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Direct Multivariable Control for Modular
Multilevel Converters

Daniel Dinkel

Abstract—Modular multilevel converters (MMCs) have enabled
new and demanding applications for power electronics in the high
voltage/high power range. In these applications, very fast and tight
control of all variables of the MMC is of prime importance. This
article presents a new multivariable control (MVC) concept, which
enables independent and extremely fast control of all essential
variables. For each variable, a tolerance band can be specified,
which is strictly met even under unexpected severe transients and
disturbances. The minimized dead times achieved by the control
are more than one order of magnitude smaller than the state of the
art. The MVC has been implemented based on FPGA-hardware
and digital signal processing of the measured values. Experimental
results of the control performance and the robustness against pa-
rameter variation are presented, using a down scaled MMC with
96 submodules. These results include the analysis of steady-state
operation, dynamic performance, and fault scenarios.

Index Terms—Control theory, dc grids, fault handling, modular
multilevel converters (MMC), multiterminal HVdc, multivariable
control, VSC.

1. INTRODUCTION

ODULAR multilevel converters (MMCs) are the key

components in many existing and emerging high power
system applications [1], [2], such as wind or photovoltaic en-
ergy conversion systems [3], high voltage direct current (dc)
transmission systems [4], electric ships [5] and multiterminal
dc grids [6], [7]. In all these applications—in particular, in
possible multiterminal dc grids—MMCs will increasingly have
the task to control and to electronically protect the associated
alternating current (ac) and dc grids and themselves, even during
fast transients and unexpected severe fault conditions. These
requirements include the necessary capability of short-circuit
current limitation and will become important because tripping
of mechanical switches or blocking of the converters after faults
is unacceptable or undesirable. A control concept meeting these
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TABLE I
CONTROL LAYERS OF THE MMC AND ASSOCIATED TASKS

Layer | Function | Name

3

Control of ac- and dc-grid values
and of the total converter energy

Upper level control
(ULC)

[~ ]

Control of the arms energy distribution
1 Multivariable control (MVC) Lower level control
0 Submodule capacitor sorting/balancing (LLC)

prospective demands has to control the alternating and direct
currents directly, and this current control has to operate with
minimized control dead times of less than 10 us (typically 5us)
and a control bandwidth larger than 100 kHz. These require-
ments are more than one order of magnitude tighter than the
state-of-the-art MMC control.

In addition, the stored energies of the MMCs have to be
stabilized and controlled independently of the external operating
conditions. Balancing of the internal arm energies is the task of
a high-level controller and is done by shaping reference trajec-
tories for three MMC-internal variables, namely the circulating
current (cc) space vector (two variables) and the common-mode
(cm) voltage. Thus, in order to enable a fast and tight control of
the internal arm energies, the cc and the cm-voltage should addi-
tionally be controlled with high bandwidth and minimized delay
time. In consequence, essential reductions of capacitor size and
of chokes can be achieved. Such an approach can also provide
overcurrent protection of the semiconductors in the MMC.

A new control method meeting all these tough demands is
presented in this article. It is called direct multivariable control
(MVC). In order to achieve the required dead times, MVC has
to be embedded into a control hierarchy with a strict assignment
of tasks. In such a design, the task of controlling dynamical
processes, which are slow (compared to the current dynamics),
is assigned to an upper level controller (ULC). Table I gives
the position of the MVC within such a layered structure of
MMC control.The MVC receives its target values from the ULC.
Control layer 3 provides target values for the alternating and
direct currents. Layer 2, which controls and balances the internal
arm energies of the MMC, specifies the target values for the cc
and the cm-voltage.

In summary, MVC controls the following six variables simul-
taneously with high bandwidth and independently from each
other: 1) dc; 2) ac (two independent variables forming a space
vector); 3) cc (two independent variables forming a space vec-
tor); and 4) cm voltage. Thus, all degrees of freedom in MMCs
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are controlled by the MVC. The output of the MVCis aswitching
decision. It is sent to layer O, which finally selects the submodule
(SM) to be switched—based on a sorting algorithm.

A. Brief Summary of Existing MMC Control Approaches

Existing methods for the control of an MMC can be cate-
gorized roughly into two groups, called group A and group B
in the following [8], [9]. The methods of group A consist of
a high-level controller, which is combined with a modulation
and SM selection scheme. Group B methods perform the whole
MMC control within one model predictive control (MPC) step.

In group A methods, the high-level control is essentially
responsible for the tasks of control layers 3 and 2, as given in Ta-
ble I. The approaches used for this high-level control task range
from multiple PI-controllers over MIMO control techniques and
MPC to advanced nonlinear control methods [4], [10]-[14]. As
a common characteristic of group A control methods, all target
trajectories for currents, which are generated in some stage of
the high-level control have to be translated (by means of current
control loops) into target values of voltages. A subordinate
modulation and SM selection scheme then tries to adjust these
voltages by creating appropriate gating signals for the semicon-
ductor switches. Thus, superposed current control loops are a
necessary prerequisite for applying modulation schemes. This
fact seriously restricts the bandwidth and performance of group
A methods with respect to current control.

Three widely used types of modulation schemes are nearest-
level-modulation methods with additional voltage PWM [15]—
[19], space vector modulation methods [20]-[22], and carrier
based methods [23]-[26]. All these schemes are introducing
the extra dead times of the modulators, and the performance
and bandwidth of current control are additionally impaired by
the errors of voltage control. Although modulation methods try
to minimize the current errors by employing smart switching
schemes, they are, by design, not able to keep all current errors
within predefined limits in all dynamic situations.

