sum e
(solid), és (dashed); (d) complex difference e (solid), éd (dashed); (e) equivalent cell voltages voy, (left), cell voltages scaled by number of cells per arm n
(right); (f) arm currents 4; (g) grid voltages vg1, vg2, vg3; (h) grid currents 41, i2, 3 (i) duty-cycles g, k = 1,. .., 6. The instantaneous energies in (a) to (d)

are drawn as solid lines, while the respective forward-translated energies are dashed. The cell voltages, arm currents, and duty-cycles on the left are calculated via
the relations from Section III and on the right are measured via the real time system. Parameters are given in Table IV.

of the respective figures. The stored energy ey in all cases
stays constant, because it is not coupled to the other energies
and its reference is not changed. Except for a small dc and
second-harmonic component in the energy e, and a residual
fundamental frequency component in the average energy e, the
measurements in Figs. 9 and 10 show the same behavior as the
simulations, respectively. Obviously, the stationary regime (12)
cannot predict all details of the real energies, which explains
the nonvanishing disturbances in the average energies. Most
of the differences originate from additional components that
were neglected in the assumptions (10) and from the nonideal
behavior of the MMC, that was neglected in the modeling, e.g.,
semiconductor voltage drops and losses. The resemblance of
the real system by the model is adequate for the purpose of
control design, confirming the modeling process. Interestingly,

although the instantaneous energies differ considerably between
the regimes, the behavior of the forward-translated energies (19),
shown as dashed lines in Figs. 9 and 10, is almost identical.
This favorable feature was enabled by inclusion of the optional
second-harmonic circulating current I [5_2] in the parameters P,
as discussed in Section V-B1.

B. Feedback Gain Tuning

In the context of the averaged model (11), the gains of the error
dynamics (16) are not limited a priori. However, the validity of
the averaged system (11) (and consequently that of the controller
as well) is based on the assumption of slowly varying coeffi-
cients of the series (10). As shown in Section III-C, the mean-

ing of slowly depends on the perturbation parameter ¢ = w™'.
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This naturally restricts the choice of the gains, in order not to
lose the ability of (16) to predict the behavior of the closed loop
in Fig. 6. Note that, although a formal modeling ending up in a
dynamic model as proposed here is missing in the state of the
art, this gain tuning problem is equally relevant there. In either
case, it comes down to a tradeoff between modeling accuracy
and energy control performance.

This interesting point is investigated here by varying the gains
of the error dynamics (16) in simulations and measurements. For
simulation, the control schemes in Figs. 5 and 6 are considered
for different gain settings during the same step change of the
average energy reference €, ¢ as before in Figs. 9 and 10. In
order to assess the energy control performance, the sum of the
squared errors is used

K= (ésO - ésOmef)2 + (édO - éd07ref)2

+ |§s - Es,ref|2 + ’éd - Ed,ref|2 (20)

for the loop in Fig. 5 and

K = (éSO - ésO,ref)2 + (édO - édO,ref)2

+ |és - Es,ref|2 + éd - éd,ref’2 (21)

for the loop in Fig. 6, respectively. Fig. 11 shows the simulation
results on the left and the measurement results on the right for
the three gain settings A, B, and C, as given in Table IV.

Only the results for the complex energy e, are shown in
Fig. 11(a) and (b), because the cost functions K and K in
Fig. 11(c) include all energies. With a low gain setting, the
averaged system and the reduced system behave very similar, as
evident from the small difference between the solid and dashed
lines for case A in Fig. 11, supporting the use of the simpler loop
in Fig. 5 [using the averaged model (11)] as a model for the more
complicated loop in Fig. 6 [using the reduced model (5)]. With
increasing gains, the difference between both systems becomes
larger, as evident for the cases B and C. Gain setting B is
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sum of squared errors K and K, as defined in (20) and (21), respectively.

preferable over A because it offers a faster decay of K, even
with the larger modeling error of the averaged system, i.e., a
mismatch between K and K. The setting C has no practical
merit, because the sum of the squared errors K decays slower
than in any of the other two cases, although it has the highest
gains.

