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Abstract—In modular multilevel converter (MMC)-based solid-
state transformer (SST), the MMC dominates total volume and
power loss. The loss and volume of MMC are influenced by var-
ious factors, such as operating frequencies, waveforms of ac-link
voltage, numbers of submodules, as well as modulation methods.
Their impacts on loss and volume of MMC have not been compre-
hensively analyzed and evaluated. To investigate and evaluate the
loss and volume of MMC based on various operating conditions,
the computational model is developed for MMC-SST according
to its operational principles. The developed model considered the
parameter design of MMC to determine the capacitance and arm
inductance based on various operating conditions, which are essen-
tial parameters to solve state variables. Then, with the developed
computational model, the methodology is developed to comprehen-
sively evaluate the losses and volume of MMC-SST under various
operating conditions, and to investigate the impacts of the above-
mentioned factors. The proposed analysis and methodology serve
as a guidance and basis for the future optimal design of MMC-SST
by providing insights into its performance. The proposed model
and analysis are verified by experimental results.

Index Terms—Computational model, parameter design, solid-
state transformer (SST), modular multilevel converter (MMC).

I. INTRODUCTION

OLID-STATE transformers (SSTs) (also known as power
S electronic transformer or intelligent universal transformer)
have been investigated for distribution systems to reduce the
volume and weight of the power transformer [1], [2], [3], [4], [5].
However, the efficiency and power density are not competitive
with the traditional power transformer, which limit the applica-
tions of SST. Generally, to improve the performance of SST, the
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Fig. 1. Schematic of the MMC-SST. (a) Circuit diagram. (b) Equivalent circuit
of ac link.

efficiency and power density are mainly improved by modifying
the control strategy, topology, hardware design, etc. Recently,
the modular multilevel converter (MMC) has been employed in
SST applications due to its salient features, such as modularity,
scalability, high efficiency, and high reliability [6], [7], [8],
[9]1, [10], [11], [12], [13]. For instance, the isolated modular
multilevel dc—dc converter [13] is derived from the dual-active
bridge (DAB) converter by employing MMC:s into the isolated
dc—dc converter, as shown in Fig. 1. The MMC can generate
an arbitrary ac-link voltage to energize the medium-frequency
transformer, which provides more flexibilities of controlling the
SST while avoiding destructive dv/dt stress. However, there are
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many components in MMC, including capacitors, semiconduc-
tor devices, arm inductors, and heat sinks, which lead to high
power loss and bulky volume. Therefore, the power loss and
volume of MMC dominate the total loss and volume of the
MMC-based SST (MMC-SST). To improve its efficiency and
power density, the MMC should be optimized.

But, before optimizing the design of MMC-SST, its loss and
volume should be investigated and evaluated by considering
different operating conditions and circuit parameters, such as
different operating frequencies, different ac-link voltage wave-
forms, number of cascaded submodules (Nsy ), and modulation
methods. This guides the optimal design of MMC-SST and helps
to identify what can be done to improve efficiency and power
density. In [14], the Ngy has been optimized for the cascaded
H-bridge inverter, which mainly analyzed the impacts of Ngy; on
semiconductor loss, filter size, and reliability. In [15], an MMC
based on full-bridge SMs has been optimized for low-frequency
applications, which mainly analyzed the relationship between
capacitor voltage ripple, semiconductor loss, as well as the
inductor current ripple. In [16], the MMC has been optimized
and compared with two-level inverters for low-voltage micro-
grids, which mainly analyzed the impacts of switching frequency
on filter size. The authors in [17] proposed the multiobjec-
tive optimization procedure of an MMC based on full-bridge
SMs for low-frequency applications, in which the analytical
model did not consider the modulation methods and voltage-
balancing algorithms. These papers only considered MMCs for
fundamental-frequency applications, while they did not consider
MMCs for medium/high-frequency applications. In addition, the
operational principles of MMC-SST are not the same as MMCs
for low-frequency applications. Thus, the existing analytical
models cannot be directly applied to MMC-SST.

