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Submodule Switching-State Based EMI Modeling
and Mixed-Mode EMI Phenomenon in MMC

Tao Sun"”, Xuejun Pei

Abstract—Modular multilevel converter (MMC) is widely used
in high-voltage occasions for its good power qualities and flexible
controls. However, the large number of semiconductor switches
would lead to an extremely complicated electromagnetic environ-
ment. To clarify the detailed conducted electromagnetic interfer-
ence (EMI) mechanisms of MMC, this article builds an EMI model
of MMC considering different submodule switching states. Based
on this model, the EMI paths of submodule switching-ON and
switching-OFF processes are analyzed. Then, this article analyzes
the effects of submodule heatsink connecting patterns on EMI, and
explains the mechanisms of mixed-mode (MM) EMI phenomenon
that common-mode component brings in extra differential-mode
component. Simulation and experiment results verify the proposed
EMI mechanisms and MM phenomenon. The conclusions of this
article have great reference significance for the EMI research of
MMC and other high-voltage converters.

Index Terms—Electromagnetic interference (EMI) model, heat-
sink connecting patterns, mixed-mode (MM) EMI phenomenon,
modular multilevel converter (MMC), submodule switching states.

1. INTRODUCTION

ODULAR multilevel converter (MMC), which was first

proposed by Professor R. Marquardt in 2001 [1], has
become the most widely used multilevel converter in the high-
voltage direct current transmission system so far. MMC not
only has the common advantages of multilevel converters (high-
power qualities, low switching losses, flexible control freedoms,
etc.), but also owns its unique advantage of modularization [2],
[3]. The existing researches of MMC are most focused on the
circuit topology, modulation methods, control strategies, circu-
lating current suppression, capacitor voltage balance, fault ride-
through, etc., while the potential electromagnetic interference
(EMI) problems are rarely noticed. This is because that people
are usually more concerned about the external performance of
output qualities, while MMC is doing well in this regard.
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For a huge complicated power electronic system like MMC,
its internal EMI problems may be very serious [4], [5], [6], [7].
The utilization of large number of semiconductor switches in
MMC brings a lot of potential EMI sources into the system,
forming an extremely complex electromagnetic environment.
On the one hand, the generated EMI may interfere with the
regular functions of the electronic system, such as sampling,
communication, control, driver, and relaying protection. On the
other hand, the overlarge EMI level also threatens the safety of
workers and equipment outside the valve tower [4]. In order to
avoid the possible EMI faults to the maximum extent, some rel-
ative measures must be taken in practical engineering projects.
However, the existing industrial EMI standards and engineering
experiences are more focused on solving the EMI emission
and immunity problems, while neglecting the EMI interactions
inside devices. This may result in that EMI faults still occur even
when necessary EMI suppression measures have been taken. To
solve this problem fundamentally, a deep exploration of EMI
propagation mechanisms should be made.

The conducted EMI generated by high-voltage circuits may
interfere with the regular operations of electronic circuits. For
example, the noise current from the main circuit may flow
into auxiliary power supplies through submodule capacitors
and generate EMI in the power supply circuits [7]. To figure
out the conducted EMI mechanisms of MMC, scholars have
made some efforts. In the aspect of EMI modeling, Chen et al.
[7] built a common-mode (CM) EMI model for submodule
auxiliary power supply. The staircase wave based EMI source
modeling method for single-phase MMC was proposed in [8],
[9], and [10]. However, this method did not show how EMI
propagates in submodules and it is differential-mode (DM)
model, to be exact. To reflect EMI information of submodules,
Liang et al. [11] and Sun et al. [12] built the models whose
submodule output voltages are substituted by equivalent voltage
sources. Considering the effects of stray parameters, control
periods, power levels, etc., Zhu et al. [5] proposed a GPU-based
parallel algorithm to calculate the EMI of MMC. Chen et al.
[13] concluded that the submodules closer to ac output end are
more sensitive to high dv/dr conditons, and Sun and Pei [14]
verified that nearest level modulation (NLM) is doing better
than phase-shifting carrier pulsewidth modulation (PSC-PWM)
in EMI performance. In the aspect of conducted EMI reduction
measures, several modulation-based methods to reduce CM
voltage of output middle point are proposed in [15], [16], [17],
[18], and [19]. The above references are summarized in Table 1.
More MMC EMI related references are summarized in [20].
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TABLE I
EXISTING REFERENCES RELATED TO THE CONDUCTED EMI PROBLEMS OF MMC

