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Abstract

Modular multilevel converters (MMCs) have been receiving extensive research interest in high/medium-voltage applications
due to its modularity, scalability, reliability, high-voltage capability, and excellent harmonic performance. Submodule capacitors
are usually rather bulky because they have to withstand fundamental frequency voltage fluctuations. To reduce the capacitance of
these capacitors, this study proposes a modified MMC with an active power decoupling circuit within each submodule. The
modified submodule contains an auxiliary half bridge, with its capacitor split in two. Also, the midpoints of the half bridge and
the split capacitors are connected by an inductor. With this modified submodule, the fundamental frequency voltage fluctuation
can be suppressed to a great extent. The second-order voltage fluctuation, which is the second most significant component in
submodule voltage fluctuations, is removed by the proper control of the second-order circulating current. Consequently, the
submodule capacitance is significantly reduced. The viability and effectiveness of the proposed new MMC are confirmed by the
simulation and experimental results. The proposed MMC is best suited for medium-voltage applications where power density is

given a high priority.
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I. INTRODUCTION

At present, an increasing number of high/medium-voltage
converters is applied in industry, especially medium-voltage
(MV) converters are applied in many applications, such as
offshore wind farms, medium voltage DC (MVDC) systems
for all-electric ships, and various power quality applications,
etc [1]-[4]. Among various high/medium-voltage converters,
the neutral-point clamped (NPC) converter, flying capacitor
(FC) converter, and cascaded H-bridge (CHB) converter have
all received extensive research interests. However, the NPC
and FC converters are relatively difficult to extend to more
than five levels due to the significantly increased number of
clamping diodes or flying capacitors, as well as loss
distribution and voltage balance problems. The CHB
converter requires a bulky multi-winding transformer to
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provide a large number of isolated DC sources, which
reduces the power density and increases the cost
simultaneously [5]. In 2001, Marquart and Lesnicar proposed
the modular multilevel converter (MMC) topology [6], which
is now considered as the most promising converter topology
for high-power and high/medium-voltage applications. The
MMC has the advantages of modularity, scalability,
reliability, high-voltage capability, and excellent harmonic
performance.

However, submodule capacitors of the MMC are usually
bulky because they have to withstand fundamental frequency
voltage fluctuation. These capacitors usually constitute a
major part of the volume and cost of the MMC [7]. Recently,
many researchers have been working on reducing the
submodule capacitor voltage fluctuation [8]-[17]. In [8]-[15],
the fundamental frequency capacitor voltage fluctuation was
reduced by introducing the high-frequency circulating current
and the common-mode voltage simultaneously to transform
the fundamental frequency powers in the submodule
capacitors into high frequency ones, thereby achieving
low-frequency operation. However, this method is unsuitable
for utility frequency scenarios because it nearly doubles the
current stress of the power devices and it leaves no room for
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the common-mode voltage injection in the modulation index.
Reference [16] eliminated the fundamental frequency
capacitor voltage fluctuation by adding power channels
between the upper and the lower arms. Isolating transformers
are necessary in such power channels, which might be
tolerable for MV drives but undesirable for high-voltage
applications. Reference [17] proposed a modified MMC
topology, which can remove fundamental frequency voltage
ripples in certain submodules, and a closed-loop control
strategy for suppressing the second-order voltage fluctuation.
The method is effective in reducing submodule capacitance;
however, voltage fluctuations vary among the submodule
capacitors, thereby subjecting them to uneven stresses.

This paper investigates the application of the active power
decoupling technique [18]-[25] in reducing submodule
capacitances. Active power decoupling basically uses an
additional power circuit to divert the low-frequency
fluctuating power in the main capacitor to an additional
energy-storage component (usually another capacitor, which
is more efficient than an inductor). The voltage of this
additional capacitor does not affect the output voltage/current
of the main converter; thus, it can sustain heavy fluctuation,
thereby allowing a remarkably small capacitance. The total
capacitance (i.e., drastically reduced main capacitance with
additional capacitance) with active power decoupling is
usually only a fraction of the main capacitance that would be
required without active power decoupling. This condition
significantly improves power density. Reduced capacitance
also allows the application of film capacitors, which
improves its reliability and life-time. The inclusion of the
additional power circuit (along with the smoothing inductor)

Side

Auxiliary Circuit
(c)
Fig. 1. MMC Topologies. (a) Topology of three-phase MMC. (b) Conventional submodule topology. (¢) Proposed submodule with
active power decoupling circuit.

definitely occupies some volume and incurs some cost.
However, given the ever-improving performances (e.g.,
higher switching frequency and easier cooling.) and the
decreasing price of power devices, volume and cost of the
additional circuit are becoming increasingly manageable.