The loss and volume are greatly influenced by various factors,
which have not been comprehensively analyzed and evaluated.
Thus, in this article, the influences of these factors are analyzed
and evaluated for MMC-SST to guide future optimal design. In
addition, to investigate and evaluate the operational performance
of MMC-SST under various conditions, another challenge is
developing a computational model, which considers various
parameters, various operating conditions, different modulation
methods, etc. The switching model is time-consuming and in-
convenient for studying various operating conditions and circuit
parameters. The analytical model is inflexible and inconvenient
to consider detailed switching states, switching currents, differ-
ent modulation methods, and sorting algorithms. The circuit-
based simplified models have been developed to accelerate the
electromagnetic transient simulation, including average-value
models and equivalent circuit models [18], [19], [20], [21],
(22], [23], [24], [25], [26], [27], [28], [29], [301, [31], [32],
[33]. For various operating conditions and parameters, these
models are inflexible to sweep parameters and are not suitable
for the optimal design of MMC-SST. In this way, in this arti-
cle, a computational model is proposed for MMC-SST, which
considers main-circuit parameter design, solves state variables,
and is convenient to sweep parameters. The circuit parameter
design serves as an inherent module of the developed computa-
tional model. Then, a methodology is proposed to facilitate the
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Fig. 2. Relationships among system requirements, circuit parameters, and
state variables.

evaluation, analysis, and design of MMC-SST, which is based
on the developed computational model.

For the convenience of analysis, the parameters and state vari-
ables can be divided into three categories: system requirements
and parameters, circuit-level parameters and state variables,
as well as component-level parameters and state variables, as
shown in Fig. 2. The system requirements mainly include rated
power, primary-side and secondary-side dc-link voltages. The
system-level free parameters include the phase-shift (PS) angle
(®) between primary-side and secondary-side ac-link voltages,
operating frequency ( f,.), modulation method, and ac-link volt-
age waveform. The system requirements and free parameters
determine circuit-level state variables, which include dc-link
currents, ac-link currents, as well as arm voltages and currents.
Then, the rated voltages and currents of components are derived
from circuit-level state variables, which greatly impact their
operational characteristics.

This article mainly focuses on analyzing and evaluating the
loss and volume of MMC rather than the entire MMC-SST.
The rest of this article is organized as follows. Section II
briefly summarizes the operational principles of MMC-SST
and conceptually analyzes the impacts of the main factors. In
Section III, a computational model is developed based on the
abovementioned analysis. In Section IV, the methodology is
proposed for evaluating the loss of MMC-SST based on the
proposed computational model. The impacts of the main factors
on the performances of MMCs are analyzed and evaluated in
Section V. In Section VI, based on the parameters of the exper-
imental prototype, the hardware is implemented according to
the results of the developed model. The analysis and evaluations
are verified by experimental results. Section VII analyzed and
summarized the main findings and contributions of this article.
Finally, Section VIII concludes this article.

II. OPERATIONAL PRINCIPLES OF THE MMC-SST

For the convenience of analysis, the operational principles
of MMC-SST are briefly summarized in this section. The
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Fig. 3. Theoretical waveforms of the (a) primary-side and secondary-side
AC-link voltages, and primary-side AC-link current, and (b) arm voltage, arm
current, and SM gating signal.

MMC-SST has similar operational principles to the DAB con-
verter, as shown in Fig. 1. The difference is that the MMC can
generate a controllable multilevel voltage, which changes from a
square waveform to a triangular waveform. The arbitrary ac-link
voltage/current and arm voltage/current waveforms are shown
in Fig. 3(a) and (b), respectively. Similar to the DAB converter,
the ac-link currents and the transmitted power are determined
by the PS angle (®) between the primary- and secondary-side
ac-link voltages. The 6g represents the ramping angle of ac-link
voltage, which is used to define the ac-link voltage waveform.
The « represents the PS angle of a gating signal relative to arm
voltages. To generate the multilevel ac-link voltages, the PS and
the nearest-level control (NLC) modulations are applicable for
MMC-SST, which lead to different charging and discharging
behaviors of SM capacitors [10], [12], [34].

A. Brief Summary of MM C-SST Operational Principles

1) Ac-Link Voltages and Current: The arbitrary nonsinu-
soidal ac-link voltage can be expressed as piecewise linear (1)
and (2). The corresponding root-mean-square (rms) value of

0 -0
ac-link voltage is Vj 3—R + u. Then, the ac-link current
7r 7r

is solved by (3)

%;’pﬁ@ — Viepri, 0< ¢ <0r
Vacpri () = Ve pris R<p<m (D
—Vaepri(p— ), T<p<2m
17 Vi sec

'Uac,sec(@)/ - nTUaC,sec((P) = vac,pri(gp - (I)) (2)

V;ic,pri

where v, sec ()’ is the reflected secondary-side voltage.