Type Ref. Research object Description Evaluation
[7] Auxiliary power supply CM emission CM EMI propagating path analysis Contributions:
[8] Bridge-arm output voltage Staircase-wave-based EMI source substitution The EMI models of bridge-
- . A . arms and the whole converter
EMI [9], [10] Converter CM emission Superposition theorem based model simplification are established in detail.
modeling [11] Superposition theorem based CM voltage analysis  pDrawbacks:
& analysi :
analysis [12] Submodule output/floating voltage Time-sequence-based EMI source modeling The EMI mechanisms are not
revealed thoroughly, especially
[13] Considering submodule switching states the way how EMI propagates
[14] Bridge-arm output voltage EMI comparison of NLM and PSC-PWM inside and among submodules.
[15] Modulation-based spectrum spread The modulation-based methods
EM! [16], [17] Converter AC neutral point voltage Modulation-based CM voltage elimination are more focused, while the
reduction _~ " stray parameter based methods

[18], [19]

Space position based spectrum spread

are less studied.

Although former researches have done many works, the
in-depth mechanisms of conducted EMI in MMC are still
not revealed clearly. To overcome the drawbacks of previous
articles, this article makes the following efforts. First, the
circuit structure and modulation strategies of MMC are
briefly introduced in Section II. Then, the submodule EMI
models considering submodule switching states are built
in Section III. In Section IV, the complete conducted EMI
model of MMC is established, and the EMI propagating paths
when submodules switch ON and switch OFF are analyzed.
In Section V, the effects of submodule heatsink connecting
patterns on EMI are discussed, and the mixed-mode (MM)
EMI phenomenon appears when submodule heatsinks are all
grounded. The simulation and experimental verification for EMI
mechanisms and the MM EMI phenomenon are accomplished
in Section VI. Finally, this article ends with conclusions and
references.

II. MAIN CIRCUIT AND MODULATION METHODS OF MMC
A. Main Circuit of MMC

The main circuit of three-phase MMC is shown in Fig. 1. Each
phase contains two bridge-arms, which are called the upper or
positive bridge-arm (expressed by symbol p) and the lower or
negative bridge-arm (expressed by symbol n). Each bridge-arm
is in series of NV submodules and one bridge-arm inductor. The
submodules play the roles of supporting output voltages, while
the bridge-arm inductors are fitted to suppress the circulating
currents and smooth the output voltages. The middle points
of three phases are connected to the ac side, such as grids,
motors, loads, and filters. By controlling the number of ON-state
submodules in one bridge-arm, different output voltages can
be obtained on the ac side. Generally speaking, the number of
ON-state submodules in one phase is kept to be constant N to
avoid large circulating currents.

There are mainly two kinds of submodules for MMC: half-
bridge submodule (HBSM) and full-bridge submodule (FBSM).
For an HBSM, its output voltage can be 0 or U (the average
voltage of submodule capacitors), while for an FBSM the output
voltage canbe 0, +U ¢, or -U ¢. The switching states of these two

by |
\
Half-brid bmodul.
alf-bridge submodule \\

+

Udc

A\

o

Fig. 1. Main circuit of a three-phase MMC.

TABLE I
SUBMODULE SWITCHING STATES AND OUTPUT VOLTAGES

Type Output Voltage
TiONand T, OFF  T; OFF and T> ON Other Cases
HBSM (ON-state) (OFF-state) (locked-state)
U(; 0 U(‘ or0
TiONand T, OFF T OFF and T ON Other cases
T3 OFF and T4 ON T3 OFF and T4 ON (locked-state or
FBSM (ON-state) (OFF-state) reversed on-state)
Uc 0 Uc, ~Uc, or 0

kinds of submodules and their corresponding output voltages are
listed in Table II. The practical output voltages of other cases
depend on the directions of submodule currents. Compared with
HBSM, FBSM can output three kinds of voltage levels, which
can enhance the flexibility of control algorithms and the ability of
dc fault ride-through. However, the number of switching devices
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of the FBSM is twice of HBSM. Hence, a tradeoff between the
output power quality and manufacturing cost should be carefully
considered.

B. Modulation Methods of MMC

There are many kinds of modulation methods for MMC, such
as NLM, PSC-PWM, and phase disposition modulation [2], [3].
As for NLM, the switching sequences are disarranged by the
capacitor voltage sorting algorithm and it is difficult to predict
the switching sequences. This brings great difficulties to the EMI
mechanism research of MMC. Compared to NLM, PSC-PWM
has two advantages. First, the switching pulse sequences of
PSC-PWM are regular and easy to be predicted. Second, the ca-
pacitor voltages can be balanced automatically under open-loop
control without breaking the regularities of switching sequences.
Considering that the major concern of this article is the EMI
mechanism during switching processes rather than the prediction
of switching sequences, the selection of modulation methods
makes no difference. For the convenience of later analysis in
this article, only PSC-PWM is briefly introduced here. The basic
operation principles of PSC-PWM are as follows:

1) Carriers: Each submodule has its own carrier. For a bridge-
arm with N submodules, there are N different carriers, with
the carrier phase offset of two adjacent submodules being
27/N. If the initial carrier phase of the first submodule
is @, then the initial phases of the followings would be
O+27/N, ®+2x27/N, ..., D+(N-1)x27/N.