B. Differences Between MPC-Based MMC Control and MVC

An alternative approach to MMC control is the MPC con-
cept [12], [27], [28]. In contrast to group A methods, MPC
eliminates the necessity of cascaded current and voltage control,
and thus, improves the dynamic performance and controllability
as compared to group A control methods. MPC achieves multiple
objectives for MMC control by including these objectives in a
single cost function. In the purest form of this concept, the cost
function is evaluated for all possible switching states, and the
optimal switching state is selected and applied to the MMC.
Algorithms of this kind are called optimal switching state-based
MPC (OSS-MPC) in the literature, and have been denoted group
B methods previously. Depending on the used mathematical
model of MMC, the MPC literature distinguishes between per-
phase and three-phase MPC methods. Since only three-phase
methods allow for the control of cc, solely algorithms of this
type are regarded further. For three-phase OSS-MPC, the num-
ber of switching states, for which the cost function has to be
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evaluated, increases exponentially with the number of SMs per
arm. This computational complexity makes it impossible to em-
ploy OSS-MPC for higher numbers of SMs per arm, especially
for HVdc. In order to reduce the computational burden, a lot of
other MPC-based algorithms have been devised. One strategy is
to optimize a cost function in order to identify the best switching
vector, which only specifies the number of inserted SMs in each
arm. This can be considered as a simplified method to determine
a target value of the arm voltage.

By eliminating the cascaded current and voltage control loops,
MPC improves the dynamic performance and achieves fast
responses during transients [29]. Yet, the optimization that has to
be done within each time step has a computational complexity,
which makes it nearly impossible to work with sampling periods
shorter than 50—100 ps. Compared to this, the presented MVC is
characterized by control dead times, which are smaller by more
than one order of magnitude. In view of the abovementioned
future requirements of MMC, this is a substantial progress.

Another striking difference between the MPC and the MVC
concepts is due to the very principle of MPC to include multiple
control objectives in a single cost function. This cost function is
mainly a weighted sum of the quadratic errors of the variables to
be controlled and comprises other objectives, such as the switch-
ing frequency. Thus, the calculated optimum just minimizes
the mean squared error of all the variables to be controlled,
but cannot guarantee that each single variable is always kept
within a tight tolerance band around its reference trajectory. In
contrast, this is exactly what the presented MVC ensures for
the ac space vector, the cc space vector, the dc, and the cm
voltage.

A variant of MPC called model predictive direct current con-
trol [30] manages to maintain the ac within tight bounds by intro-
ducing additional constraints. The corresponding optimization
problem includes the ac errors not in the form of cost function
summands, but in the form of constraints, which require that all
feasible solutions have ac errors within certain bounds (tolerance
bands). Although this MPC variant achieves a direct ac current
control, the other control variables are still included in the form
of contributions to the cost function—after all, the central role of
a cost function is what makes up any MPC algorithm. Thus, even
MPC approaches of this kind are not able to ensure that all six
essential variables of MMC are simultaneously kept within tight
tolerance bands around their target trajectories. For the variant
presented in [30], the optimization problem to be solved in each
time step requires a sampling period of 125 ps.

Some MPC approaches rely on a subordinate modulation
and/or SM selection scheme [28], [31], [32]. In the framework
of the classification made previously, these algorithms belong
to the control methods of group A, except for the fact that
no additional current control loops are used. For the strongly
increased dynamic challenges tackled by MVC, these MPC
algorithms are not appropriate since all what has been stated
previously about modulation schemes (dead time of modulator)
and about MPC (cost function consisting of weighted errors,
sampling period due to computational complexity) applies also
to them.
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C. Important Features of the Presented MVC

In the following, a short summary will be given of the most
important features of MVC and its differences to state-of-the-art
control approaches.

1) Based on arm current measurements, all six degrees of
freedom in an MMC, namely the ac space vector, the
cc space vector, the dc, and the cm voltage, are directly
controlled by MVC. Even in any dynamic situation, each
of these variables is individually kept within a small,
predefined tolerance band around its reference value.

2) This is achieved by adjusting the driving voltages, when-
ever necessary, by utilizing small incremental voltage
corrections. MVC does not use a fixed sampling period. On
the contrary, the switching frequency is perfectly adjusted
to the actual dynamical situation. During transient—or,
even, faulty—conditions, a large number of switching
actions can be applied, whereas in steady-state operation
a low switching frequency is assured.

3) A set of 28 switching options is preselected, and their

effect on all six variables can be analyzed and optimized
offline and stored in a lookup table. This makes the switch-
ing decision extremely fast. Minimal dead time (typically
5 ps) and very high control bandwidth (> 100 kHz) of
the current control are achieved in this way.
(Since the MVC concept does not apply a fixed sampling
period, the term control bandwidth is used here just to
relate the time scale of MVC to the frequencies of the
dynamics to be controlled.)

4) MVC with defined tolerance bands does not mean that
the control has to operate in the manner of a hysteresis
control. When one of the six variables to be controlled
touches its tolerance band, an appropriate switching action
is initiated. The MVC makes its switching decision based
on the way all six variables move inside their tolerance
bands due to the switching.

5) MVC generates very smooth current signals because it
is able to minimize not only the current errors but also
the di/dt errors simultaneously. The decision of using
current measurements as primary inputs is discussed in
the Appendix.

6) The computational complexity of MVC does not increase
with increasing number of SMs.

7) The control method relies on local measurements within
the MMC and is robust against uncertainties and changes
of external system and grid parameters.

8) Whereas modulation schemes are strongly impaired by
voltage ripples of the capacitors, this is not the case for
MVC. Since a reduction of SM capacitances translates the
unavoidable oscillations of the arm energies into signifi-
cant oscillations of the capacitor voltages, the insensitivity
of MVC to such capacitor voltage ripples gives the option
of further minimizing SM capacitances.

9) The tight and fast control of all currents within the MMC
arms enables an essential reduction of the arm inductances.