. 1
fac () = met

/Uac,pﬁ(@) - Uac,sec(@),d@ (3)

where L is the total ac-link inductance including the leakage
inductance of transformer and arm inductances. The w is deter-
mined by the operating frequency of the ac-link voltage, which
equals switching frequency in this article.
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2) Submodule Capacitance: The SM capacitance is deter-
mined by the limits of voltage ripple. The peak—peak ripple of

SPP \where AQcpp is the

peak—peak ripple of capacitor charge. Generally, the capacitor
charge (Q).) is an integral of the capacitor current, which is
determined by the arm current and the switching state of an
SM. According to the analysis proposed in [34], the SM capac-
itor charging and discharging performance varies with different
modulation methods and voltage-balancing algorithms.

3) Total Inductance and Arm Inductance: The dc-link cur-
rent is derived from ac-link voltage and current, as expressed in
(4), which is the function of the rated power, dc-link voltage, ®,
Or, and total inductance. In this way, when system parameters
are given, the total inductance can be solved by (4), in which the

capacitor voltage AV, ,, equals to

T
rated power corresponds to |®| = 5

2 .
f() vac,priiudw

4
27ﬂ/dc,pri @

Idc,pri =

The total inductance includes the leakage inductance of trans-
former and arm inductances of MMC. In this article, the arm
inductance is only designed to limit the second-order ripple of
circulating current. Similar to the analysis of SM capacitance,
the inductor flux density is an integral of the inductor voltage.
The peak—peak ripple of circulating current Aip, equals to
A-BLau'm,pp

Larm
flux density.

, where A By am pp is the peak—peak ripple of inductor

B. Analysis of Free-Parameters Impacts

As aforementioned, when designing or evaluating the MMC-
SST, the main free parameters include frequency, Ngy, the
ramping angle g of ac-link voltage, and modulation meth-
ods. According to the abovementioned operational principles of
MMC-SST, the impacts of the main free parameters are briefly
analyzed.

1) Frequency of Ac-Link Voltage: According to (3) and (4),
when the operating frequency is increased, to transfer the rated
power, the total inductance and the arm inductances are reduced.
The increased frequency also leads to reduced SM capacitance.
In addition, the switching frequency greatly impacts the switch-
ing loss of semiconductor devices. Generally, the increased
frequency leads to more switching loss. But, the frequency does
not affect the rms value of current, and hence does not greatly
affect the conduction losses of semiconductor devices.

Fig. 4(a) shows the influences of frequency on SM capaci-
tance, the total inductance, arm inductance, and semiconductor
loss. By increasing frequency, the volume of capacitor can be
reduced due to the decreased capacitance. However, for the arm
inductor, the frequency greatly affects core loss and winding
loss. Although its volume can be reduced, its core loss and
winding loss may not be decreased and could even be increased.
A detailed evaluation is necessary to determine the tradeoff
between loss and volume. For the semiconductor devices and the
associated cooling system, the increased switching loss requires
a larger heat sink to dissipate the generated heat.
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Fig. 4. Overview of tradeoffs affected by (a) operating frequency, (b) ramping angle of AC-link voltage, and (c) number of SMs.

2) Ramping Angle of Ac-Link Voltage: The rms value of
ac-link voltage is determined by the ramping angle 0. By
increasing g, it avoids the high dv/dr of ac-link transformer,
while reducing the rms value of ac-link voltage. Thus, to
transfer the rated power, the ac-link current should be increased
by reducing the total inductance Ly, which greatly increases
the requirements and challenges of designing and fabricating
transformers to limit the leakage inductance. As shown in
Fig. 4(b), the increased ac-link current greatly influences the
state variables or parameters related to current and requires
higher SM capacitance to limit capacitor voltage ripple, which
potentially increasing capacitor loss and volume. The increased
current also causes higher losses of semiconductor devices,
which require larger heat sinks to dissipate the generated
heat. For the arm inductor, the volume might be reduced due
to the reduced inductance, while the winding loss might be
increased. In addition, the increased current requires a larger
cross-sectional area for the winding coil, which might require
a larger core to optimize the window utilization.

3) Number of SMs: The Ngy directly determines the nom-
inal capacitor voltage, the blocking voltages of semiconductor
devices, and the components count. As analyzed in [14], the
low-voltage semiconductor device has a better switching be-
havior, which reduces switching losses. Consequently, for each
SM, when Ngy is increased, the switching loss and heat sink
volume are reduced, while the conduction loss is not obviously
influenced by blocking voltage. But, for MMC, the increased
Ngym leads to increased component count, which increases the
total conduction loss and heat sink volume. In addition, the
increased Ngy requires higher SM capacitance to limit voltage
ripple, which greatly increases the total volume of capacitors.
Fig. 4(c) shows the effects of Ngys.