2) Modulated waves: For each phase, the sine modulated
waves of the upper and the lower bridge-arm have the same
amplitude and frequency but reverse phases. While for
three phases, the sine modulated waves of the bridge-arms
on the same side differ 120° from each other.

III. EMI MODELS OF SUBMODULES CONSIDERING
SUBMODULE SWITCHING STATES

To have an insight into the EMI mechanisms of MMC, an
accurate EMI model should be built at first. Thereinto, the EMI
modeling for submodules is one of the most critical steps. This is
because that the submodules act as either EMI sources or paths,
depending on the submodule switching states.

The high-frequency EMI models of ON-state and OFF-state
submodules are shown in Fig. 2(a) and 2(b), respectively. For the
HBSM, it is composed of one capacitor and two semiconductor
switches, where ESR and ESL are the parasitic resistance and
parasitic inductance of submodule capacitor. The semiconductor
switches are mounted on the heatsinks, forming three important
kinds of stray capacitance: C¢, Cp, and Cpg, which stand for
collector-heatsink capacitance, output-heatsink capacitance, and
emitter-heatsink capacitance, respectively. The stray capaci-
tance is important propagating paths of ground currents. When
a submodule is working at ON-state, C is linked to the positive
of capacitor; when the submodule is working at OFF-state, Co
is linked to the negative.

In fact, the high-frequency models of semiconductor switch
are much more complicated [21], [22], [23], but it does not
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Fig. 2. EMI models of (a) HBSM and (b) FBSM.

influence the path analysis in this article. This is because that
although there is nH-level lead inductance and pF-level diode
junction capacitance, the noise directions are barely affected.
For the convenience of path analysis, this article regards ON-state
as short-circuit and OFF-state as open-circuit, regardless of the
complicated effects such as the fast recovery of diode.

For an FBSM working at half-bridge mode, it has similar
models with the HBSM. This is because the stray capacitance
in the upper red dotted box can be seen as a whole where

Cor = 2Cc. (N

The stray capacitance in lower red dotted box can also be seen
as a whole where

Cp =Co +2CE. ()

For the convenience of following analysis, only HBSM is
studied in the rest part of this article, and “submodule” refers to
“HBSM” unless particularly stated.

Except for the aforementioned two kinds of static states
(ON-state and OFF-state), there are another two dynamic states:
switching-ON state and switching-OFF state. The difference of
dynamic-state and static-state submodules is that there is a
voltage source in a dynamic-state submodule. The capacitor
voltage is not constant because there are dc, fundamental, and
second harmonic components. Different switching time has
different capacitor voltage magnitude. Hence, the amplitude
of the voltage source u ¢ is the instantaneous voltage value of
submodule capacitor when the switching behavior occurs.

The four kinds of submodule switching states and their EMI
models are shown in Table III. Different from previous models
that replace the whole submodule by a voltage source, the
proposed method put the equivalent voltage sources inside sub-
modules to reveal how EMI propagates in submodules.

The EMI model of a submodule is not fixed because the
switching state changes with time. For a specific submodule,
it may act as an EMI source at some switching moment, and
part of EMI propagating paths at another moment. That is to
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Fig. 3. Complete conducted EMI model of three-phase MMC.

TABLE III
SUBMODULE EMI MODELS OF DIFFERENT SWITCHING STATES

Switching state EMI model
——E —E
Esr | C€ctCo esr  Cc
Static states & < G 2
(EMI paths) ESL Ce Est | CetCo
—E £
——)
ON-state OFF-state
—— i
ue CctCo uc Ce
) ESR ESR
Dynamic states
(EMI sources) c O -
Cg CetCo
ESL & ESL
—E —I—E
L ——o

Switching-ON state

Switching-OFF state

Notes: According to the direction of input current, there are actually four
dynamic states (switching on/off with positive/negative input current). The
semiconductor switch and its anti-parallel diode are seen as a short-circuit or
open-circuit whole for the convenience of EMI path analysis in this paper.

say, the submodule EMI model is changing with its switching
state. After the submodules EMI models being established, the
complete EMI model of MMC can then be obtained, which will
be introduced in the next section.