The step change from the simulations on the left in Fig. 11
was measured on a low-voltage test bench, leading to the exper-
imental results on the right. For convenience, the corresponding
solution of the loop in Fig. 5 is plotted as well using dashed
lines, facilitating easy comparison with the simulation results.
Despite a nonzero fundamental frequency component in the
average energy €,, the measurements on the right in Fig. 11(a)
and (b) show the same behavior as the simulations on the left.
The additional fundamental component mainly originates from
the assumption of ideal MMC behavior in the average energy
approximation (19). However, these modeling inaccuracies can
be accepted because the energy errors are dominated by the
energy imbalance. The measurements on the right in Fig. 11(c)
exhibit the same relations of the sum of squared errors (solid)
to the predicted behavior (dashed) as the simulations on the left.
Although the decay of the sum of the squared errors K is faster
in the measurement than in the simulation, case C is still no
reasonable setting for the gains since the other cases provide
faster decays with lower gains.

To sum up, the growing mismatch between the average system
prediction and the actual behavior indicates that it cannot be used
to approximate the full system in case of increased gains. In other
words, the assumption of constant coefficients of the series (10)
cedes to be useful, when the specified error dynamics (16) is
intended to decay too quickly. Fig. 12 illustrates this tradeoff

2 F I I I

IAE(E) + IAE(K)

normalized error—>
—
T

normalized gain scaling—

Fig. 12. IAE(K) of the loop in Fig. 6 (black), predicted IAE(K) according
to the loop in Fig. 5 (blue), and the the modeling IAE(E)) of the latter (red) for
different gain settings. Solid and dashed lines indicate simulation results and the
circles and cross marks indicate measurement results.

between model accuracy and controller performance by showing
the integral absolute error (IAE), defined as
IAE(z) = / |(¢t)|de (22)

0
of both, the loop in Fig. 5, where x = K [i.e., the error dy-
namics (16)] and the loop in Fig. 6, where x = K. In order to

evaluate the difference between both models, the mismatching
measure IAE(E), with

E = (éso — 550)2 + (Ea0 — édo)2

e -’ (23)

+e, —e)* +

is depicted as well. Application of the Integral Absolute Error
(IAE) in (22) to the squared cost functions in (20), (21), and (23),
effectively provides the integral square error of the loops and
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of the modeling mismatch. With increasing gains, the control
performance of the simplified system increases which is indi-
cated by a decrease of TAE(K) while the modeling mismatch
assessed by TAE(E) increases. Interestingly, the IAE(K) of
the actual system features a minimum, located near the crossing
of IAE(K) and IAE(E) which is why setting B is preferred,
due to its vicinity to the minimum.

The measurement results from the experiments on the right
in Fig. 11 are indicated in Fig. 12 by circles for IAE(K) and
cross marks for the modeling mismatch TAE(FE). Except for
case C, i.e., the high-gain setting, the simulations agree with the
measurements.

The simulation and measurement results demonstrate that the
modeling mismatch IAE(E) is dominated by the additional
cross coupling of the back translation which is already included
in the loop in Fig. 6 and that the additional errors of a practi-
cal implementation are negligible in the context of the energy
balancing.

In the case at hand, the stored energy is not relevant for this
tradeoff, because the series calculation in Fig. 6 [i.e., the trans-
lated control law (18)] does not introduce any cross coupling
between ey and the other energies. Consequently, the gain /g
is limited by other effects, such as the underlying dc current
control performance.

C. Improved Control Mapping Avoiding the Singularity in (18)

As mentioned above, the controller (18) suffers from a singu-
larity in case Zq[}] = 0. As a consequence, the currents required

for symmetrizing the energies may become too large if |K?[/1}|
is low. In such a case, e.g., during a fault ride through (FRT)
condition it may be advisable to choose other inputs. As a benefit
of the modeling, this is easily possible by simply following the
three-step instructions given in Section V-A for this particular
case. The singularity can be avoided by not already fixing 1 Lﬁ] in
the step Collection of System Variables which means assigning
them the role of system variables instead of parameters. With
1) being now members of V, this freedom can be exploited in
the step control input assignment by extending the choice (17)
as

LLT)S] = X1U2ej arg(z[yiOS]) (24a)

1530 = (s — jug)el B (24b)

with the constant design parameters A1, Ao > 0. For uy, us, and
uy4 this leads to no changes but (18b), (18d) are replaced by

