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Abstract

This paper presents a new modulation concept for three-to-single-phase direct AC/AC modular multi-
level converter-based railway interties. The concept minimizes the inherent harmonic coupling between
the two grid sides and is therefore particularly suited to operation at very low cell numbers and switching
frequencies. Moreover, it facilitates the use of specific modulation methods, such as optimized pulse
patterns. Additional aspects, such as the influence of cell capacitor voltage ripple as well as circulating
current control, are also considered. The latter can be integrated into the control concept in a straightfor-
ward manner.

Introduction

The three-to-single-phase direct AC/AC modular multilevel converter (MMC), which is illustrated in
Fig. 1, can be used for the interconnection of a three-phase utility grid, e.g., 50 Hz, with a single-phase
railway supply, e.g., 16 2/3 Hz (synchronous) or 16.7 Hz (asynchronous) [1-3]. The latter is commonly
used in several European countries. The converter features six branches, which consist of identical
series-connected cells. The cells need to be bipolar—providing positive and negative voltages—and can be
implemented in the simplest case as full-bridges.

The authors of [4,5] have proposed control approaches for the inner dynamics of such a direct MMC,
which are based on capacitor voltage ripple estimation. The operation and converter control under grid
unbalances, as well as their impact on cell capacitor sizing, is the focus of [6]. Integration of energy
storage elements on a cell level for providing additional services, such as load-leveling, is presented
in [7]. Publications [8,9] discuss converter design and semiconductor-related topics. Finally, the use of
such a converter in the frame of wind turbine generation systems is introduced by [10].

In general, the advantages of an MMC over conventional converter topologies are widely documented,
especially in the field of high-voltage direct current (HVDC) systems. Compared to these applications,
however, such medium voltage railway intertie converters require a much lower number of cells. More-
over, system efficiency is of great significance, implying that it is preferable to minimize the converter
losses by reducing the switching frequency. In such conditions, maintaining the converter’s harmonic
performance becomes a challenging task. Therefore, the chosen modulation method has a considerable
effect on the global system performance.
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Fig. 1: The three-to-single-phase direct AC/AC modular multilevel converter.

This paper proposes a new approach to the modulation of such direct MMCs. Instead of a ‘per branch’
modulation (further referred to as coupled modulation concept), it is suggested to use a ‘per side’ modu-
lation (further referred to as decoupled modulation concept). This means that the single- and three-phase
sides are modulated independently from one another. The modulator outputs from both sides are then
mapped to switching positions of each branch that are then fed to the well-known sorting and selection
algorithm, as described in the following sections.

The decoupled modulation concept

The direct AC/AC MMC can be modulated by combining the different time-varying quantities resulting
from the different control layer structures, and feeding them into the same modulator. The voltage
references for the upper and lower branches of the k-th phase-leg can be calculated as

up(t) .

)= T 3 0~ ) — a6 m
in0) = T iy (0 0) — a0 @

where k = 1,2,3 corresponds to the different phases, uy(t), u;,(¢) denote the references for the railway
and utility grid side voltages, respectively, u},,() is a freely chosen common-mode voltage component

and u’;, , (¢) is the reference from the MMC inner control/balancing actions.

This implementation results in a harmonic interaction between the two networks, especially at low cell
numbers and switching frequencies. Figure 2 demonstrates this effect for the case of 8 cells per branch
using the simplest case of nearest level modulation (NLM) and assuming ideal conditions, i.e., without
considering any cell capacitor voltage ripple.
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Fig. 2: ‘Per branch’ (coupled) modulation under ideal conditions with N = 8 cells per branch, NLM and
single-phase frequency of f1o = 16.7 Hz. (a) Switching patterns: the modulator produces the branch
signals of the two lower graphs, which result in the equivalent patterns on each side as shown in the two
upper graphs. (b) Harmonic spectrum on both converter sides. Resulting average switching frequency is
Sfsw =~ 50 Hz.