IV. CoMPLETE EMI MODEL OF MMC BASED ON SUBMODULE
SWITCHING-ON AND SWITCHING-OFF PROCESSES

The complete conducted EMI model of a three-phase MMC
is demonstrated in Fig. 3. The passive elements (such as bridge-
arm inductors, dc and ac cables, ac filters, etc.) are important
components of EMI propagating paths, but the high-frequency
models are simplified for the convenience of image drawing. The
LISNs are added to isolate the EMI from dc side and provide
standardized measuring ports of EMI.

In traditional EMI analysis methods, the EMI propagating
paths are divided into CM and DM paths, and the total EMI is
the sum of CM EMI and DM EMI [24]. The EMI flowing among
phase lines and the ground is usually thought be to CM EMI,
while the EMI flowing between two phases is thought to be DM
EMI. However, this method is not applicable for EMI analysis
of MMC. This is because that CM EMI and DM EMI are not
well decoupled in MMC, which will be explained in Section V.
Similar to traditional classification, the EMI paths are divided
into the following two kinds, according to whether the noise
current goes through the heatsink/ground:

Path 1. The main circuit: As is illustrated by the blue ar-
rows in Fig. 3, the noise distribution in this path is similar to
harmonic-frequency (about several kHz) currents except that
the concerned EMI noise belongs to higher frequency band (far
more than several kHz). According to the superposition theorem
that components with different frequencies do not interplay with
each other, the harmonic currents (such as second circulating
current) have few effects on high-frequency EMI. When a sub-
module works at ON-state, the main circuit noise goes through
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Fig. 4.

the capacitor. When a submodule works at OFF-state, the main
circuit noise goes through the lower switch.

Path 2. The heatsink/ground: As is illustrated by the red
arrows in Fig. 3, the noise current in this path goes through C¢,
Co, and Cpg. If the heatsinks are grounded, the noise current
flows into the ground directly. If the heatsinks are floated, the
noise current circulates inside submodule itself or flows into
other submodules, depending on the connecting patterns of
heatsinks. The detailed effects of heatsink connecting patterns
on EMI are discussed in Section V.

To describe the EMI mechanisms of MMC, two typical cases
are emphatically discussed: submodule switching-ON process
and switching-OFF process. Considering that the three-phase
case is similar to single-phase, only Phase A is studied here. It
is assumed that there is only one switching-ON state submodule
SM.p1 in the upper bridge-arm, and only one switching-OFF
state submodule SM,;,5 in the lower bridge-arm.

Actually, Phase B and Phase C have some effects on the
EMI paths of Phase A as well. The noise current excited by the
EMI sources in Phase A can also flow into Phase B and Phase
C because the three phases are in parallel in circuit structure.
However, compared to the impedance of the measuring ports
of LISNs (about 100 ©2), the path impedance of Phase B and
Phase C is far greater because there are two bulky bridge-arm
inductors in each phase. Hence, the noise current mainly goes
through the LISNs on the dc side.

A. EMI Model for Submodule Switching-on Process

The EMI model of submodule switching-ON process is shown
in Fig. 4(a). For the sake of keeping consistent with the simula-
tion and experimental verification in Section VI, N is set to be
8 here. SM,,1 is at switching-ON state, while other submodules
are at static states. Obviously, SM,,,; acts as the EMI source at

EMI models during submodule switching processes: (a) switching-ON process in upper bridge-arm and (b) switching-OFF process in lower bridge-arm.

1
10 Bridge-arm inductor
Stray capacitance Cc
(=] Stray capacitance Co
~ e i : : St itance Cj
§ . ik \ i ] ray capacitance Cg
=10 e
)
i \%
1 00 | I
102 10’ 104 10° 108 107
Frequency / Hz
Fig. 5. Magnitude-frequency diagram of impedance.

the present switching moment, while other submodules are part
of the EMI propagating paths. The noise currents generated by
the step voltage source of SM,;,; goes through both Path 1 and
Path 2. When other submodules switch, SM,;,; becomes part
of the EMI propagating paths and SM,; is not an EMI source
anymore.

The bridge-arm inductors are natural EMI filters because
the order of magnitudes of inductance is mH in general. The
great impedance can suppress the amplitudes of noise currents
and avoid the EMI from spreading to the other bridge-arm.
The magnitude-frequency diagram of the bridge-arm inductor
impedance and the stray capacitance impedance is figured in
Fig. 5. In low-frequency band, the noise current in Path 1 takes
the domination because the impedance of bridge-arm induc-
tor is not too high and the noise current in Path 2 is low in
magnitude. While in high-frequency band, the filtering function
of bridge-arm inductors begins to strengthen and the isolation
function of stray capacitance begins to weaken. That is to say,
the noise current in Path 2 dominates as frequency increases. If
the heatsinks are connected together but not grounded, the noise
current in Path 2 would circulate inside the bridge-arm that the
dynamic-state submodule lies in.
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B. EMI Model for Submodule Switching-off Process