Preliminary versions of the MVC concept have been pub-
lished in [33]-[35].
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II. DESCRIPTION OF THE MMC
A. Structure and Variables

Fig. 1 shows the known basic structure of an MMC. It consists
of three phase legs labeled by 7, 7 € {1, 2, 3}, each composed
of an upper (positive) and a lower (negative) arm indexed with p
and n, respectively. Any arm contains tens to hundreds SMs,
including capacitors as storage devices. Although the MVC
concept is not principally restricted to a certain SM topology, the
present analysis assumes SM of bipolar type, such as full bridge
or advanced topologies, as discussed in Section IV. The arm
voltages of the positive and negative arms are denoted as vp_; and
Un,j, respectively. Currents i4; and 7y 1 /2,3 flow through the dc
and ac terminals, respectively. As the three alternating currents
add up to zero, they can be represented by a two-component
space vector. Each arm current 4, /,, ; contains—apart from the
dc and ac parts—a third component, which is internal to the
MMC, the cC i, ;- The cC 7 1 /23 add up to zero and, therefore,
are represented by a two-component space vector, too. The arm
impedance is summarized by resistance R, and inductance L..
Here, the value of the arm inductance L. is an important design
parameter. The arm resistances R, are small and would, when
considered in the mesh equations, result in small contributions
to the counter voltages (see below). Since these counter voltage
contributions largely cancel out in the error terms, on which
the MVC is based, the resistances R, will be neglected in the
subsequent model of the dynamics.

The external grids are in general quite complex, as is illus-
trated by the exemplary grid model shown in the upper part of
Fig. 2. It is neither desirable nor feasible to model all parts of
such an extended grid and to identify all of its parameters, which
are prone to changes. For the stable operation of the presented
MVC, a linear model is necessary and sufficient, which is just
valid for the short time span between two corrective switching
decisions of the MVC. This requirement can be met by an
extremely simplified grid model, consisting of an equivalent
inductance and an equivalent counter voltage, as shown in Fig. 2.
Both parameters of this reduced model are virtual values not
related to any real component. The equivalent inductance of this
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Fig. 2. Complex external grids [36], [37] can be modeled as an equivalent
inductance and an equivalent counter voltage.
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model is not identical to the inductance at the fundamental line
frequency, which could be derived from the known power factor,
for example. One option to determine the equivalent inductance
is an impedance measurement with a test frequency similar to
the average switching frequency of the MVC. In the presented
setup, this is a frequency in the 30-kHz range. The MVC scheme
also allows for online adaptation of the value of the equivalent
inductance during normal operation. Each time a known SM
capacitor voltage is switched, a comparison between estimated
and measured values of current derivatives di/dt can be used
to adapt the values of the equivalent inductances of the external
grids. The operation of the MVC is not sensitive to moderately
inaccurate values of the equivalent inductances. Errors in arange
of £40% do not have any significant impact, as is proven by
experimental results shown in Section I'V-D.

The second parameter, the equivalent counter voltage, incor-
porates the contribution of voltage sources, ohmic voltage drops,
and voltages of capacitors (i.e., filter capacitors) in the short time
span between two switching decisions of the MVC. During this
time span, all these parts of the voltage do not vary considerably.
Therefore, the best estimation of the equivalent counter voltage
is the arithmetic mean value of this voltage during this short time
span.

B. Dynamics

Using the above-mentioned simplified grid model, each of the
six arms shown in Fig. 1 can be completed by external system
parts of Fig. 3 to form a loop. The corresponding mesh equations
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give the dynamics of the six arm currents, j € {1, 2,3}

T4 ’ Ld didc d id 1 1 .
tha = 2 - G Ly ()
di
— Vg,5 — Vem,ex — La% (1)
T4 ’ Ld didc d id 1 1 .
g =25 - S L (- i)
dige
+ Vg, + Vem,ex + La%- (2)

Forming the sum and the difference of (1), (2) decouples the

dynamics of the dc and the cc from the dynamics of the ac
2L, \ dige dice,j
dt

—2L. 3

Up,j + Vn,j = Vdc,ex — (Ld + 3 at

. L.\ dig
Up,j - Ung _ Vg — Vemex — (La + _e) %ac_.J_ 4)

2 dt

Due to Zec1 + ice,2 + ice,3 = 0, summing (3) over all three
phases results in the pure dc dynamics

3 .
Vp oy + Un 2L\ di
E LY =Y = Vdc,ex — (Ld + e) o e )
—_——

3
y=1
de

Applying (5) to (3) gives the dynamics of the cc

N .
Uy, + v , 3 di. R
yg_l Br Y ) ~Y — b} (UPJ + 'Un._.j) = 3L, % = Uce,j- (6)
— LCC

Forming the difference of (4) between two converter phases
j and k, gives
Le diac ik
e — i — = (L, 4+ —= ) =&
Vac jk — (Vg.j — Vg k) ( at 5 ) q
L:m:

—Upj T Ung + Upk — Unk
2

Uac,jk —

iac,jk = zacj - zac'k = zpn? - in‘.j - ip,k + inrk' (?)

Hence, a pure ac dynamics equation, without involving the
external cm voltage vem ex, iS achieved. Equations (5)—(7) de-
scribe the dynamics of the five currents to be controlled by the
MVC. The shaded box of Fig. 3 illustrates those parts of the
equivalent circuits that are internal to the MMC. As can be seen,
the arm inductances L. contribute to the effective inductances
L4 and Ly in (5) and (7), respectively. However, the external
inductances Lq4 and L, may fluctuate in certain network scenar-
ios, the value of L. is fixed during the MMC design. Thus, the
L.-correlated contribution to Ly and L,. maintains the assumed
inductive behavior of the external current dynamics even in the
case of a significant decrease of Ly or L,. Fig. 3 demonstrates
the distinction between the voltage v, driving (together with
Vde,ex) the dc, and the voltage vpy at the dc-terminal of the
MMC. The analogous distinction between, €.g., vac 12 and the
terminal voltage vy can be seen at the ac-side of the MMC.
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The MVC concept does not rely on a special structure of
the connected ac grid, and no detailed knowledge about this
external grid structure has to be assumed. Thus, the external
cm voltage vem e (as shown in Fig. 3, in an exemplary way) is
not an appropriate variable to be controlled. Instead, the circuit
shown in Fig. 4 allows to define the cm voltage v, of the ac
terminals, which is important for balancing the arm energies
and will, therefore, be controlled by the MVC. Replacing the
external ac parts in (1) and (2) by the corresponding parts of
this measurement circuit and summing up the differences for all
three phases gives