An active power decoupling topology proposed in [25] is
employed in this paper. This topology is slightly different
from normal ones, such that, it has no additional capacitor;
instead, the main capacitor is split in two. This circuit will be
used to suppress the most significant, fundamental frequency
voltage fluctuation in the submodule capacitors. Then, the
remaining second-order voltage fluctuation is removed by a
closed-loop control of the second-order circulating current.
This way, the submodule voltage fluctuations can be
suppressed to a negligible level, and the total capacitance can
be significantly reduced.

The remainder of this paper is organized as follows.
Section II presents the topology and operating principle of the
modified MMC. Section III presents the modeling and
control of the fundamental frequency submodule voltage
fluctuation suppression. Section IV presents the modeling and
control of the second-order submodule voltage fluctuation
suppression. The simulation and experimental results are
presented in Section V. Section VI concludes this paper.

II. TOPOLOGY AND OPERATING PRINCIPLE

A. Modified MMC Topology

The circuit configuration of the modified MMC, which is
shown in Fig. 1(a), is similar to that of the conventional
MMC except for the auxiliary power decoupling circuits in
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the submodules. Figs. 1(b) and 1(c) show the submodules of
the conventional MMC and modified MMC, respectively.
Each phase leg of the modified MMC consists of two arms,
with each arm having N identical submodules and one
smoothing inductor. In comparison with the conventional
submodule, the modified submodule has an auxiliary half
bridge, with its submodule capacitor split in two. The
midpoints of the half bridge and the split capacitors are
connected by an inductor. As seen from the outside, the
submodule has three valid states, namely, on (S1 on and S2
off), off (S1 off and S2 on), and standby (S1 and S2 off)
states. The standby state only exists while pre-charging the
submodule capacitors.

In Fig. 1, V,. and I, are the DC-link voltage and current.
vp, and vy, (x = u, v, or w) are the summed output voltages of
the upper and lower arms. ip, and iy, are the arm currents. v,
is the AC output voltage of phase x (with respect to the
midpoint of the DC-link). vep, and veyy (j = 1~N) are the
individual submodule voltages in the upper and lower arms.

B. Operating Principle at the Converter Level

The auxiliary circuit, as shown in Fig. 1(c), is added to
suppress the fundamental frequency fluctuation in the
submodule voltage. In comparison with the conventional
submodule shown in Fig. 1(b), the only difference (as seen
from the main switches S1 and S2) is a smoother DC-side
voltage. Thus, the operation of the modified MMC is the
same as that of a conventional MMC at the converter level.
The derivation and conclusion in this subsection apply to
both MMCs.

According to Kirchhoff’s voltage law (KVL), the upper-
and lower-arm voltages, vp, and vy,, are

va:lI/dc_vr_L%_RiPr
2 ’ dt ’ (1)
1 diy, ..~
VNXZEVdc'FVx_L?_RZM

where R represents the equivalent resistance of each arm.
According to Kirchhoff’s current law (KCL), output
current Z, can be expressed as
I, =ip, ~ly,. (2)

Circulating current i, is defined as

N PP
lzx = E(IPX + le) N (3)
According to Egs. (2) and (3), arm currents can be derived
as
iP\' = izx + 7ix
’ 2
4
R )
Dy =l — Elx
Substituting Eq. (3) into Eq. (1) yields
di, 1 1
Lo R =2V =2 (0 1) ®)

According to Eq. (5), the circulating current i,, can be
controlled by regulating (vp,+vy,)/2, or the “common-mode”
component of the arm voltages. The circulating current i,
mainly contains the DC and second-order components.