The EMI model of submodule switching-OFF process is il-
lustrated in Fig. 4(b). SM,,5 is at switching-OFF state and
other submodules are at static states. Obviously, SM,,,5 acts
as the EMI source at the present switching moment, while other
submodules act as EMI propagating paths. Different from the
switching-ON process, the noise currents generated by the step
voltage source of SM,,5 only goes through Path 2 because the
step voltage source is not in series with Path 1. When other
submodules switch, SM,,5 becomes part of EMI propagating
paths and SM,,;,5 is not the EMI source anymore.

In Fig. 4(b), the noise current comes from the positive of the
step voltage source and goes into the heatsink/ground through
the C¢ of SMay5, then comes back from the stray capacitance
of other submodules and the cables that connect different sub-
modules. Similar to the switching-ON process, the noise current
would not flow into the other bridge-arm due to the large
impedance of bridge-arm inductors. To visually describe the
complicated relations of switching states and EMI propagating
paths, a logical diagram is drawn in Fig. 6. The dashed arrows
exist only when different submodule heatsinks are connected
together.

If there are more dynamic-state submodules at a switching
moment, the proposed models are still applicable by simply
applying the superposition theorem. As is shown in Fig. 7,
SM,1 and SM,,; are at switching-ON state, while SM,5 and
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SM,5 are at switching-OFF state. By using the superposition
theorem, the total model is the superposition of four submodels.
In each submodel, there is only one dynamic-state submodule,
and the EMI propagating mechanisms are the same with the
former analysis.

According to the analysis, four important characteristics of
the EMI performance of MMC can be summarized as follows:

1) The EMIin Path 1 is greatly suppressed by the bridge-arm
inductors, so the EMI in Path 2 can barely flow into the
other bridge-arm.
The EMI in Path 1 is only excited by switching-ON state
submodules, while the EMI in Path 2 is excited by both
switching-ON state and switching-OFF state submodules.
The ON-state submodules are affected by two paths, while
the OFF-state submodules are only affected by Path 2.
When the heatsinks are separated and floated, the EMI in
Path 2 only circulates in switching-state submodules, and
no EMI can be detected in OFF-state submodules.

2)

3)

4)

V. MIXED-MODE EMI PHENOMENON IN MMC

This section introduces the effect of submodule heatsink
connecting patterns on EMI, which has been mentioned in
Section IV. The MM EMI phenomenon based on grounded
submodule heatsinks is also explained in this part.

A. Effects of Submodule Heatsink Connecting Patterns

As is demonstrated in Fig. 8, the submodule heatsinks are
usually mounted on the metal racks by bolts in practical engi-
neering. The metal racks are painted by insulating coating to
avoid from rusting. In low-frequency band (below MHz), the
insulation layer plays a good role of electric isolation, so the
heatsinks can be seen as floated to the metal racks. While in
high-frequency band (above MHz), the impedance of equivalent
insulation capacitance (nF-level) begins to decrease, and the
heatsinks can be approximately seen as connected to the racks.
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In general, the heatsinks of different submodules are mounted
on the same racks to decrease the bridge-arm volume, which
leads to potential EMI paths among submodules.

To study the effects on EMI, three kinds of connecting patterns
are discussed here. Fig. 9 shows how the submodule heatsinks
are connected in a prototype MMC. The copper lines are used
to ensure good connections of submodule heatsinks. It is noted
that although the heat-dissipating method in Fig. 9 is different
from Fig. 8, the basic EMI paths are similar.

Pattern 1. Submodule-floated: The submodule heatsinks are
neither connected together nor grounded. There are more than
2N isolated heatsinks in one phase, and EMI only flows in Path
1. The noise currents in different submodule heatsinks will not
affect each other.

Pattern 2. Bridge-arm-floated: The submodule heatsinks in
the same bridge-arm are connected but not grounded. There
are two submodule heatsink systems in one phase: the upper
heatsink system and the lower heatsink system. These two
submodule heatsink systems are separated to each other. The
noise currents in heatsinks only circulate inside the bridge-arm.

Pattern 3. Phase-floated: The submodule heatsinks in the
same phase are connected but not grounded. Because of the
filtering and isolation functions of bridge-arm inductors, the sub-
module heatsink system can be still divided into two separated
parts: the upper and the lower bridge-arms. The EMI paths of
Pattern 3 are similar to Pattern 2 in high frequency.