3

v, —
Z n.y p.y _ Vem- (8)

y=1 6

III. DIRECT MVC CONCEPT

The target values for the six variables to be controlled, 74,
tac,1» Pac,2s Tec,1s foc,2, @Nd Uem, are sent to the MVC by the
upper level controller (ULC). (Note that iac3 = —%ac,1 — %ac,2
and icc,3 = —fc,1 — fec,2 are dependent variables.) The task
of the MVC is to keep all six variables in specified tolerance
bands around their target values at all times and under all
circumstances, i.e., even under transient and fault conditions. In
order to meet this requirement, the MVC appropriately adjusts
the driving voltages for the current dynamics by generating
commands for the switching of SMs.

A. Signal Flow Within the MVC

Fig. 5 illustrates the concept of the MVC by means of signal
flows. The MVC receives as input signals the target (or “refer-
ence”) values (labeled with *), and the measured values for the
five currents to be controlled. It also obtains the estimated time
derivatives of these current signals. All these values are based on
the measurements of the arm current transducers. The estimation
of the derivatives is technically challenging and is explained in
the Appendix. Further inputs to the MVC are the target value of
the cm voltage v, and the values of the six arm voltages, which
allow for computing the actual value of vp.

As a first step, the differences between target and measured
values, i.e., the control errors, are formed and denoted by A

Adge jk = Ty ji — fac,jk

Atge,j = tge j — fce,j
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Aige = i — igc

— Tem- 9)

*
Aven = v,

The information about target and measured values of the fime
derivatives of ac, cc, and dc can be used to reconstruct the errors
of the driving voltages. For that purpose, (5)—(7) are written
once for the target time derivative and once for the measured
(estimated) time derivative. Forming the difference of these
equations gives error expressions for the driving voltages, which
no longer contain the counter voltages considered to be only
known with uncertainty.

he 3 .
dzac,.jk . daac,jk)

Avac,.jk = U;c,jk — Vac,jk = L ( iT a

di;,

cc,j

. dice
= Vg ~ Ve = Lec (T - ?’)

Ly (dz"&c _ dz‘dc) '
dt dt

Thus, the information about the errors of the driving volt-
ages is based on derivatives of measured current signals. The
conversion of derivative errors into voltage errors is done by
means of effective inductances for the external loops, which
are not precisely known. Therefore, the robustness of the MVC
against coarsely mistuned values of these parameters has been
investigated in Section IV-D.

The alternating currents and driving voltages as well as the
circulating currents and driving voltages form three-phase sys-
tems without zero component, a property that is passed on to the
respective errors. Therefore, the next processing step consists of
Clark transforming both the ac and cc errors and the ac and cc
voltage errors, resulting in four error space vectors.

An important issue of the MVC scheme is the definition of
an interval of tolerated errors, called folerance band, for each
variable to be controlled. As shown in Fig. 6, the tolerance bands
are modeled by circles for the ac and cc space vectors and as
intervals for the scalar variables 74. and v.y,. The errors of the
voltages, which drive the five currents (ac, cc, and dc), indicate
the future trends of the current errors. To enable a fast and tight
current control and to achieve smooth waveforms of the current
signals, tolerance bands must also be defined for the errors of
the driving voltages (see Fig. 6). All errors are normalized with
respect to their predefined tolerance bands. For the ac, cc, and dc
variables, a total error (denoted by e) is determined as a weighted
sum of the current and the voltage error. The control decisions
to be taken can be based on two error space vectors e,. and e
and two scalar-valued errors e4. and ecpy.

First, the errors are compared to their tolerance bands. Any
time, when one of the tolerance bands is touched, the MVC
decides to generate a correcting control voltage vector. The
decision for the best control voltage and the corresponding
switching command is guided by the following considerations.

1) Two space vector errors and two scalar errors have to be

taken into account simultaneously (six variables).

2) The number of switching commands (for the semiconduc-

tors) shall be minimized.

AUCC,. j

Avge = U:]c — Vde = (10)
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Fig. 6. Circle-shaped tolerance bands for ac and cc components (currents and
voltages). Scalar tolerance bands for the dc component (current and voltage) and
cm voltage.

3) The magnitude of the control voltages should be mini-
mized in normal operation, since a too small magnitude
can always be corrected by quickly repeating the same
control vector.

In the next section, it will be explained how the decision

algorithm is implemented according to these guidelines.

The switching decision of the MVC can be expressed as
the label of the arm(s), where a SM capacitor voltage has
to be switched, including the polarity of the switching. This
information is sent by the MVC to the lowest level control (see
layer O of Table I), which is responsible for a final SM selection.

B. Table of Predefined Control Vectors

The most elementary switching action selects one of the six
MMC arms and switches a single SM capacitor, generating a
voltage step of size v in that arm. Based on (5)—(8), Table II
gives the resulting changes of the cc, dc, ac, and cm voltages.