III. COMPUTATIONAL MODEL CONSIDERING CIRCUIT
PARAMETER DESIGN OF MMC-BASED SST

To develop the computational model for evaluating MMC-
SST, according to the aforementioned operational principles, it
can be modeled as a group of differential equations. Then, the
computational model is developed from the differential-equation
model by considering the design of circuit parameters, which
includes total inductance, arm inductance, and SM capacitance.
The main circuit parameters are determined based on system-
level requirements according to the analysis in Section II, which
is incorporated into the computational model.

A. Mathematical Model of MM C-SST

The ac-link current is determined by ac-link voltages and ®.
When neglecting the voltage drop on the arm inductor, the ac-
link voltages are mainly determined by arm voltages.

1) Arm Voltages and Currents: For each phase, based on
Kirchhoff’s voltage law, the relationship between arm voltage
and arm current can be expressed as

digy, _ Vi

Ramizy + Lam i =9 - Vg — Vg )
Ramiz + Larm% = % — Vgl + Vg

where the subscript  represents phase-leg a, b, ¢, and d. When
{x = a,b}, the Ry and Ly, denote the equivalent series resis-
tance (ESR) and inductance of the primary-side arm inductor
(Rarm,pri and Lympri). When {z = ¢, d}, the Rym and Ly
represent the ESR and inductance of the secondary-side arm
inductor (Rymsec and Ly sec)- Similarly, when {x = a, b}, the
Vgc represents the primary-side dc-link voltage (Vg pri). When
{z = ¢, d}, the Vg represents the secondary-side dc-link voltage
(‘/dc,sec)-

2) Ac-Link and Dc-Link Currents: The relationship among
arm voltages, ac-link current, and circulating current can be
described by

Rarmiz + Larm%

Rarmiz:v + Larm% =

= (Uzl - U:vu) - 2U;E

Ve — (6)

Uy — Vgl

The primary-side and secondary-side dc-link currents are
derived from corresponding circulating currents, as expressed
in (7). By incorporating (6) of all phases, (8) expresses the
relationship between arm voltages and ac-link current

idc,Pri - Z‘za + Z.zb (7)
idc,sec = Z‘zc + Z‘zd

[(Val = vau) = (Vo1 = Vou)] — 17 [(Ver — Veu) — (Var — Vau)]
2
= (RT + Ra.rm,pri + n%Rarm,seC)ia
dig

+ (LT + Larm,pri + n%“Larm,sec) E )

where Rt and Lt denote the winding resistance and leakage in-
ductance of ac-link transformer. The L1 + Lo pri + HQTLarm,sec
is defined as the total inductance (L) of MMC-SST.
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3) Capacitor Voltage and Arm Voltage: Based on the above-
mentioned analysis, the arm currents, ac-link current, and dc-link
current are regulated by arm voltages. The arm voltage is deter-
mined by summing the capacitor voltages of inserted SMs. In
this way, to determine arm voltage, the capacitor voltage should
be derived from the arm current, as expressed in (9). The Ssyi
represents the switching function of the i SM. When Sgyi = 1,
the SM is inserted. When Ssy;; = 0, the SM is bypassed

ici = farmSsMi
. 9
{Uci = % flcidt
Nsm
(10)

Varm = E Vei Ssmi
=1

where v is the capacitor voltage of the ¢th SM in an arm,
respectively.

4) Arm Inductance and Circulating Current: Theoretically,
the circulating current contains half of the dc-link current and
harmonics, as expressed in the following:

where [y represents primary/secondary-side dc-link current,
124,hn Tepresents the nth order harmonic of circulating current.

The arm voltage is divided into two terms: the ideal staircase
voltage determined by average capacitor voltage, and the voltage
ripple derived from capacitor voltage ripple, which are defined
in the following:

Nsm Nsm
Varm = Varm T Varm = § TciSSMi + § UciSSMi (12)
1=1 i=1

where 7 denotes the average capacitor voltage of the ith SM,
while vg; represents the capacitor voltage ripple of of the ith SM.