J— -1 d _ _ _ .
Uy = m (aedo,ref Lao(€do edO,ref))
(25a)
. . W -
1o TS = U] (fe€arer = la(€G = Eqrer))
(25b)

This means that the alternative choice of the mappings (14)
avoids the singularity but leaves the error dynamics (16)
of the average energies unaffected. The alternative control
mapping (25) reduces to the first controller (18) by set-
ting Aq1,A2 =0 which is later used for easy comparison.
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With Ay, Ao > 0 the controller facilitates the third harmonic
in the common-mode voltage to generate additional balancing
power by injecting suitable third-harmonic components in the dc
current and the circulating current, respectively. In a very similar
way, the common-mode voltage plays an essential role in the
balancing scheme in applications with low output frequencies,
e.g., in [57]-[59]. However, the model-based approach from this
article allows convenient partition of the control effort during the
Control Input Assignment and inherently provides the required
phase alignment in the solution. Although a third harmonic in
the circulating currents does not seem to be problematic for most
applications, the feasibility of a third harmonic in the dc current
may depend on the application. Here, a dc capacitor is present
which can provide for this current. As long as the current is small
enough not to have a significant impact on the dc voltage this
will not require to take more measures.

In order to compare the behavior of both mappings, an ex-
periment is performed, in which a three phase voltage sag with
25% remaining voltage is assumed to approach the singularity.
Fig. 13 shows the measurement results during the voltage sag
for the first control mapping on the left and the second con-
trol mapping on the right, i.e., for A1,12 =0 and Ay, 1o = 1.
The MMC grid current is controlled to follow common FRT
requirements, i.e., during the low-voltage condition, the grid
currents supply inductive apparent power to the grid as visible
in Fig. 13(h). The common-mode voltage is increased during
FRT to reduce the control effort of the second mapping as visible
from the denominator in (25). When A1, Ao = 0, the increased
common-mode voltage does not affect the controller, because
it is properly provided for in the coefficients in Table II. The
stored energy reference €0, ref is increased after detection of
the low-voltage condition in order to avoid saturation of the
duty-cycles on the upper limit in case of the first mapping. An
increase of 15 J is required to maintain a similar control margin
as during the undisturbed condition, as visible in Fig. 13(i) on
the left at around 7 ms. Note that this increase is not necessary
for the second control mapping. It is done there just to facilitate
the comparison.

The nominal average behavior of both cases is identical,
because they have identical error dynamics (16) as visible from
the calculated average energies depicted by dotted lines in
Fig. 13(a)—(d). The dotted lines have been simulated with the
loop in Fig. 5 using the step change from the experiments.
Compared to all other energy variables, the stored energy e
has a quicker response due to a higher proportional gain and a
small overshoot due to the additional integral part.

The behavior of the forward-translated energies differs notice-
ably between both cases, as visible from the dashed lines. Most
notably, this concerns the complex energy sum ¢, as visible in
Fig. 13(c). The sudden increase of the imaginary part in the
left diagram reveals an undesired impact originating from a dis-
proportionately high-negative sequence circulating current [5* 1]
emitted by the controller (18d) for ¢, as anticipated near the
singularity at |K?[Jl]\ = 0. Thus, IL-Y violates the assumption of
changing slowly in time. Consequently, this impact cannot be
explained by the averaged system since I L‘l] does not appear
on the right-hand side of (11d). However, (5d) is still able to
explain the observed coupling.



2214

measurement A\; = Ag =0
T

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

measurement A1 = Ao = 1

70T . Eso s

a K
@ 60J Y o~ 57

50J [——————- i I I ! !

energy —
o
“
[=]
%
3
2

0J . €do
—5J | é €do

(b)

energy —>

40J
20J
0J
—20J

©

energy —>

20J
(@

r T Rezy) | T T T n

0J

energy —

—20J

Re(eg) Re(id)/

1,000V
800V
600V
400V

(e)

voltage -

20 A
10A
0A
—10A

Tk —>

200V
oV
—200V

(&)

voltage >

10A |,
0A
—10A 7

(h)

11,142,143 >

-

®

9k

Fig. 13.