It is clear that such a ‘per branch’ modulation does not guarantee quarter-wave symmetry in the switch-
ing patterns on the three- and single-phase sides, which has a considerable impact on the harmonic
spectrum. In general, when the ratio between the two grid frequencies (denoted further on as f3¢ and fi¢)
is described by the following relation

x-f1¢:f3¢, xeQ, x>0 3)

interharmonics will appear on both sides. In addition, and as shown in Fig. 2(b), the harmonic magnitude
between the three phases varies significantly. The latter poses significant challenges in fulfilling the
harmonic requirements when the cell number and switching frequency are low.

Modulation Mapping
Nk
Ref 14 / » 1o /
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Signals T v N
Ref 3¢ —+1—» 3¢ —

Fig. 3: The general case of the proposed ‘per side’ decoupled modulation concept.

To overcome this problem, a new modulation approach is proposed, whose simplified block diagram
is shown in Fig. 3. Each side is modulated independently, having received an appropriate reference
signal from the upper layer application controllers, here denoted as Ref_1¢ and Ref_3¢, respectively.
In the general case, these could be scalar or vector signals such as time-varying voltage or virtual flux
quantities, modulation indices with angular references, etc. Optional signals, such as measurements or
system parameters, might be needed for additional compensating actions on a modulation level. The
modulation produces the integer command signals Ng; and Ny for each side. It is noted that in order to
achieve single-phase side interleaving and/or circulating current control, Ng; needs to be calculated per
k-th phase-leg and is therefore depicted here as a vector. As a next step, the signals Ng; and Ny, have to
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be mapped to branch-level integer command signals Ng, and Ny, where ‘a’ refers to the upper and ‘b’ to
the lower branches of the k-th phase-leg. The latter will eventually be fed to a conventional sorting and
selection algorithm ensuring balancing between the individual cell voltages within the same branch.

Similarly to Fig. 2, the results of such a ‘per side’ modulation for ideal conditions, i.e., without consider-
ing the cell capacitor voltage ripples, are illustrated in Fig. 4. It is shown that the decoupled modulation
concept using NLM leads to quarter-wave symmetry on both sides. As a result, the respective harmonic
spectra are free of any interharmonics. Furthermore, the decoupled modulation is insensitive to factors
such as asynchronous operation, different possible phase-shifts between the three- and single-phase grid
voltages, etc. It is noted that the ‘fundamental’ switching frequency is now defined as f3¢ + f19. Lower
switching frequencies can be achieved according to the chosen modulation methods for each converter
side.
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Fig. 4: ‘Per side’ (decoupled) modulation under ideal conditions with N = 8 cells per branch, NLM and
single-phase frequency of fijy = 16.7 Hz. Interleaving towards the single-phase side is also used. (a)
Switching patterns: the modulator now produces the signals of the two upper graphs, which are mapped
to their equivalent patterns of the six converters branches as shown in the two lower graphs. (b) Harmonic
spectrum on both converter sides. Resulting average switching frequency is now f;,, ~ 66.7 Hz.

As already mentioned, the modulation on the single-phase converter side can be enhanced by interleaving
between the three individual converter phase-legs, which is also considered in Fig. 4. Such an increased
voltage resolution leads to a significantly improved single-phase harmonic spectrum. However, the inter-
leaving method needs to be defined appropriately, so as not to lead to large circulating currents between
the converter phase-legs. In any case it is noted that the decoupled modulation concept will have an
impact on the branch reactor sizing.

Modulation and control

Capacitor voltage ripple influence

It has been shown that the decoupled modulation concept leads to the elimination of the inherent grid
harmonic coupling due to the ‘per branch’ modulation. However, this holds only for ideal conditions. In
reality, the voltage spectra will still be affected by the cell capacitor voltage ripples resulting from the
energy variations that need to be buffered within the converter branches. In this particular application,
and as opposed to the more common double-star DC/AC MMC case, there is an additional second-order
power pulsation originating from the single-phase side, i.e., 21y = 33.4 Hz. The latter is expected to
have an effect on the three-phase side spectrum as well. In fact, for every modulation-injected converter
harmonic component of n-th order f}, ,, two sidebands are expected to appear at fj, , =2 f14 as a result
of convolution in the frequency domain [11]. The whole modulation process is further complicated by
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the additional ripple frequencies reflected on the capacitor voltages, an analysis of which is presented in
works such as [1,6]. An example of the capacitor voltage ripples in the converter is shown in Fig. 5(a).
Therefore, the choice of the three-phase modulation scheme is especially very important.