To determine the ripple powers flowing into the
submodules, which cause submodule capacitor voltage
fluctuations, we start with the instantaneous powers of the
upper and lower arms in each phase:

{pl’x =Vpdp, ()

Pre = Vil
In steady state, if the voltage drops on the arm inductors
are neglected, then the arm voltages, vp, and vy, in Eq. (1)
can be rewritten as
1 1

Vp, :7V/(' _vx ==V,

X 2 a 2 de Vx Sin(a)t + er)

) (M

1 1 .
Ve = EV'” +v, = EV’” +V, sin(wt +6,)

where 6, is the initial angle of the output voltage of phase x,
and V, is the amplitude of output voltage v,.

Substituting Egs. (4) and (7) into Eq. (6), and considering
only the DC and second-order components in the circulating
current i,,, the arm powers can be expressed as in Eq. (8),
where I, ( is the DC component of the circulating current i,
L, , is the amplitude of the second-order component of the
circulating current i, 6,, is the initial angle of the
second-order component of i, and ¢ is the power factor
angle of the load. The DC components of the powers are
neglected because they do not exist in a steady state.

1 . . 1
Dp = ZVdclx sin(wt +0, —p) -V I, sin(ot+0,)— EVJBJ cos(wt+6, —6)

+ %Vdclzt2 sin(2at +0,,) +%VXIX cos(Qat + 20, — @) + %Vxlﬂi2 cosBat+6_+6,)

X

@®)
P = inc]l sin(@t + 6, — )+ V.1, sin(wt+6)+ %VXIZ ,cos(wt+6, —06,)
1 . 1 1
+ EVchzx,z sin2aot + 6, ) + ZVXIX cos(Qat +26, — ) — EVXI”*Z cos(Bawt + 6. +6,,)
1 . . 1
Ppc 1= Py 1= ZVdcl,\‘ sin(wt + 6, —p) - Vx1:x70 sin(wt +0,) — 5 [/.\‘12.\‘72 cos(wt +0,,—0,) Q)

1 . 1
Ppc 2= Ppny 2= EVdL‘]z)QZ sin2et +6,,) + ZVxIx cos(2wt + 26, — @) (10)
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Fig. 2. (a) Topology of proposed submodule. (b) Equivalent
circuit model of the power decoupling circuit.

The pulsating arm powers shown in Eq. (8) are supplied by
the submodule capacitors. A lower frequency of a power
component indicates a larger voltage fluctuation in the
submodule capacitors. The fundamental and second-order
components of the arm powers are shown in Egs. (9) and
(10).

In a conventional submodule, the pulsating power is
supplied by capacitor C,. The fundamental frequency ripple
power is mainly associated with the fundamental voltage
fluctuation; thus, the relationship between ripple power and
fundamental frequency voltage fluctuation can be expressed
as follows:

Pri ¢, Buy,,, ()
N dt
where V,, is the DC component of the submodule voltage,

and v, is the instantaneous value of the fundamental

component in the submodule voltage. To reduce the voltage
fluctuation, the only alternative is to increase submodule
capacitance C,. Given the low frequencies of the ripple
powers, C has to be significantly large.

In this paper, the fundamental frequency voltage
fluctuation is eliminated by the auxiliary power decoupling
circuit added to each submodule. The second-order voltage
fluctuation is eliminated by properly controlling the
circulating current. With this process, the total submodule
capacitance can be significantly reduced. The next two
sections address the two issues respectively.

III. OPERATING PRINCIPLE, MODELING, AND
CONTROL OF THE AUXILIARY POWER
DECOUPLING CIRCUIT

The proposed submodule topology (taking the j-th one in
the upper arm of phase x for example) is redrawn in Fig. 2(a),
with the capacitor voltages denoted with v¢; and v, for
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Fig. 3. (a) Effect of active damping. (b) Overall control block
diagram of the power decoupling circuit.

simpler subscripts. Power decoupling circuit is basically
controlling the voltages of the two split capacitors to be the
sinusoids with opposite phases, together with the DC offsets
[25]. The exact voltage references for the two capacitors are
the resulted total capacitor power (minus the inductor power),
which is equal to pp, i/N. Simultaneously, no fundamental
frequency fluctuation exists in the submodule voltage veitve,
because the alternating parts of the two capacitor voltages
always cancel each other.