Fig. 7 presents this information graphically showing the space
vector changes for v, and v,.. In the first row of Fig. 7, each
green circle denotes a positive voltage step +v¢ in the indicated
arm (diagrams No. 1-6). In the second row of Fig. 7, each brown
circle signifies anegative voltage step —v (diagrams No. 7-12).
These 12 interventions (switching a single SM capacitor within
the whole MMC) will be called single switching operation (SSO)
in the following. In view of the guidelines noted previously,
SSOs are first choice for generating control vectors. As can
be seen in Fig. 7, each SSO simultaneously affects all control
voltages v, Uyae, Vde, aNd Ve

Now, a feasible approach could be to estimate the effects of
alternative SSOs on all six variables and to make then an optimal
choice, see [33]. This would, however, require some predictive
trajectory planning and online computed optimization, which

¢  Clark transformation of ac and cc variables
* Normalization of errors with respect to tolerance bands
*  Weighted sum of current and voltage errors

Discretized
total errors
€ac,as €ae,d

Lookup-Table

Switching decisions

€ec,ar €ec,B v (S50 /DSO/TSO)
| SM-voltage balancing |

€de; Eem

TABLE II
RESULTING VOLTAGE CHANGES OF SSOs

Uge,1 Uee,2 Uee,3 | U, Uge,12 Uac,23 Uac,31 | u,
No. S50 ug g ug fcf uo uc ug _u?
1 4pr -1 Y2 12 |13 -1/ 0 /2 | -1/
2 4pz Y2 -1 Y2 |13 /2 -1z 0 -1/e
3 4pa Y2 12 -1 (1fs 0 1/2 —1f2 | -1/g
4 4ny -1 12 12 (1/a 1f2 0 -2 | 1/
5 4ng 12 -1 12 [1/3 -1z 12 0 /e
6 +n3 Y2 Y2 -1 |1z 0 Y2 Y2 | s
7 - ;1 -2 -1f3 [-1/3 1/2 0 -2 | /e
8 —p2 -2 1 -2 (-1lfa -1/ 1/ 0 /g
9 —p3 -2 -1/ 1 (-3 0 —1/2 /2 /g
100 —ny 1 -1z =12 |-z -1/2 0 2 | -1/
11 —ng -2 1 -1f2|-13 1f2 —-1f2 0 -1/a
12 —ng —-1f2 -1z 1 |-1/3 0 1/2 —1/2 | -1/g

had to be avoided in favor of the short control dead times.
Instead, the six variables have been ranked. The highest priority
is assigned jointly to the ac and cc variables due to the following
reasons.

1) AC ripples have to be reduced as far as possible for

achieving a good current quality with small harmonics.

2) CC have to be controlled very tightly in order to enable the

reduction of inductances, leading to an enhanced dynamic
control bandwidth.

The prioritized cc and ac variables need tight tolerance bands
of current and voltage errors, which can be specified. Both
variables can simultaneously be adjusted by one SSO, Fig. 7
shows for all 12 SSO options the resulting change of v (red
arrow) and v, (blue arrow). There are six discrete changes of
v, and six discrete changes of v,.. Additionally, there is always
a combination where cc and ac are corrected nearly in the same
direction (e.g., diagram No. 1), and one where the corrections
nearly point into the opposite direction (e.g., diagram No. 4).
Thus, there is always at least one specific SSO reducing the
magnitude of error both for the ac- and cc-component, having a
desired v - and v, -effect at the same time. The resulting small
crosstalk for the two scalar values can be accepted, as long as
they are not driven out of their tolerance band.

The control of vy is mainly based upon so-called double
switching operations (DSOs), where two SM-capacitors of the
MMC are simultaneously switched. As shown in Fig. 7, a
corresponding DSO (brown circles in diagrams No. 1-6 and
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Fig. 8. Triple switching operations (TSOs) with the resulting scalar voltage changes vy and v.p,. These cause only a very small change of the voltage vectors

Vee and Uy,

green circles in diagrams No. 7-12) always exists for each of
the 12 SSO options, having the same effect on v . and v,_, but
leading to an inverse polarity and a two times higher magnitude
of the vg4c-correction. So, whenever v, or v, need to be adjusted,
vg. can additionally be controlled by selecting either the suitable
SSO or the corresponding DSO action.

Since vey, does not drive a current, it is assigned the least
priority. Compared to cc, ac, and dc, the cm component rarely
needs adjustments. Small v, corrections can be done—in a
similar way to dc-voltage control-by replacing an SSO by its

since the TSO switches SMs with slightly different capacitor voltages.

corresponding DSO, see Fig. 7 and the passage above. If a larger
cm voltage correction should be necessary, a third group of four
switching operations can be employed. As shown in Fig. 8, the
corresponding voltage changes are generated by simultaneously
switching three SMs in the three upper arms or the three lower
arms, an action called triple switching operation (TSO). These
options allow for simultaneous correction of both scalar values,
dc and cm, without affecting v,. and v,.

Based on this set of 28 switching options
(125S80+12DS0O+4TS0O), reactions to arbitrary error state
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Upper level controller (ULC) Realtime box
1) Control of the total power balance (dc «» ac) (grid synchronisation, machine control); (fixed time step > 50 ps)
2) Control of the internal energy distribution (balancing of arm energies).
— target arm currents/voltages arm energies, arm currents, arm voltages
MMC torma/2/3r Uping2/3 Wy n,1/2/37 pfn,1/2/3; Upfn,1/2/3
Ty ‘
- N FPGA
Current Digital signal processing total errors
arm currents 1) Digital filters; €ecoa/dr Bder [ N
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| SM capacitor voltage and 4) Determines corrective switching actions
Submodules @ R RO % (850, DSO, TSO).
o 1) Arm voltage reconstruction; DSO or
switching 2) Sorting algorithm and selection of SMs. TSO . /
————') states 5, L2
Fig.9. Simplified signal flow diagram of the hardware setup.

TABLE III
PARAMETERS OF THE HARDWARE SETUP

Name | Value | Unit | Description
n 16 Number of submodules per arm
C 2 mF | Submeodule capacitance
VC, nom 46 A% Nominal submodule voltage
Le 1.56 | mH | Arm inductance
Ly 1.76 | mH | DC-side equivalent inductance
La 1.62 mH | AC-side equivalent inductance

combinations of the six variables are analyzed and optimized
offtine, and the optimal switching commands are stored in a
lookup table. During the MV C operation, this offline-generated
lookup table gets the preprocessed information about the actual
error state and directly outputs the best switching decision.