When substituting (11) and (12) into (6), it can be modified
as

dizx V::lc — Ugy — Uzl Vg + Uzl

Rarm(a“rlz/‘;)‘i‘lzarm dt = D) —

5 .
13)
In this way, the current ripple of circulating current results

from capacitor voltage ripple. The voltage ripple crossing arm

— Vpu — Vgl Idc

- Rarm 7 .When
neglecting R,m, the current ripple of circulating current can be
expressed as

inductor can be estimated by de

T B arm 1 Vc — Ugu — Uz 1 c
Z.z."c = & = d Y Vol - Rarmidt (14)
Larm Larm 2 2

where Bpum is the flux density of the arm inductor. In this
way, after determining the peak—peak ripple of flux density
Larm,pp

. s

ABLarm,pp, the arm inductance can be estimated as
Yza,pp
where Ai,, pp is the peak—peak ripple of circulating current.
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B. Implementation of Computational Model Considering
Circuit Parameter Design

Based on the abovementioned analysis, the circuit parameters
shall be determined in advance before solving the state variables.
According to the analysis of Section II, when system-level
parameters are given, the total inductance can be determined
by (4). Then, assuming SM capacitor voltage has no ripple, the
ac- and dc-link currents are solved to determine arm current and
capacitor currents. The peak—peak ripple of capacitor charge
AQcpp is solved to determine the SM capacitance. When the
SM capacitance is determined, the capacitor voltages and arm
voltages are recalculated by considering the capacitor voltage
ripple. Then, the arm-inductor voltage is solved. The peak—peak
ripple of A By gm pp is calculated from inductor voltage to deter-
mine arm inductor. Finally, all the state variables are updated.
To be clear, in Table I, a pseudocode is developed to implement
the computational model of an MMC-SST. The corresponding
flowchart of the computational model is shown in Fig. 5, which
is incorporated into the design methodology for evaluating the
loss and volume.

IV. METHODOLOGY FOR EVALUATING LOSS AND VOLUME OF
MMCs IN MMC-SST

Since MMC contains many passive and active components,
it dominate the total power loss and volume of MMC-SST. To
evaluate its performance, the power loss and volume (efficiency
and power density) are the main concerns. Based on the given
system-level requirements and parameters, initially, the com-
putational model determines the circuit parameters of MMC.
Subsequently, the state variables of components are solved,
including the switching states of semiconductor devices and the
voltages and currents of all components. Then, the parameters of
these components are selected from a preconstructed database.

The semiconductor devices are selected from a database to
evaluate their power losses and volume, which collects data
on insulated gate bipolar transistors (IGBTs) and metal-oxide-
semiconductor field-effect transistors (MOSFETSs) from Infineon,
Rohm, Onsemi, IXYS, Wolfspeed, and ABB. Similarly, a
database is employed to select the capacitors, which collected
data on electrolytic and film capacitors from TDK, Nichicon,
AVX, KEMET, and Vishay. The arm inductor is designed by
the method proposed in [35], whose magnetic core is selected
from datasheets for magnetic provided by Ferroxcube, Metglas,
Hitachi, and TDK.

Finally, the overall power loss and volume of MMC are
comprehensively evaluated. Fig. 5 shows the flowchart of the
methodology to evaluate the loss and volume of MMC-SST.

A. Capacitor Selection

The electrolytic capacitors and film capacitors are selected to
construct the SM capacitors. Generally, compared with elec-
trolytic capacitors, film capacitors have higher voltage and
current ratings, lower ESRs, and longer lifetime, while having
lower capacitances. To estimate loss, the ESR is obtained from
datasheet.
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TABLE I
PSEUDOCODE OF COMPUTATIONAL MODEL FOR MMC-BASED SST
CONSIDERING CIRCUIT PARAMETER DESIGN

STEP 1: Initialization

Set System Parameters: Prate, Viepri> Vdcsee» fac, Or, 5

Set Circuit Parameters: Ngy;

Set Limitations: AVepp, Adzxpps

Set Simulation parameters: number of simulation steps Amax,
simulation time step T's;

Initialize Variables (k = 1): phase currents, arm currents, dc-link
currents, arm voltages, capacitor voltages, gating signals;

STEP 2: Determine Circuit Parameters
Determine L by (4) ;
Determine SM Capacitance
FOR k=2 to NSMNsamp
% Nsamp is number of sampling points per period
solve iam (k) ;
[Ss s (k)]=Balancing (Sorting options, Q.(k — 1));
ic(k)+ic(k—1)
fTs;

1
facT.

solve capacitor charge by Qc(k)=Qc:(k—1)+
ENDFOR
. . AQC,DP
Determine SM capacitance C' by ———;
AVepp
Determine Arm Inductance
FOR k=2 to NsMNsamp
[ID4 (k)]=Voltage balancing (Sorting options, ve,zu(k — 1));
[ID,; (k)]=Voltage balancing (Sorting options, v 5 (k — 1));
[Szu(k),Vzu (k)]=Modulation (Modulation options, ve,zu(k—1));
[Sa1(k), Vi (k)]=Modulation (Modulation options, v. ;(k—1));
solve flux density Bpram by:
Vie—Vau (k) —Va (k) T.:

BLann(k?) = BLarm (k - 1)+ 2

solve ixu(k), ix1(k);

[ve,zw (k)]=Solve Capacitor Voltage(C', izv (k), tou(k—1), Szu(k), Ts);
[ve, 21 (k)]=Solve Capacitor Voltage(C, iy (k), iz (k—1), Sz (k), Ts);
ENDFOR

ABLarm .