A. Calculation of Capacitor Voltage References

Suppose that the form of the voltage references of the two
split capacitors are as follows:

Ver =5 Ve =3V + Vesinot +0,)
1 1 e
Ver = EVsm Ve = EVsm —Vesin(@qt +6;)

where V,,, = vetve is the expected ripple-free submodule
voltage (half of which is considered as the common DC offset
in this study), wc is the angular frequency of the capacitor
voltage, 6. is the initial angle of the capacitor voltage, and ¥
is the amplitude of the sinusoidal component.

The capacitor currents are thus

i, =C, d;? =w.C, V. cos(wt +6.)
p (13)
i, =C, ij =-0.CV, cos(at+6.)

With Egs. (12) and (13), the total power provided by the
two capacitors can be derived as
Pac = Veiier + Vesiey = 0 CV sinQQot +26,) . (14)

According to KCL, the inductor current can be derived as
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TABLEI
EXPERIMENTAL PARAMETERS OF THE PROPOSED MMC
Items Value
DC-link voltage, V. 500V
Arm inductance, L 4.6 mH
No. of submodules per arm, N 2
Submodule voltage, Vj,, 250V
Submodule capacitance, Cy 220 pF
Filter inductance, L, 4 mH
Switching frequency 2 kHz
Modulation index, M 0.6
Iy =iy ~icy - (15)

Thus, the power of the smoothing inductor can be
expressed as

diy,
pu=L, %iu = 20.L,(0.C,V,) sinCaut +20,) . (16)
o _

Hence, the total power provided by the auxiliary circuit is
Pa=Pact P Can
=[@.C,VE =20.L,(0.C, V) sinQat +26,)
N times of p, should be equal to the fundamental
component of the arm power derived in Eq. (9). The
submodule here is assumed to be one from the upper arm of
phase x; thus,

Np, =Ppe 1 (18)
With Eq. (18), V¢, wc, and ¢ in Eq. (12) can be solved as
follows:

CUC:EC()
1 A
6, = —arctan — s 19
= arctan (19)
NA*+ B?
ch\/ h
o.C

P ZaJCL/.(a)CC,.)2

where

11 . . 1 .
A=ZVad 50, =)=Vl ysinf, =2V, ;sin(6;, = 6],

z

and
Bzi[lV,,I cos(8, —p)—V.I, ,cos6 +1VL ,sin(6,, —6.)]
N ig et v wlax_ 2T ela O
If the submodule is from a lower arm, then

1 A
6, =—arctan—+—.
2 B 2

B. Modeling of the Power Decoupling Circuit

It is the task of the auxiliary half bridge (S3 and S4) to
conduct the voltage tracking control of the two capacitors. By
representing the actual (PWM style) output voltage of the
half bridge with its state—space averaged value v, the
equivalent circuit model (or the state—space averaged model)
of the power decoupling circuit is shown in Fig. 2(b). v, also
serves as the modulation signal of S4, whereas V,,—v, is the

modulation signal of S3. The relationship from v, to the
capacitor voltages (specifically, their alternating parts) should
be determined to design the tracking control system for the
capacitor voltages properly.

According to KVL and neglecting the inductor’s resistance,
two voltage equations can be established:

sm

i
v, =V v + L, ;Ltfzo
(20)

di,,
—v L2 4y =0
r f d[ Cc2

By subtracting the two equations of Eq. (12), the sinusoidal
(or the differential) component of the capacitor voltages can
be expressed as follows:

v, v,

Ve = Cl; €2 (1)
Egs. (20) and (21) yield
Vow i,
v, = 2 +vC+Lf7t‘:0. (22)

According to Egs. (13), (15), and (21), the inductor current
can be rewritten as

. dv,.
z,f:ZCfd—t‘. (23)
Substituting Eq. (23) into Eq. (22) yields
2L/’C/72C+VC: 5 -v,. 24)

The right side of Eq. (24) is actually the alternating part of
the modulation signal for S3. Hence, finding the transfer
function between V,,/2-v, and v. seems convenient and
useful, which can be expressed as follows:

Ve _ 1
V,/2-v, 2L,C,s*+1’

P

(25)

C. Control of the Power Decoupling Circuit

The controller design of the power decoupling circuit is
conducted based on the parameters listed in Table I. The
Bode plot of plant Gp is shown as the red dotted line in Fig.
3(a). A high resonance peak exists at the LC resonant

1/,[2Lfo , which negatively affects

system stability. In this study, active damping by means of
capacitor voltage feedback (See Fig. 3(b), which shows the
overall control system) is applied to eliminate the resonance
peak. Shown in Fig. 3(a) with blue solid line is the Bode plot
of the modified plant Gp,,. The transfer function of Gp,, is

frequency, o,

Ve 1

GPm kS B (2 6)
+1

Vs-m/z_vr 2Lfc‘/»S2 +
: s +1

where k is determined by the expected damping effect, and
is a small time constant.

A proportional additional quasi-resonant controller is
adopted as the voltage controller to track the reference v,
which is a 25-Hz sinusoid. The transfer function of the
proportional and quasi-resonant controller is expressed as
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2K, a5

G. =K +——————
C
'+ 20,5 + @ ’

P

@7

where @, = 25 Hz is the resonance frequency of the
quasi-resonant controller, and w; is the bandwidth of the
quasi-resonant controller [26].

As shown in Fig. 3(b), the output of G¢ is V,,/2—v,. Thus,
the modulating signals for S3 and S4 (i.e., Vv, and v,,
respectively) can be readily constructed.

D. Parameter Design of the Power Decoupling Circuit

Inductance L, should be as small as possible, considering
its weight/cost and negative contribution in supplying
reactive power (See Eq. (17)). However, a considerably small
value of L, may bring a high switching ripple current, which
raises the current stress of S3 and S4. The relationship
between L, and the peak-to-peak ripple current i/ ,, is
expressed as

V,.T

T (28)
/

Therefore, L, can be determined given iy, ,,.

C; can become smaller by applying a higher alternating
component V¢ across the capacitors. However, V¢ should not
exceed its DC offset V,,/2, that is,

2 2
Vc:\/ NA +B 1
o.C

S<,. (29)
—20.L,(0.C,)" "2

By solving Eq. (29), the constraints on C;can be derived as

<1, (30)

1
-C+—5—<C,
; 4a)CL_,.

4a)CL_,.

\/V; -RwLNA +B

4XL, V.,

f7 sm

where C= , in which the lower limit

is more useful. The reason why there is an upper limit is that
a considerably large capacitance denotes a remarkably high
current flowing through the inductor L, which causes the
counter-productive inductor power to soar; this condition also
results in a larger V¢, (i.e., a greater capacitor power to keep
po unchanged).

IV. ELIMINATION OF SECOND-ORDER
FLUCTUATION IN SUBMODULE VOLTAGE

With the fundamental frequency voltage fluctuation
eliminated with the auxiliary power decoupling circuit, the
second-order pulsating component becomes the most
significant. To solve this problem, a closed-loop control
strategy similar to [17] is adopted, with a more in-depth
analysis. The second-order ripple power needed by the MMC
load basically has to be supplied (or balanced) by the
submodule capacitors and the DC source of the MMC. The
amount of contribution from the DC source is reflected by the
second-order component of the circulating current i,,. The DC
source can supply all the second-order ripple power by

properly controlling the second-order component of the
circulating current i.,, whereas the submodules can no longer
supply any; thus, the second-order fluctuation in the
submodule voltages is eliminated.

The second-order ripple power of the submodule is
assumed to be solely associated with the second-order ripple
voltage in the submodule. This assumption is valid because
although the second-order power can also be generated from
the fundamental frequency voltage, which has been the
reason for the power decoupling circuit, the latter has been
effectively removed from the submodule voltage by the
power decoupling circuit.

The proposed control system consists of a current inner
loop for tracking control of the second-order circulating
current and a voltage outer loop for suppressing the
second-order fluctuation in the submodule voltage.