Three-phase side modulation

At low switching frequencies, three-phase optimized pulse patterns (OPPs) constitute an attractive solu-
tion, since they facilitate the shaping of the harmonic spectrum. In this case, the concept of decoupled
modulation is even a necessity, since it allows one to treat the two converter sides independently, which
avoids the need to design and apply the OPP directly on a branch level. The latter would be nearly
impossible to achieve, given the existence of two system frequencies but also an arbitrary phase-shift be-
tween the two networks in the case of asynchronous grid operation. Figure 5(b) shows an OPP calculated
for 8 cells per branch and corresponding semiconductor modulating frequency of 56.25 Hz (number of
switching transitions per quarter-wave d = 9), which is used in this work.

It is noted that OPPs targeting the minimization of the total harmonic distortion (THD) typically feature
discontinuous switching angles, such as the one depicted in Fig. 5(b). The latter can be generally ap-
plied on a system in a closed-loop manner using advanced nonlinear control techniques, such as model
predictive pulse pattern control (MP3C). The main concept regards the real-time shifting of the offline
pre-computed switching instants, in order to provide system disturbance rejection as well as fast instan-
taneous tracking of the virtual converter flux [12].
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Fig. 5: (a) Real-case capacitor voltage ripples (b) OPPs for N = 8 cells per branch and d = 9.

Single-phase side modulation and circulating current control

For the single-phase side, a discrete spectrum is preferable to facilitate fulfilling the individual frequency
limits related to railway network interoperability. Therefore, the use of phase-shifted carrier PWM (PSC-
PWM) is a solution. Interleaving between the three converter phase-legs is available, in order to increase
the number of levels towards the single-phase side and therefore improve, even more, the harmonic
performance. By choosing this modulation method, straightforward integration of the circulating current-
driving voltages u;. , into the control and modulation scheme is offered. Circulating current control
is therefore performed through three individual voltage references for the single-phase side, i.e., per
converter phase-leg.

Figure 6 shows the modified block diagram for this specific example, which constitutes an implementa-
tion of the general concept illustrated in Fig. 3. The reference for the three-phase side comes in the form
of a desired modulation index m* and the angular reference 6*. With this information, the OPP loader
provides the corresponding switching sequence (pattern) along with the reference for the converter vir-
tual flux in the stationary reference frame \|l: e which is based on the ideal OPP’s integration. The error

of this reference value compared to the calculated converter virtual flux Y. g is fed to the MP3C block
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Fig. 6: Decoupled modulation using closed-loop controlled OPPs on the three-phase side and PSC-PWM
on the single-phase side.

and shall be corrected by shifting the pulses of the ideal pattern accordingly. Finally, the output of the
MP3C block is the reference switching pattern towards the three-phase side.

The single-phase side modulator receives three voltage references. The latter is needed in order to contain
the information for the circulating current-driving voltage u;, ., as mentioned in previous paragraphs.
Single-phase interleaving can be simply achieved by setting the initial carrier angles (pﬂ‘nit of the PSC-
PWM block. The output of the latter is in the form of a vector containing the reference switching pattern
of each phase-leg towards the single-phase side.

As a next step, the mapping function transforms the switching patterns of each side to respective ones
for each of the six converter branches. In the final stage the branch switching patterns are fed to a typical
sort and selection algorithm, which is responsible for producing the gate switching signals by assigning
them to the cells in a way so as to maintain balanced voltages.