The submodule heatsink connecting patterns mainly affect
the path impedance of Path 2, which is the impedance between
the positive and negative of the step voltage source. Generally
speaking, high isolation degree of heatsinks means high heatsink
path impedance and low EMI amplitude in Path 2. Obviously,
Pattern 1 is doing better than Pattern 2 and 3 in EMI performance.
However, higher insulation degree means larger submodule
volumes and higher insulation costs.

Equations (3)—(8) show the path impedance of the above three
connecting patterns. In these equations, j is the imaginary unit, w
is the angular frequency of signals, m is the number of adjacent
OFF-state submodules above dynamic-state submodule, and 7 is
the number of adjacent OFF-state submodules below dynamic-
state submodule. For example, as is shown in Fig. 4, m and n
both equal to 0 for SM,,;, while m equals to 0 and n equals
to 3 for SM,,,5. The path impedance values of Pattern 2 and 3
are related to m and n. The bigger m and n are, the smaller the
path impedance will be. By analyzing the items of (3)—(8), it

Three kinds of heatsink connecting patterns: (a) submodule-floated (Pattern 1); (b) bridge-arm-floated (Pattern 2); and (c) phase-floated (Pattern 3).

can be seen that their first items are the same but other items
are different. Obviously, the impedance of Pattern 1 is bigger
than Pattern 2 and 3 because m > 0 and n > 0. The derivation
procedures of following equations are given in Appendix:

1
Pattern_1
ZSWTEChmg on — <jwc, ESR+]W ESL)
+ 1 3)
jwl(Cc +Co) //CE]
1
P rn_1
sv%?:shiﬁgfoﬁ = (ch + ESR+ jw - ESL>
+ 1 @)
jwlCec//(Co + Cp)]
1
Pattern_2
ZSwfttchmg on ™ <M +ESR +]w ESL)
N 1
jw[(m+1) (Ce + Co) +Cc]
. )
w((n+1)(Cr + Co) +Cc|
1
Pattern_2 .
ZSWItchmg off <ij + ESR+]w . ESL) + jwcc
+ 1 ©)
jw[(m+n+2) (Cg + Co) + Cc]
Pattern Pattern.
Sw‘icschir;gfon ~ Swgttchir;gQ—on (7)
Pattern Pattern.
Swf;cchmg oft ~ ZSWfttchmg2 off* (8)

B. Mixed-Mode EMI Phenomenon

The MM EMI phenomenon is first discovered by Zhang et al.
[25]. This phenomenon reveals that CM and DM EMI are cou-
pled when the converter is asymmetric. That is to say, CM EMI
and DM EMI can transform into each other. This phenomenon
also appears in MMC. On some low-voltage occasions, the
submodule heatsinks of MMC are directly connected to the
ground. Under this circumstance, the MM EMI phenomenon
can be observed.
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Fig. 10. Relations of dc currents and icm, ipw in (a) traditional converter
and (b) MMC.

As is illustrated in Fig. 10(a), according to the traditional
CM/DM theory, the CM current is defined as

. 11+ 192  iPath-2
— = 9
icM 5 5 9
and the DM current is defined as
. ih—1 )
ipM = — 5 2 = —ipath_1 (10)

where i; is the dc positive current and is is the dc negative
current. In traditional opinions, icy is thought to be equal to
half of ipatn_2, the ground current, and it is evenly distributed
in power lines. While ipys is thought to be equal to ipah.1 in
amplitude, the noise current is in main circuit. When the circuit
is symmetric, iy is independent of ipys.

However, the traditional CM/DM theory cannot explain the
EMI mechanisms and the MM EMI phenomenon in MMC. As
is shown in Fig. 10(b), ipatn.1 goes across the dc side like tradi-
tional ippp, while ipatn-2 only goes through one of the dc power
lines rather than two lines at one time. Under this circumstance,
ipath-2 generates both CM and DM components. The total DM
current is the sum of ip,¢,.1 and the DM component generated
by ipath-2. That is to say, the CM and DM EMI in MMC are
coupled. The EMI paths of MMC under MM EMI phenomenon
are as demonstrated in Fig. 11.

According to the definitions of CM and DM currents, the CM
current of MM phenomenon is

; i1+12  (iPath—2 — tPath—1) + tPath—1
CM/ = p—
2 2
TPath—2 .
= 72 = ICM- (1 1)
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Fig. 11.  Detailed EMI paths under mixed-mode EMI phenomenon.