By using the Laplace transform of Eq. (5), the plant model
of the circulating current inner loop can be derived as

1

Gy = 1 llzx === : (31
EVdr - E(VPX + va) vzx SL +R

To trace the circulating current with the second-order
component, a proportional-integral and quasi-resonant
controller is adopted with w, = 100 Hz. The block diagram of
the circulating current control is shown in Fig. 4 (i.e., the
dashed line enclosed area). Each phase of the MMC needs
one of such control system.

The reference of the second-order circulating current
comes from the outer loop controller, which attempts to
regulate the second-order component of the submodule
voltage toward zero. Generally, even-order (mainly the
second order) submodule voltage fluctuations for the upper
and lower arms are in each phase, whereas the odd-order
fluctuations are opposite in each phase [28]. Therefore, the
total submodule voltage of each phase is approximately the
summed second-order voltages, together with the total DC
offset 2V,.. If the 2N submodule voltages are well balanced,
then the average submodule voltage (vy,) equals the
second-order voltage fluctuation (v,,4) plus the DC offset V.
/N in each submodule, that is,

1 N N
Von = M(Z(VCPX/'I +VCP;/2) + Z(VC,‘Nxfl +Vc1vx,'z)
J=1 j=1
V

dc

(32)

= V2nd +

To determine the plant model for the outer loop, the
relationship among the instantaneous powers of the DC
source, the 2N submodules, and the load should be initially
investigated. At any given moment, the three powers should
be balanced, that is,

Vi =2Nv C%+px, (33)

dc”zx sm="s

where C, = C,/2 is the submodule equivalent capacitance, and
D, 1s the phase-x load power. Assume the first vy, in Eq. (33)
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Fig. 4. Suppression control system of second-order ripple voltage.
TABLEII
SIMULATION PARAMETERS OF THE PROPOSED MMC 2500 Ve Vo | vertve
Items Value
DC-link voltage, V. 8000 V 2000 "\“5‘;“"""""‘"‘””"“',”ﬂ‘"\wﬁ“‘"‘”"‘ N A e i e
/ / [ Iy 2
Rated power, P 300 kW Swsoo bl VSNV A
Arm inductance, L 1.5mH E AR R VR VAR VA VA VAN VY
= A A
No. of submodules per arm, N 4 S 1000 LA N T N N S
[ i f f I il \ I3 j
Submodule voltage, Vi, 2000 V soo [/ Loy S Lo
Submodule capacitance, Cy 600 pF VAR \ VRVRYARY: Y \L“
. . X 0 = =
Filter inductance, L, 4 mH Time:[20ms/div]
Switching frequency 2 kHz 100 (@)
Condition | Condition I1 200 ¢
3000 3000 100 L
_Llwuv < \
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(@) Fig. 6. Simulated voltage/current waveforms within one
600 T 600 . .
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o0 20 voltage. (b) Simulated current of inductor L (iy).
400 — 400 ‘
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5 z =2V, C,—" . 34
2 200 /1“2\" 2 200 Vi e d TP (34)
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0 30 100 130 200 3% PP —— the load ripple power p, as an extraneous disturbance, the
Froquency (Hz) o Frequency (Hz) transfer function from i, to v, can be obtained as
T J— S 250 b T G :h - 1 . (35)
200 200 A v i, 2Cs
150 A 150 . .
2w [ 2 0 In a steady state, the power terms in Eq. (34) contain DC
g 0 E 5o and the second-order components. In cases where only the
30 S 0 second-order ripple power is concerned, Eq. (34) can be
-50 =30 .
oo b 100 rewritten as
-150 R 4150 e . dv,,,
Time:[10ms/div] © Time:[10ms/div] Vdclzx ) 2Vchs dn +px ’s (36)

Fig. 5. Simulation waveforms of the MMC operating in
Conditions I and II. (a) Submodule voltages. (b) FFT analysis of
one submodule voltage. (c) The arm currents and circulating
current.

to be approximately V,/N for ease of analysis. Eq. (33) can
be rewritten as

where i, ,is the second-order component of i.,, and p, , is the
phase-x second-order ripple power of the load. The
suppression control aims to control i, ,, such that the DC
source provides all the second-order ripple power needed by
the load (i.e., Ve i 2 = px 2)-