5

Determine Arm Inductance Lam by -
Az pp

Determine Lt = Lot — Larm,pri - n%Larm,sec;

STEP 3: Solve All State Variables
Solve State Variables
FOR k = 2 t0 Kkmax
Voltage Balancing
[ID4 (k)]=Voltage balancing (Sorting options, ve,zu(k — 1));
[ID; (k)]=Voltage balancing (Sorting options, ve 4 (k — 1));
Modulation
[Szu(k),Varm,zu(k)]=Modulation (Modulation options, ve,zvu(k—1));
[Sa1(E),Varm e (k)]=Modulation (Modulation options, v q;(k—1));
Solve ac-link current and phase currents
[ia (k)]=Solve ac-link current(Varm,aw (k) ~Varm,du (k).
Vampal(k)'\‘ arm,dl(k“), 'Lﬂ(k - 1)7
Rr, L1, n1, Rarm, Larm, T5);
’Lb(k:) = —ia(k), ’Lc(k:) = —nTia(k), Zd(k) = —nTib(k);
Solve circulating currents
[izz (k)]=Solve circulating current(Varm, zu(k), Varm,zi(E), iz2(k—1),
Rarm, Larm, Ts);
Solve arm currents
G (k) =050 (k) +0.5020 (), i1 (k) =—0.5iz (k) +0.5i 5 (k);
Update capacitor voltages
[ve,zu(k)]=Solve Capacitor Voltage(C, izu(k), ixu(k—1), Szu(k), T5);
[Ve,21(K)]=Solve Capacitor Voltage(C, i (k), iqi(k—1), Szi(k), Ts);
ENDFOR

In this article, the SM capacitor is constructed by combina-
tions of ng series-connected and n;, parallel-connected capaci-
tors to reach the required capacitance, rated voltage, and rated
current, while optimizing the volume and power losses (resulting
from ESR). Then, some limits are set for the design, which can
be modified according to the specific design requirements. In
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this article, the rated voltage (1 Veirae) is 1.1-1.5 times of the
nominal SM capacitor voltage, while the current (1, /¢; rae ) Of the
selected capacitor is 1.1-2 times of required rms current of SM
capacitor, where gy 1S the rated current of an individual ca-
pacitor. The ny is not greater than 4 since more series-connected
capacitors lead to increased ESR and need voltage-balancing
snubber [15].

B. Semiconductor Devices

Similarly, a switch of an SM is constructed by combinations of
np, parallel-connected IGBTs and MOSFETs to reach rated current
and possibly reduce conduction loss, where 7, is no more than
4 [36].

When selecting IGBT and MOSFET from a database, the block-
ing voltage (Vswpix) ranges from 1.1 to 1.5 times of the nominal
SM capacitor voltage, while the current rating (1, Isw,rae) is 1.1
to 2 times of required rms current of each switch (swrms)-

When evaluating semiconductor devices, the power loss and
heat sink volume are the main concerns. To estimate the power
loss of IGBTs and MOSFETS, the analytical models are com-
prehensively proposed in existing papers and technical docu-
ments [37], [38], [39], which are briefly summarized in this
article.

The power losses of the semiconductor devices include the
conduction loss of IGBT (F,o,r) and diode (Pronp ), the switching
loss (Fon, Fofr) of IGBT, and the reverse recovery 1oss (Fiec)
of diode. Based on [37], the power losses of IGBTs can be
estimated based on the parameters provided by datasheets, which
are expressed as

PconT:Vce(ic)'ic:(CO+Cl'ic+c2'i§)'ic

Peonp = Vi (if) - ip = (do tdiip+de ’?) i "
Eon = (Gono + o1 - ic + Gon2 - i) ‘\?EE:

Eott = (aofto + Goft1 - ic + aofrz - 2) v(én:: (16)
Eree = (areco + Grect * Uf + Qrec2 Z?) ‘éé‘::

where V.. is the ON-state collector—emitter voltage of IGBT;
Vt is the forward voltage drop of the antiparalleled diode; the
collector current (z.) and free-wheeling diode current (zy) are
derived from the arm current and switching function; Vigy i
the rated V.. under test condition; the coefficients cg ~ o, dy ~
do, Qony ~ Aon2, Goffo ~ Gofr2, AN Ureco ~ Greco are extracted from
datasheets using the curve fitting method. For MOSFET, (15) is
still applicable for estimating the conduction losses of MOSFETS.
However, most datasheets do not provide curves of Fo,, Eog,
and Ei... Thus, the switching losses should be estimated from
other parameters [38], [40], [41], which are not duplicated in
this article.