IV. HARDWARE SETUP

With respect to the hardware of MMC, main drivers of
progress are advanced SM topologies [38], [39]. These advanced
SM topologies enable a significantly improved tradeoff regard-
ing power losses and capacitor size, compared to full-bridge
or half-bridge SMs. In consequence the severe drawbacks of
half-bridge SMs, especially larger capacitor size, narrow oper-
ating range, and lack of overcurrent protection, do not have to
be accepted in future. Therefore, the MVC-concept has been
designed for these advanced SM topologies, which are equiva-
lent to full-bridge SMs with respect to control functionality. A
down scaled MMC prototype with 96 full-bridge SMs has been
built (partly developed in [40]) in order to test and validate the
presented control concept. General system parameters are listed
in Table III.

The simplified signal flow diagram of the hardware setup is
shown in Fig. 9. A ULC is employed to control the grids, to
maintain the desired power balance of the external connected
systems, and to adjust the internal energy distribution, using
the concept described in [41]. This controller is implemented
in a real-time box, which provides the target arm currents and
arm voltages in constant sampling intervalls of 50 us. Since the

TABLE IV
TOLERANCE BAND SETTINGS USED IN ALL EXPERIMENTS

Name | Value | Unit | Description

tec,th 308 mA | Circulating current tolerance band
fae th 386 mA | Alternating current tolerance band
idc,th 418 mA | Direct current tolerance band

Vee, th 83.3 A% CC voltage tolerance band

Vae,th 48.4 Vv AC voltage tolerance band

Vde, th 77.6 A% DC voltage tolerance band
Vem,tb | 36.2 v CM voltage tolerance band

current dynamics are much faster than the energy dynamics, the
lower-level controller has to assure a much wider bandwidth, as
explained. Therefore, the MVC and additional signal processing
are implemented on an FPGA. In the first stage, called digital
signal processing, the target and measured currents/voltages are
normalized and transformed into total errors e. These are fed
into the MVC. This ensures compliance of specified tolerance
bands and outputs one of the predefined switching options from
its lookup table. The final selection of those SMs, which have
to be switched, is conducted in a separate control stage, which
manages SM capacitor balancing. Fiber optical communication
is used for bidirectional data transfer between the SMs and
FPGA.

Four different experimental results are shown as follows.

1) Section IV-A: Steady-state operation.

2) Section I'V-B: Fast changes of target values.

3) Section IV-C: External voltage drop of vgc,ex-

4) Section IV-D: Robustness against inaccurate values of

external inductances L4 and L.

The specified tolerance bands, used in all three scenarios, are

given in Table IV.

A. Experimental Results: Steady-State Operation

In a steady-state operation, minimizing the necessary switch-
ing frequency, while maintaining high-quality output cur-
rents/voltages, is of prime importance. Table V gives the set point
used for the steady-state operation. Note that the low frequency
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Time duration of analyzed data for the DFT is 12 s.

TABLE V
PARAMETERS AND TARGET VALUES (*) OF THE STEADY-STATE OPERATION

Name | Value | Unit | Description

Vde,ex 560 A% External dc voltage

e 15.13 A Direct current

Pae 8.47 kW | DC-link power

Toe 19 A Alternating current amplitude

Ve 208 ' Alternating voltage amplitude
cos(p) 1 Power factor

fi 25 Hz AC frequency

The 3.17 A Circulating current amplitude

fee 50 Hz | Circulating current frequency

Dhn 49.7 v Common-mode voltage amplitude

fem 75 Hz Common-mode voltage frequency

f1 = 25 Hz and a suboptimal set point

»

= /2

were chosen to generate larger energy ripples (and therefore SM
capacitor voltage ripples) in the arms. (This measure was easier
to implement in the present MMC, than a hardware replacement
of all 96 SM capacitors.) A typical specification of cc with
frequency 2f; is used to reduce the arm energy hub. The cm
voltage with frequency 3f; is used to lower the arm voltage
peaks. The cc and cm amplitudes are set as follows:

=~ 1.06

(optimal value = 1.25) (11)

* Lt 3

(12)

In Fig. 10, a discrete Fourier transform (DFT) analysis of
the six controlled variables is done. In the left column, 80
ms extractions of the signals are shown, while the DFTs are
calculated using 12 s of data (f; =20 kHz). The average
switching frequency (relevant for the switching power loss) per
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Experimental results of steady-state discrete Fourier transform (DFT) analysis of all controlled variables. Parameters of the set point are given in Table V.

semiconductor in the whole MMC is

Nsw Tigw

4-6nTew  Neclsw 3

fw

In (13), sy denotes the number of switching actions in time
interval Ty, and n.. is the total number of semiconductors in the
MMC. In the experiment, f, has been 133.6 Hz. Note that the
switching frequency is primarily a result of the specified current
tolerance bands. A lower/higher switching frequency can easily
be achieved by increasing/reducing the current tolerance bands.

All controlled variables are kept within their tolerance bands.
The desired fundamental frequency components (spectral lines)
at f1 (ac), 2f1 (cc), and 31 (cm) show significant distances to
the noise floor and high spectral purity. Further reducing the
tolerance bands will lower the noise floor, if desired.

The SM capacitor voltages during the steady-state operation
are shown in Fig. 11. Each plot contains n = 16 colored voltage
signals and two black-dashed lines, signifying tolerance bands
for the capacitor voltages. Whenever a capacitor voltage touches
these limits, the corresponding SM is switched into zero state and
another SM of the same arm is used as a replacement. The chosen
set point results in a voltage ripple of approximately 10 V (=
21% of Ve nom)- Due to the permanent correction of voltage and
current errors by the MVC, large capacitor voltage ripples are
acceptable. Consequently, the installed SM capacitances could
be further reduced, if requested.

In Fig. 12, the normalized voltage-, current-, and total errors
of scalar components dc and cm are shown. Executed switching
operations are indicated through black-dashed lines and appro-
priate labels of selected arms and the trigger variable. For a
deeper understanding of executed switching operations, the time
span highlighted in gray is analyzed in detail. During this time
span, four control interventions have been performed at times
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Fig. 12. Experimental results of voltage, current, and total errors of the scalar dc and cm components. Switching actions are denoted by black-dashed lines with

labels of switched arms and trigger variable. The gray highlighted time zone includes four switching actions (t1, t2, £3, and t4), which are analyzed in detail (see

Table VI).