And the DM current comes from two parts: one from ipa¢p_2
while the other one from ipaip-1

. i1 —%2  (iPath—2 — TPath—1) — Path—1
ZDM/ = 2 _= 2
TPath—2 .
= — ipath-1- (12)
2
Substituting (11) into (12)
IpM’ = foM’ — TPath—1- (13)

Equation (11) shows that the CM current does not change
even if the EMI paths are not symmetric, while (13) shows that
CM and DM currents on dc side are dependent to each other
and there is additional DM component. In low-frequency band,
ipath.1 18 far greater than ip.s.2. As frequency increases, the
bridge-arm inductor impedance becomes larger and the stray
capacitance impedance gets smaller. ip,¢},.1 decays to zero and
ipath-2 dominates. Under this circumstance, the DM component
only comes from ip,t;,.2 and CM current equals to DM current.

The appearance of MM EMI phenomenon in MMC is caused
by the following four critical factors:

1) The grounded submodule heatsinks provide the EMI prop-

agating paths for the ground current in Path 2.

2) Because of the isolation function of bridge-arm inductors,
the noise current in Path 2 is trapped inside the bridge-arm
that the dynamic-state submodule lies in.

3) There is no dc support capacitor to provide a short-circuit
path for the noise current in Path 2. The current is not
evenly distributed in positive and negative lines.
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TABLE IV
SIMULATION PARAMETERS FOR THREE-PHASE MMC

Parameters Symbol Value
DC voltage Use 200V
AC output phase voltage (peak value) Usc 90V
Capacitor average voltage Uc 22-23V
Modulation ratio M 0.9
Number of bridge-arm submodules N 8
Frequency of carrier waves e 1kHz
Adopted modulation strategy PSC-PWM

Adopted voltage-balancing Method Self-balance (open-loop control)

4) Sometimes the switching actions of upper and lower
bridge-arms may not appear in pairs, which create an
asymmetric working condition.

The MM phenomenon revealed that traditional CM/DM based
EMI analysis method is not applicable for all converters. The
coupled component of CM and DM EMI is often overlooked
in traditional analysis method, which would cause undesired
errors to EMI prediction and reduction when the converter is
not perfectly symmetric.

VI. SIMULATION AND EXPERIMENTAL VERIFICATION
A. Simulation Verification

To verify the EMI mechanisms as well as the existence of
MM EMI phenomenon, a simulation model of MMC is built
in ANSYS Simplorer. The simulation parameters are list in
Table IV. Fig. 12 shows the switching sequences of Phase A,
and 0.8 ms is chosen for observation. The capacitor voltages of
six representative submodules are shown in Fig. 13.

When the heatsinks are submodule-floated (Patter 1), the
voltage oscillations only appear in dynamic-state submodules.
When the heatsinks are bridge-arm floated (Pattern 2), the
voltage oscillations also appear in static-state submodules. The
cases under Pattern 3 are similar to Pattern 2 except some
differences of oscillation amplitudes. These results prove that
the ON-state submodules are affected by two paths, while the
OFF-state submodules are only affected by Path 2.

As for the MM EMI phenomenon, it can be seen from Fig. 14
that the CM component is smaller than the DM component below
20 kHz, while they are equal above 20 kHz. This is because that
the CM and DM components are both generated by ipatn_2 in
high-frequency band, while ip,t.1 contributes almost no DM
component. This result proves the accuracy of Characteristic 1
in Section IV that the noise current of Path 2 can barely flow
into the other bridge-arm.

B. Experimental Verification

To verify the proposed EMI mechanisms of MMC, some
experiments are conducted in a laboratory-level three-phase
MMC prototype. The experiment layout is shown in Fig. 15.
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Fig. 12.  Switching sequences: (a) upper arm and (b) lower arm.

The connecting patterns of submodule heatsinks are shown in
Fig. 9. The basic experiment parameters are the same with the
simulation parameters in Table IV except that the modulation
ratios of upper and lower bridge-arms are different.

For the convenience of experimental verification, the mod-
ulation ratios of upper and lower bridge-arms are set to be
different constants. In these experiments, M,, (the modulation
ratio of upper bridge-arm) is 0.75 and M,, (the modulation
ratio of lower bridge-arm) is 0.25. This method can ensure that
the upper and lower bridge-arms do not switch at the same
time, so the effect of the other bridge-arm can be excluded.
Besides, constant modulation ratios can keep the balance of
capacitor voltages inside bridge-arms. The capacitor voltages
of three representative submodules are demonstrated in Fig. 16,
where SM,,,,, represents dynamic-state submodule in the upper
bridge-arm, and SM,,,,, and SM,,,, , represent other submodules
in upper and lower bridge-arms.