Results and comparative evaluation

The simulation results for the example shown in Fig. 6 are illustrated in Fig. 7. They refer to the nominal
system active power with unity power factor on both converter sides and N = 8 cells per branch. The
semiconductor modulating frequency towards the single-phase side has been chosen as 25 Hz, resulting
in a total semiconductor switching frequency of 81.25 Hz. Fig. 7(a) shows the time-domain waveforms of
the voltages towards the two grid sides. The three-phase line-line voltage exhibits quarter wave symmetry
and the small asymmetries of the OPP are a result of the MP3C algorithm trying to compensate for flux
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Fig. 7: ‘Per side’ decoupled modulation using OPPs on the three-phase side and PSC-PWM on the
single-phase side: (a) Time-domain voltage waveforms, (b) Converter voltage spectra.
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errors and maintaining the ideal pattern.

The frequency-domain results of the converter voltages are illustrated in Fig. 7(b). It is noted that for all
harmonic evaluations, the IEC 61000-4-7 standard is used for harmonic grouping. In addition, and for
the three-phase side, the maximum harmonic amplitude between the three converter phases is illustrated.
Finally, odd harmonics are depicted with blue and even harmonics with red.

The three-phase side OPPs are designed to minimize the voltage THD while keeping certain low-
frequency harmonics below specified limits. The purpose for the latter is twofold. Initially, the first
significant harmonic energy components are placed into a frequency range which reduces the size of a
possible filter. Secondly, the additional interharmonics, originating from the capacitor voltage ripples
(appearing here as even harmonics), can be kept under control. The single-phase side converter volt-
age features a discrete spectrum, which is in line with the PSC-PWM method used. The low-frequency
harmonics originate from the second-order power pulsation in the cells. However, very low interharmon-
ics/even harmonics exist.

The chosen ‘per side’ (decoupled) modulation example case is compared with two ‘per branch’ (coupled)
modulation methods using the same semiconductor switching frequency and simulation operating point.
Figure 8 presents the results for a PSC-PWM method with a carrier frequency of 81.25 Hz (equivalent
branch PWM frequency of 1.3 kHz). It is clear that the lack of symmetry in the converter voltages as well
as the capacitor voltage ripple influence, results in a lack of discrete PWM especially on the three-phase
side. That leads to even harmonics that can be higher than their adjacent odd ones and are hard to limit
from a modulation level. The single-phase suffers less from this due to the almost integer ratio between
the two network frequencies in conjunction with the fact that a constant switching frequency modulator
is used.
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Fig. 8: ‘Per branch’ coupled modulation using PSC-PWM: (a) Time-domain voltage waveforms, (b)
Converter voltage spectra.

For low cell numbers and switching frequencies, carrier-based modulation methods do not achieve the
desired performance. The proposed concept is also compared with a method based on setting hysteresis
bands on the calculated converter branch virtual flux error [13]. Figure 9 shows the results for an average
semiconductor switching frequency of 81.25 Hz tuned empirically by setting appropriately the hysteresis
band. A stochastic nature of the voltage spectra is observed, similar to what would be expected in low
switching frequency electric drive systems using hysteresis-based switching methods, such as direct
torque control. In this case, also the single-phase side features even harmonics as a result of the non-
repetitive switching pattern.
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Fig. 9: ‘Per branch’ coupled modulation using hysteresis bands for the converter virtual flux: (a) Time-
domain voltage waveforms, (b) Converter voltage spectra.

Conclusion

It has been shown that it is difficult to achieve a good harmonic performance in a direct AC/AC MMC
for railway interties under extreme conditions of low number of cells and switching frequencies using
a ‘per branch’ coupled modulation concept and conventional methods. The proposed decoupled ‘per
side’ modulation allows for a switching frequency reduction in such cases. Furthermore, this concept
facilitates the use of modulation concepts, such as OPPs or space vector modulation (SVM), which are
difficult to achieve with the coupled ‘per branch’ approach. The influence of the strong cell capacitor
voltage ripple especially on the three-phase side can be further reduced by an active spectrum shaping
with imposed harmonic limits, which is very important in such grid-connected applications. Finally, all
the above implies an advantageous converter efficiency increase.
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