Then, the maximum thermal resistance of the heat sink can
be estimated from power loss [42], [43]. Based on the analysis
proposed in [15], [44], the heat-sink volume can be estimated
from its thermal resistance, as expressed in (17), where the
cooling system performance index (CSPI) is assumed to be 3.0
for natural air cooling. In this article, an HB SM is assumed to
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be mounted on one heat sink. The total loss of an HB SM is
calculated to estimate the thermal resistance of the heat sink.
The ambient temperature is set as 40 °C

Vhs [litre] = (17)

where Vj is the estimated volume of the heat sink.

C. Arm Inductor Design

The design procedure of the dc inductor has been comprehen-
sively analyzed in [35], which applied the nondominated sorting
genetic algorithm to the multiobjective optimization. This design
methodology is also suitable for designing the arm inductor of
MMC-SST in this article, which is briefly summarized in this
section.

When constructing an arm inductor, the EE core is selected
as the magnetic core, and the multistrand wire or litz wire is
employed to construct arm inductor winding. The magnetic core
materials and conductor materials in the database are considered
as discrete selections. In the database, the magnetic materials
include TDK N87 [45], Ferroxcube 3C90 [46], Metglas 2605-
SA1 [47], and Hitachi FT-3M [48]. Information on other ferrite
materials is available in [35]. For the winding coil design, only
the copper material is considered. Then, the winding loss and
core loss are analyzed separately. Finally, the total power loss
and volume are estimated and evaluated.

To estimate core loss induced from nonsinusoidal excitations,
the improved general Steinmetz equation (iGSE) is a popular
method, which is expressed as (18). The coefficients K, o, and
3 are obtained from datasheets. The core loss P is calculated

Flowchart of methodology for evaluating performance of MMC-based SST.

by P, Volcore, as expressed in (18) and (19)

—f/ k;| AB|P

where coefficient k; is defined as

K.
i = o . (19)
20=1ga=1 [ |cos(0)|~dd

dB(t)

dt Ui (18)

To estimate the winding loss, the dc resistance of the winding
coil is estimated by F{f’r, in which the [,, is the length of

winding. o denotes the ?:jonductivity of the material. A, is
the cross-sectional area of the winding coil. To estimate the ac
resistance, the ratio of winding radius to skin depth determines
the ac-resistance coefficient. The skin depth is estimated by

\/%, which s affected by frequency. j4 is the permeability of
wfuo
conductor. Then, the coefficient of the ac resistance is estimated

by (20). The ac resistance equals k,c Rgc [49]
r
— | <17
(50 >

(5)
48408 —
8( 5
3 r r
o ros(2) 0 (L), (L)
(20)

D. Total Loss and Volume

The overall losses and volume of the MMC are assessed
by considering those of capacitors, semiconductors, and arm
inductors. Subsequently, the breakdowns of loss and volume
are illustrated to determine the dominant loss and volume.
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TABLE II
FIXED SYSTEM-LEVEL PARAMETERS OF COMPUTATIONAL MODEL

Rated power, Prate 1 MW
Nominal de-link voltage, Ve pris Vi sec 10 kV
Transformer turns ratio 1:1
Number of phase legs per MMC 2
PS angle, ® 0.57
[ = 02= 04n == 06m =:= 08n | .
(@] =
Q10 : | | 15 B
2 s
g 10 &
g s g
5 5 8
g &
) 5 10 20" E
Frequency (kHz) =

Fig.6. Submodule capacitances and total inductances of MMC-SST based on
different frequencies (Nsm = 10).

Based on the loss and volume, the impacts of various factors
or parameters are evaluated, which helps to identify the main
factors influencing the losses and volume of MMC.