Measurements for A1 = Ao = 0 (left) and A1 = Ao = 1 (right) during a three phase grid voltage sag: (a) Stored energy e,q (solid), €50 (dashed), €59

(dotted); (b) vertical difference egq (solid), €4 (dashed), €49 (dotted); (c) complex sum e, (solid), és (dashed), e, (dotted); (d) complex difference e, (solid),
éd (dashed), &, (dotted); (e) cell voltages scaled by number of cells per arm n; (f) arm currents 7.1 ; (g) grid voltages vg1,vg2,vg3; (h) grid currents i1, 72, ¢3;
(i) duty-cycles gi, £ = 1,...,6. Measured variables in (a)—(f), (i) have been taken from the control system. Traces in (g), (h) have been taken via voltage and
current probes connected to an oscilloscope. The dotted lines have been calculated with the loop in Fig. 5. At ¢ = 0 ms the control system detects the low-voltage

condition.

Comparing the arm currents and cell voltages for both cases,
one can see that the alternative mapping leads to a better balanc-
ing result with even lower arm currents than the original one.

As visible from the model (9), the energies e, eq0, and ey
are coupled via the current i4g. For both control mappings, an
error in ez has a backlash on the other two. But for the first
mapping, it is not the other way around. This is only introduced
by the second one because it relies on the third harmonic of the dc
current. This can be seen in Fig. 13(a) by comparing left to right:
The oscillation in ey, is an image of the error in eg4g. In view
of the improved control performance, the additional coupling of
the second mapping can easily be accepted.

During asymmetric faults, a negative sequence of the grid
voltage can appear, which was assumed to be zero in the
example regime (13). A small amplitude of the negative
sequence, i.e., |K£/_1]| < |K£11] |, will act as a disturbance.

Nonetheless, the controller can be expected to reach the desired
operating regime reasonably well. However, as an advantage of
the method, it allows to account for a nonzero ZL’U already in
the controller design, as outlined at the end of Section V.

VIII. CONCLUSION

The balancing control of MMC:s is challenging because for
most practical applications the system is underactuated. How-
ever, for many applications a separation of timescales can be
observed that allows to solve the balancing problem by employ-
ing characteristic harmonics of some system variables as inputs.
Although widely used in the literature, a proof of this concept
was missing. The present article closes this gap by proposing a
suitable modeling framework. Starting from the MMCs circuit
equations, two methods of singular perturbation theory resultin a
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simplified dynamic model describing the behavior of the average
of the system variables. This modeling provides sufficiently ac-
tuated systems, well suited for a model-based controller design,
because a controller can easily be obtained from a desired error
dynamics. Moreover, the simplified model has been used to
identify and describe stationary operating regimes. In order to
ease the understanding, the findings are illustrated by examples
that rely on well-known operating regimes. Since the design
procedure reveals a singularity in one of the established control
methods, it is used to obtain a control law avoiding this problem.

Nevertheless, the framework has some limitations: As any
model-based scheme, it is potentially susceptible to unmodeled
phenomena and relies on the knowledge of system parameters.
The assumptions regarding the Fourier and Taylor series are
essential for the modeling which means that the coefficients of
the Fourier series may only change slowly in time. Ignoring
this would impair the forward translation and may lead to
an undesired control performance. Thus, model accuracy and
balancing performance are conflicting objectives and a tradeoff
needs to be found. Although often not mentioned explicitly,
this problem applies to any similar balancing schemes. This is
why, this tradeoff situation is investigated in detail in order to
find a compromise between both objectives. Simulation studies
and experimental results for a low-voltage test bench support
the results and one may expect that these are transferable to
industrial medium and high-voltage applications as well.

The present article focuses on the method with some illus-
trative examples. A detailed discussion of other relevant cases,
e.g., unbalanced grid voltages or the startup of an ac motor, will
be subject of further research.

APPENDIX
A. Systems in Standard Form

According to [60], systems in the so-called standard form can
be splitinto a slow and a fast subsystem which can to some extent
be considered as independent from each other. The standard form
reads

(26a)
(26b)

6?3f = ff(Zf,Zs,e’:‘)
2.:5 = fs(zf72375)

where zy € R/ and z, € R"s contain the variables attributed
to the fast and slow time scale, respectively. The perturbation
parameter 0 < € < 1 is considered to be small, which allows to
separate the fast dynamics from the slow dynamics simply by
setting £ = 0. Functions ¢(z;) fulfilling

0= ff(¢(zs)a 25,0)

constitute quasi-stationary solutions for the trajectories z . If the
eigenvalues of 0fy/0z; all have a real part smaller than a fixed
negative number, these solutions are considered to be attractive
and will be reached quickly in the context of time ¢. Thus, for
the slow dynamics

27)

ZS = fs(¢(zs)a Zs, O) (28)
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is usually a good approximation which implies that z¢ assumes
¢(zs) immediately.