TABLE VI
DETAILED SWITCHING OPERATION ANALYSIS OF THE GRAY HIGHLIGHTED
TIME SPAN IN FIG. 12

Selected operation | Type of
Time Trigger (see Fig. 7, 8) execution
tp = 225.1ps de No. 13 TSO
tog = 253.5us ac No. 10 S50
ta = 267.2ps ac No. 5 S50
ty = 308.0us cc No. 4 DSO

t1, ta, t3, and t4. Detailed information about the exact times,
triggers, selected space vectors with respect to Figs. 7 and 8,
and the type of execution (SSO, DSO, or TSO) are listed in
Table VI. For the highlighted time span of Fig. 12, cc and ac
voltage-, current-, and total errors (space vectors) are shown in
Fig. 13, including their circle-shaped tolerance bands. Executed
switching operations are represented by time-labeled black dots.
In the graphs of the voltage errors Ay, and Aw,., additional
gray arrows are included, illustrating the theoretical voltage error
changes of the selected switching operation with nominal SM
capacitor voltage v pom. Note that the small overshoots in the
total errors e are caused by unavoidable, small time delays of
the real digital signal processing.

At time 1, the error e4. exceeds its tolerance band, which
leads to a control intervention. An overflow of the dc or cm

error is always corrected with a TSO, which simultaneously
corrects egqe and ecp. The selection of the appropriate TSO is
straightforward and depends on the signs of the errors eq. and
€cm only. Since vy, and ve, enter the error terms with a negative
sign [see (9) and (10)], they appear inverted in Fig. 12. In this
case, +py, +ps, +p3 (No. 13, see Fig. 8) reduces ey, and ey,
in the best manner. Since three slightly different SM capacitor
voltages have been switched, a small disturbance of the voltage
errors Aw,. and Ay, can be seen in Fig. 13. The absolute value
of this disturbing voltage vector is smaller than an SSO, and
thus, can be neglected.

At time tp, the error e,. touches its tolerance band, which
triggers another control intervention. An error of the cc or
ac component is always corrected with a voltage-space vector
generated by an SSO (or DSO). All possible options are shown in
Fig. 7. Note that these voltage-space vectors represent the change
of the actual voltages. (Since these voltages enter the error terms
with a negative sign [see (9) and (10)], they appear phase-shifted
by 180° in Fig. 13.) Considering the cc and ac errors at time £,
two possible SSOs could be selected: 1) +n2 (No. 5) or 2) —ny
(No. 10). This opens up the option of controlling an additional
variable. In this case, —n; (No. 10) has been selected, since it
lowers the dc error e, too. The theoretically determined error
voltage changes using this SSO, with angles of 180° for Awv, and
30° for Aw,_ (see gray arrows), coincide with the experimental
results very well.
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Lookup table

Fig. 14. Lookup table is used to obtain optimal switching decisions based on
discretized total errors.

Discretized total errors Switching decisions

(SSO, DSO, TSO)

€rer Eacer Cdes Cem

At time 3, the error e, touches its tolerance band again and
the SSO +ns9 (No. 5) is selected.

Attime #4, the error e, touches its tolerance band, which trig-
gers another control intervention. In the first step, the best SSO
considering Ag_. or Ag,. is identified: +n, (No. 4). Because
of the dc-error e4. being larger than 4, an extension towards
the DSO —ny and —n3 (No. 4) is selected. The theoretically
determined error voltage changes with angles of 0° for Av,,
and 210° for Ay,. match with the experimental results very
well. Using a DSO, in this case, inverts the sign of the dc-error
voltage Awvg., which is advantageous for reducing the number of
TSOs and maximizing the time between switching actions (i.e.,
reducing the switching frequency).

As explained, the switching decisions solely depend on the
actual total errors e, €,.. €q4c, and e, Therefore, a lookup table
can be used for the implementation. The integration in the MVC
structure is shown in Figs. 5 and 14 . Two significant advantages
resulting from using a lookup table are as follows.
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Fig. 15. Experimental results of dynamic target value changes of the dc iac

(15.4 4+ 0 A), the ac amplitude fac (16 ++ 0 A), and the cc amplitude fec 27+
0A).

1) The time delay of the selection process is almost zero
(below 50 ns).

2) For each error state (input combination), the response has

been optimized offline.

Item 2) enables the use of simulation models or experimental
data to improve the selection process. Basically, each error state
can be analyzed in detail to acquire the explicit best switching
decision (SSO, DSO, or TSO). Since the whole MVC concept
operates with normalized variables, the lookup table has to be
created and optimized once only. There is no dependency on
system parameters, such as the number of SMs, the power rating,
or other design parameters.

In summary, the derived MVC concept is able to keep all
the controlled variables in their tolerance bands under any com-
bination of operating conditions. The switching frequency is
minimized, because control interventions solely get triggered
when necessary (i.e., when a tolerance band is touched).

B. Experimental Results: Dynamic Performance

MVC is designed to be a solid basis for the ULC, realizing
all demanded target values with high accuracy and bandwidth.
Especially in case of dynamic target value changes, which are
necessary for performing quick energy shifts between the con-
verter arms or sudden adjustments of external power balance, the
MVC has to meet these requirements. During these temporary
scenarios, minimized dead time is of prime importance.

Fig. 15 shows the measured values while performing a hard
drop and recovery of the following quantities.
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280V).