According to the experiment results in Fig. 16, when the
heatsinks are submodule-floated (Pattern 1), there are only two
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Fig. 13. Capacitor voltages of representative submodules (simulation):

(a) Pattern 1; (b) Pattern 2; and (c) Pattern 3.

voltage oscillations in one switching period for a submodule.
The voltage oscillations are caused by the switching actions of
the submodule itself rather than other submodules. The voltage
oscillations caused by switching actions are marked by red
arrows. The switching moments of different submodules are
inconsistent because the switching pulses are not the same.
When the heatsinks are bridge-arm-floated (Pattern 2) or
phase-floated (Pattern 3), there are eight voltage oscillations
for upper bridge-arm submodules, and two voltage oscillations
for lower bridge-arm submodules. The number difference of
oscillations is caused by different modulation ratios. The voltage
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oscillations of submodules in the same bridge-arm occur at the
same time, while the case is different for lower bridge-arm
submodules. This result proves the accuracy of Characteristic
1 in Section IV that EMI in Path 2 can barely flow into the other
bridge-arm.

The spectra of CM and DM EMI on dc side are shown in
Fig. 17. The spectra show that CM EMI is smaller than DM EMI
below 10 kHz, and they approximately accord with each other
above 10 kHz, which agrees with the aforementioned analysis.
This result proves the accuracy of proposed EMI mechanisms
and MM EMI phenomenon in MMC. It should be noted that
even though there are some amplitude errors with the simulation



SUN et al.: SUBMODULE SWITCHING-STATE BASED EMI MODELING AND MIXED-MODE EMI PHENOMENON IN MMC 1841

) / [10V/diy, 400ns/div]

]

e T
¥ " Y- A
/ 1500m VAdiv, 400s/div] |,

1t oft=on" : {500mV/div,

e PO S —
a4 —On
i } [10V/div. wous/dﬁ|
; Tpa i il
NL(_L\]»‘,V, A
mVdiv, 400ns/div] | Ucapy
| |
' VAR A A A a1
n [SR0m V/divk 1
ms 4 m: 8 ms
Y SViaoy AR
" SMapy Vidiv, 400ns/div] Ucapy
i e
27! T r s o 1
""" T [P0 V/di 100us/dM‘
T 1 o T g
iv, 400ns/div] "Canzl
A
£ [500mV/div, 100us/div]
(b)
Uck
4 4 4
[LOV/div. |
div) uCapx
| ] |
LMY 1L A A0 0 s
£ [SYOmVidivg 1
2ms 4ms Bms
PSS —— UCini
[500m V/div; 400ns/div] Capy
" L L Y
3} £ 540m Vi lOOns/dm
: 1 - ! ! | I el
o ms
1 00ns/div] ”Canz
) . -
[500mV/div, i1l
)

Fig. 16.  Capacitor voltages of representative submodules (experiment, M, =

0.75, M, = 0.25): (a) Pattern 1; (b) Pattern 2; and (c) Pattern 3.

=
Scan_01Pk View@2Pk View @3Pk View
T . 100 khz YT [ N T

jro@eat T 1In this range, ip,n.1 decays to 0 and ip,n.» dominates
Do ipain2 generates both CM and DM components
a0 dBpA-

80 dBps

7|D“w« —

-10 deyy
| : : H i A
Start 9.0 kHz top 30.0 MHz

Fig. 17. Experiment spectra of CM and DM currents on dc side.

results in Fig.14, the shapes of spectra envelop are alike. The
errors may be caused by the measuring and fitting errors of
element impedance.

VII. CONCLUSION

In this article, an EMI model of MMC considering the switch-
ing states of submodules is built. Analysis shows that dynamic-
state submodules are EMI sources in MMC and static-state
submodules are parts of EMI propagating paths. Based on the
established model, this article studies and verifies the detailed
EMI mechanisms of MMC. Besides, the MM EMI phenomenon
in MMC is discovered and explained.

The contributions made by this article are as follows:

1) A conducted EMI model of MMC is proposed. Different
from previous models that replace the whole submodule
by an equivalent voltage source and neglect the internal
situations of submodules, the proposed model considers
the submodule switching states. Besides, the way how
EMI propagates inside submodules is analyzed.

2) Simulation and experiment results show that submodule
heatsink connecting patterns have effects on EMI paths.
High insulation degree of heatsinks means high heatsink
path impedance and low EMI amplitude.

3) The MM EMI phenomenon in MMC is analyzed. When
the converter is not symmetric in topology or switching
mode, the CM and DM interference would be coupled.
The coupled component is often overlooked in traditional
CM/DM based EMI analysis method, causing undesired
errors to EMI prediction and reduction.

APPENDIX

Figs.18 and 19 show the equivalent circuits for four kinds of
switching states. For an ON-state submodule, its input impedance
is Cc+Co from the left and Cg from the right. For an OFF-state
submodule, its input impedance is Cg+Co from both sides.
Equations (3)—(8) are derived as follows.
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