A proportional and quasi-resonant controller is adopted

1 < S Vdc Vdc
N Z(VCij] Hepga) + Z(VCijl HFenga) [~ =Vom — (37
=

P
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TABLE III
CURRENTS OF ARMS AND POWER DECOUPLING CIRCUITS
Items Value
]Pxirms 1 79 A
|] Px|avg 165 A
Iif 127 A
11 dave 114 A

again for the outer-loop. The entire suppression control
system of the second-order submodule ripple voltage is
shown in Fig. 4. The reference of the second-order
fluctuation is zero; and the feedback of the second-order
fluctuation is provided by rewriting Eq. (32) as Eq. (37).

The actual circulating current reference izx* has to include
its DC component izxio* and its fundamental component izxf,
which come from total energy control and differential energy
control [27] of the submodules, respectively. These signals
are denoted in the figure; however, the details of the related
control systems are not discussed here because as part of the
converter-level control, they are not much different here.

V. SIMULATION AND EXPERIMENTAL
RESULTS

A. Simulation Results

To verify the proposed method, a simulation model of a
single-phase =~ MMC  inverter is  established in
MATLAB/Simulink. The parameters are listed in Table II.
The load is a resistor.

First, two operational conditions are compared to
demonstrate the performance of the proposed method. In
Condition I, the MMC operates in a conventional condition
(i.e., S3 and S4, which are the inactive and suppression
control for the second-order ripple voltage, are turned off). In
Condition II, the MMC operates with the proposed power
decoupling circuit and suppression control of second-order
ripple voltage. The simulation results are shown in Fig. 5.
From the figure, the two most significant harmonic
components, namely, the fundamental and second-order
components, have been virtually eliminated using the
proposed method. As a result, the peak-to-peak fluctuation of
the submodule voltage is reduced from 1100 V to 95 V. For a
conventional submodule (Fig. 1(b)), a 3.5-mF capacitance is
required to obtain the same suppression effect.

With the suppression control of the second-order ripple
voltage, the second-order ripple power is transferred from the
submodules to the DC source. Therefore, a second-order
component exists in the circulating current, and both arm
currents are slightly shifted upward.

Fig. 6(a) and 6(b) shows the capacitor voltages, the
submodule voltage, and the inductor current within one
submodule of the modified MMC in simulations. The ripple
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Fig. 7. Experimental waveforms of the MMC operating in

Conditions I and II. (a) Submodule voltages. (b) FFT analysis of

one submodule voltage. (¢) Arm currents and circulating current.

current can be further reduced if a high switching frequency
is adopted. The fundamental component of the inductor
current is approximately the same as the arm current, which
indicates a same level of current stress for S1/S2 and S3/54.

B. Power Loss Comparison

Introducing active circuitry into the submodule will
inevitably affect the efficiency. To assess the effect, the
power losses associated with IGBTs and diodes of
conventional MMC and the proposed MMC are compared.
The loss calculation method in Reference [29] is adopted.

IGBT and diode power losses can be classified as
conduction, switching, and blocking losses (usually
negligible). The simplified model of IGBT with a voltage
(Vero),  which
collector-emitter ~ voltage, and a  series-connected
collector-emitter on-state resistance (r¢) are used to calculate

source represents on-state zero-current

conduction losses. Similarly, the same approximation can be
used for the anti-parallel diode. Hence, the instantaneous
value of the conduction loss for the IGBT (pcr) and the diode
(pcp) can be expressed as

DPer = Vegole T, i
cr ceolc czc ) (38)
Pcp =Vpolp T 1plp

The half-bridge S1/S2 in Fig. 1(c) is considered as an
example. When ip, > 0, the average conduction loss in one
fundamental period (1/£}) is
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Fig. 9. Experimental waveforms during transient processes. (a) Submodule voltages with 50% step-down and step-up of load current. (b)
Output current with 50% step-down and step-up of load current. (¢) Submodule voltages with 50% step-down and step-up of modulation
index. (d) Output voltage with 50% step-down and step-up of modulation index.