Experimental results of a sudden external dc voltage vy ¢, drop (590—

1) DC (154 <+ 0 A).
2) AC amplitude (16 <+ 0 A).
3) CC amplitude (2.7 <+ 0 A).
Note that during the drops of i4. and i,., the powers at the
converter terminals are not balanced. The stored energy in the
SM capacitors is used to temporarily buffer the real power
exchange. Consequently, substantial capacitor voltage changes
occur in addition to the dynamic target value changes. MVC
proves to be capable of handling these situations. Additionally,
independent and simultaneous control of all six controlled vari-
ables is assured. Furthermore, the MVC enables the specification
of desired current derivatives for each controlled variable within
the limits set by arm voltage head room
dil, A dil A ds

dt ms’ dt ms’ dt

A
—

(14)

C. Experimental Results: External DC Voltage Drop

Future applications require fully electronic fault management.
Especially in the case of external faults in the dc or ac system,
MVC has to counteract the occurrence with minimized dead
time. Fig. 16 shows experimental results of a sudden external
dc voltage vyc ex drop from 590 to 280 V. During the time span
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Fig.17. Control performance with inaccurate values of the equivalent external
inductances. L4 and L, denote the real inductances of the hardware setup. In
contrast, the Index set indicates the value the MVC is operating with.

2ms <t < 2.5 ms, MVC ensures the strict adherence to given
target values. The MVC maintains the target dc i3, until an
updated target value is provided by the ULC. Therefore, vgc
follows the drop in vycex (see Fig. 3). Note that 73, is an output
of the upper level controller (ULC), which is responsible for
external power balance. Since the ULC operates with a lower
controller bandwidth (fixed time step of 50 us and additional
delay of input filters), the target values and, particularly, i},
belong to the previous steady state until £ = 2.5 ms and have
not yet been adjusted. In this first stage of the fault, the dc-link
power py. is lower than the ac power p,., which forces the MMC
to utilize its capacitor energy in order to maintain undisturbed ac
operation. At time ¢ = 2.5 ms, the upper level energy controller
begins to adjust the dc target value 2}, to restore power balance.
During this whole incident on the dc-side of the converter, cc
and ac variables are not influenced and are precisely following
their target values.

D. Experimental Results: Robustness Against Inaccurate
Values of External Inductances

Future applications, such as meshed dc-grids, entail a growing
complexity of grid models, where parameters may suddenly
change. Because of this, one development objective of MVC was
to achieve robustness against varying external parameters. The
simplified grid model in Fig. 2 contains an equivalent counter
voltage and an equivalent inductance, as explained. Robustness
against sudden changes of the equivalent counter voltage has
been demonstrated in Section I'V-C (external dc voltage drop).
The robustness against inaccurate values of the equivalent in-
ductances shall be demonstrated now.

Therefore, wrong or mistuned inductance values of Ly and
L, are set within the MVC and the resulting performance is
analyzed. Fig. 17 shows the experimental results of +40%
variations of L  (left-hand side graph) and L, (right-hand side
graph). Additionally, the MVC-frequency fmvc, the semicon-
ductor switching frequency fsw, and the percentage shares of
SS0O, DSO, and TSO are shown. The switching frequency (being
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a measure for semiconductor switching losses) is calculated as

fou = (1psso + 2pps0 + 3prso) LS (15)
8C
where
psso  share of SSOs in fyvc;
ppso  share of DSOs in fypvces
prso  share of TSOs in fyvc;
fuve = =, with T, being the average time duration

between switching interventions of the MVC;
ns. number of semiconductor switches in the MMC.

Decreasing the real inductances L4 and L, enforces the MVC
to moderately increase fyvc and fs. The physical explanation
is that a more accurate and tight control of voltage—time-areas is
required to meet the current tolerance band. Looking into the de-
tails, it becomes evident that decreasing L4 leads to an increase
in TSOs, while the number of SSO plus DSO remain nearly the
same. Decreasing L, leads to an increase of SSOs, while the
absolute number of DSOs and TSOs approximately remain the
same. As shown in Figs. 18 and 19, even when operating with
strongly inaccurate values of the equivalent inductances L4 and
L,, the MVC manages to precisely keep all currents within their
tolerance bands.

V. CONCLUSION

For demanding future applications of MMC, i.e., multiter-
minal dc grids, a novel control concept (MVC) was presented,
explained, and tested, using a down-scaled MMC with 96 SMs.
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The experimental results demonstrated that the dynamic per-
formance of the control system was improved by more than
one order of magnitude—compared to state-of-the-art MMC
control. Additionally, it has been proven that this MVC concept
enables to meet individually specified, tight tolerance bands for
all essential values of the MMC even under unexpected fault
conditions. The new concept enables to operate MMCs with
large numbers of SMs and to essentially reduce SM capacitors
and arm inductances.

APPENDIX
Transducers and Processing of Measured Values

When increasing the bandwidth of control more than one order
of magnitude—compared to the state of the art—the bandwidth
and the real performance of the required transducers has to be
considered. Because some of the measurement values can be
replaced by online models, the focus must be directed on those
values, where high bandwidth is mandatory.

At first glance, a conceptrelying on fast voltage measurements
seems to be favorable and easy to implement. Yet, voltage
measurements with respect to bandwidth are suffering from
basic limitations in these applications. (This represents another
difficulty for group A or B control methods, relying on fast volt-
age measurements.) On the other hand, current measurements
do not suffer from these basic limitations. In addition, current
measurement is local and its imperfections do not increase when
increasing the physical size of the converter and the voltages of
the related system. Precision and bandwidth of current measure-
ments are mainly an issue of advanced transducer technology.
For the present applications, current sensors based on the flux
gate concept have reached outstanding performance in the last
years [42], [43].

In conclusion, it was decided to base the MVC concept solely
on arm current measurements and to avoid direct measurements
of the voltage errors, by replacing them by estimated di/dt
errors, as described. A satisfying quality of these error signals
could be achieved, by applying a digital FIR-filter operating
with a sampling frequency of f. = 10 MHz, realized in the
FPGA. The order of this digital filter can be freely chosen. In the
present setup, the order n, = 50 has been chosen as areasonable
compromise between quality and signal delay. The experimental
results clearly demonstrate that the quality of the generated error
signals is fully sufficient for stable operation of the MMC (i.e.,
Fig. 13).
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