B. Application to the MMC Model

Separation of time scales is often done implicitly without
investigating to which extent this simplification is justified.
Fortunately, the method briefly recalled above gives a framework
which allows to quantify this by examining the perturbation
parameter €. Examples for the use of this method in the field
of power electronics can be found in [61], [62], or in [63] even
for an MMC but more from the power systems perspective.

The models (5)—(8) still do not have enough information on
the dynamics of the currents because the inputs are not fixed yet.
Thus, it is necessary to design current controllers for instance
by specifying the error dynamics

%(iso —is0,d) = —kso0(iso — 7s0,d) (29a)
Sy —igq) = —ks(iy —is0) (29b)
Ll —ig) = —ka(i—iy) (29¢)

where i40,4, %5 4, 14 denote the reference trajectories. Using (7a),
(7b), and (8a), and solving for v, v, and Yy yields the control
law. In case of the latter, this leads to

v, = Liig+v, + Ri— Lka(i — i) (30)

The system constituted now by (5a)—(5d) and (29) can be
brought in the form (26) by applying an appropriate scaling [60]:

T = ‘%CU]QDCH (1’712') S {(650; éSO)a (ed()?édo)

(€5,€s), (€a€a)} (la)
o =il (z,2) € {(is0,is0), (i, 1), (i, 3,)}

z = Tupc, (z,2) € {(vy0, Tyo), (Uy, Dy), (Lya,Tya)} (3le)
x=&/m,(2,%) € {(kso, ks0), (ks ks), (ka, ka)} (31d)

t:tTQ

(31b)

(3le)

with 7, = Gt

current peak value.
Applying this change of coordinates, the model assumes the
form (26) as can be seen from

, To = %, and I being the rated arm

d

di€s0 = 150 — Re(it) (32a)

Lea = ~20y0is0 — Re(L.3,) (32b)

C%és =i, — @Z? — 21,0 (32¢)
=1 Oy aly — 200y0 — 2is0Dyn  (32d)

Ed%”(gso - %so,d) = *ifso (;so - %so,d) (32e)
ed (i, —iyq) = —ks(iy — iy 4) (32f)
eqi(i—1a) = —ka(i — 1y) (32g)
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with
~ ~ Mz -
Uyn = Uy — WE%z (33a)
~ j2 a7~ ~ f ~ L 7oy
U, = CTJQDCL(T{M +u, + Ral - mk’d(@ = ig)-
(33b)
The perturbation parameter € = —; = (ngf# can be inter-
Upc

preted as the ratio between the energy stored in the inductors of
one phase if the arm current has its maximum possible value and
the energy stored in the capacitors of this phase if the voltage of
the equivalent cells is vpc. Thus, in a practical application it will
hold0 < e « land e <« l;:so, 12;3, l;:d which enables a separation
of the timescales.

Following the brief introduction of the method from Ap-
pendix A, a reduced model can be obtained by setting € = 0
which yields the following quasi-stationary solutions:

150 = 150,d (34a)
iy =led (34b)
i=1 J (34¢)
Oya =1y (34d)
f2
0, = W}%CL iy + D +RchZd (34e)
if one assumes L= +Mz > ¢. This means an approximation of the

original system 1s now given by (32a)—(32d) and (34). Rolling
back the scaling leads to (9) in Section III-B.

In order to check whether the conditions above are fulfilled
for the test bench used, the time constants and the perturbation
parameter can be calculated using the parameters from Table III
and vpc = Vpe,r as 71 = 82us, 7o = 1.6ms, and ¢ = 71 /75 =
0.051 < 1. The normalized controller gains for the laboratory
MMC are set to reduce the control error by 97% within one
sampling time step yielding ka, ks, kso = 0.4 > e. Thus, the
conditions can be considered to be fulfilled.
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