F, = fljerl/fI (Vuoipx + rDiiz’x)S(T)dT
. flj.tﬁl/fl (VCEOiPx + rCi}z,X)I:I - S(r)

where S(¢) is the switching function and is defined as follows:

S(#) = 1: S1 on and S2 off, submodule capacitor inserted;

S(?) = 0: S1 off and S2 on, submodule capacitor bypassed.
Similarly, when ip, <0, the average conduction loss is

PCZ _ f;LzH/ﬁ [cho (_ipx) + rciﬁx}s(f)dr
p fw (Voo (=in ) + roip, |[1-8(z) ]d=

Assume the time interval, in which ip, > 0 to be Tp, and

(39) and (40) are combined. Then, the average

conduction loss in one fundamental period (1/f;) can be
derived as

T T
P.=—Lp +|1-=2|p
C l/fi Cl ( l/ﬁ] c2

. (39
Jdr

(40)

:%(Vc~go|1px e +rclf»x7m) [ /fj(vm pelug T 70100 rm)

, (41)

where |/p,., is the average value of absolute arm current, and
Ipy s 1s the root mean square value of the arm current.

On the basis of the specific curves that depict the various
switching energy losses against the current, which can be
found from power device datasheets, switching loss (P,,) is
approximated as

P,=fE,; +E;+E,),

onT ofi T rec (42)
where E,,r and E 4 are the switch-on and switch-off energy
losses of IGBT, respectively; and E,,. is the reverse-recovery
energy loss of diode.

Infineon FD400R33KL2C IGBT module is selected for the
simulation model. The parameters for power loss calculation
can be read from the IGBT datasheet [30]. The currents of the
arms and power decoupling circuits are listed in Table III.
According to Egs. (41) and (42), the power losses of the
conventional MMC and the proposed MMC can be
estimated. The efficiency of the conventional MMC is
97.91%, and the efficiency of the proposed MMC is 96.06%.
The decrease in efficiency is mild considering the significant
reduction of submodule capacitance.
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C. Experimental Results

Experiments are conducted on a single-phase MMC test
setup. The parameters are as listed in Table I. The load is a
resistor. The control system is implemented using a
TMS320F2812 DSP from Texas Instruments. An
EP1C12Q24017 FPGA performs the pulse—width modulation.

Experimental comparisons of submodule voltages, arm
currents, and circulating currents with Conditions I and II (as
described in Section 5-A) are presented in Fig. 7. Similar to
the simulation results in Fig. 5, the fundamental and
second-order fluctuation voltages are effectively suppressed,
with the peak-to-peak fluctuation of the submodule voltage
decrease from 148 V to 18 V.

Figs. 8(a) and 8(b) shows the capacitor voltages, the
submodule voltage, and inductor current within one
submodule of the modified MMC in experiments. The results
are similar to the simulation results presented in Figs. 6(a)
and 6(b).

Experimental waveforms during transient processes are
presented in Fig. 9. Two types of transients are investigated,
namely, the load step changes and the step changes of the
modulation index, which determines the output voltage. As
shown in Fig. 9, the submodule voltage that dips/swells
during transients are well within 20% of the rated voltage. No
visible low-frequency fluctuations in the submodule voltages
are observed during the transients. Moreover, the submodule
voltages can converge to their rated values within five line
cycles.

VI. CONCLUSIONS

The submodule capacitors in an MMC are usually bulky to
withstand fundamental frequency and second-order voltage
fluctuations. The capacitors therefore constitute a major part
in the cost and volume of an MMC. In this study, a power
decoupling circuit is added to the conventional submodule
topology to eliminate the fundamental frequency voltage
fluctuation at the submodule level. A circulating
current-based closed-loop control system is then employed to
eliminate the remaining second-order fluctuation. Simulations
and experiments prove that the proposed method works well,
and the two major submodule voltage fluctuation components
are suppressed effectively. The submodule capacitance can be
roughly reduced by three-fold. Although the modified
submodule uses two more active devices and a smoothing
inductor, the total volume and cost of the MMC system may
still be reduced, considering the fact that the new generation
of power devices (and their driving circuits) consistently
perform well and at a lower cost and convenient size. The
smoothing inductor can also be reduced with high switching
frequencies. This study provides a probable solution for MV
applications where power density is given a high priority.
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