V. L0oSs AND VOLUME OF MMC BASED ON DIFFERENT
OPERATING CONDITIONS

Based on the developed methodology, to evaluate the impacts
of the aforementioned parameters, the fixed system-level pa-
rameters of the computational model are listed in Table II. The
operating frequency is swept from 1 to 20 kHz, which equals
the switching frequency. The Ngy changes from 2 to 25, and
the ramping angle 0 changes from 0.17 to 7. Then, based on
these parameters, the main circuit parameters are determined
at first, which include SM capacitance, arm inductance, and
total inductance. Then, the state variables are solved by the
computational model. These variables are utilized to estimate
the loss and volume of capacitors, arm inductors, semiconductor
devices, and heat sinks.

A. Impacts of Operating Frequency

When the frequency changes from 1 to 20 kHz, the Ngy is
fixed at 10. According to the analysis of Section II, the increased
frequency leads to reduced SM capacitance and total inductance,
as shownin Fig. 6. Then, based on various frequencies, the power
losses and volume are evaluated for capacitors, semiconductors,
and inductors as follows.

1) Capacitor: For each specific frequency, the nondominated
solutions are shown in Fig. 7. As the frequency increases,
the capacitor volume is greatly reduced due to the reduced
SM capacitance, while the capacitor loss is not obviously
influenced by frequency. Compared with electrolytic ca-
pacitors, film capacitors lead to smaller volume and lower
power losses. In addition, for low-capacitance SMs, the
SM capacitors are mainly constructed by film capacitors.

2) Semiconductor devices and heat sink: For each frequency,
the average loss and volume of selected nondominated so-
lutions are shown in Fig. 8. Conduction loss dominates the
total loss of semiconductor devices, which is not greatly

14905

1 Film Electrolytic
. 1kHz o .
2 kHz °
5kHz .
10 kHz
20 kHz

. . a'..t..‘:’.g o o.
V%0 eee s ‘

0 50 100 150 200 250

Volume (L)

0.75

0.5 ~
~

0.25

(M) SSO[ Tomog

Fig.7. Nondominated computational solutions of capacitor volume and power
loss based on different frequencies.

Si Total loss  Conduction Switching Total volume

S — i i T
s 10 740
P e 30 5
§ 5 20;
,; 2.5 110 2
= 07 0 <
~ 0 5 10 15 20

Frequency (kHz)

Fig. 8. Power loss breakdown of semiconductor devices and heat sink volume
based on different frequencies (Nsm = 10).
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Fig.9. Power loss and volume of arm inductors based on different frequencies
(Nsm = 10).
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Fig. 10. Power loss and volume breakdown of MMC based on different
frequencies (Nsy = 10).

influenced by frequency. The higher frequency results in
a higher switching loss. The SiC devices offer advantages
over Si devices by reducing switching losses and reducing
the required volume of the heat sink.

3) Arm inductor: For each frequency, the average loss and
volume of nondominated solutions are shown in Fig. 9.
By increasing frequency, the inductor loss and volume are
reduced.

4) Loss and volume breakdown: To evaluate the impacts of
frequency on the total loss and volume, for each simulation
case, the nondominated solutions are selected based on the
total loss and volume. Then, the average loss and volume
of selected nondominated solutions are shown in Fig. 10,
along with the breakdown of loss and volume. As shown
in Fig. 10, the semiconductor loss dominates the total
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loss of MMC, while the volume of capacitors and heat
sinks dominates the total volume. Initially, by increasing
frequency, the loss and volume of the arm inductor and
capacitor are reduced. By further increasing frequency,
the switching loss and inductor loss are increased, which
results in increased total loss.

B. Impacts of Ac-Link Voltage Waveform

To evaluate the impacts of the ac-link voltage waveform, the
ramping angle fr varies from 0.17 to 7, while the operating
frequency is fixed at 10 kHz. According to the analysis of
Section II, the rms value of ac-link voltage is related to Ogr. As
the 6y is increased, the rms value of ac-link voltage is reduced.
To transmit the rate power, the total inductance is reduced, and
the ac-link current is increased, as shown in Fig. 11.

1)

2)

3)

Capacitor: Based on various ramping angles, the power
loss and volume of SM capacitors are shown in Fig. 12.
As the ramping angle is increased, the increased current
results in a higher charging/discharging current of SM
capacitor. Hence, the capacitor voltage ripple increases,
which requires higher capacitance to suppress capacitor
voltage ripple. The induced high SM capacitances and
high currents lead to increased loss and volume. Film
capacitors lead to lower losses than electrolytic capacitors.
Semiconductor devices and heat sink: The higher ramping
angle results in greatly increased power loss of semicon-
ductor devices due to the induced high current. Hence, it
requires a larger heat sink to dissipate the generated heat,
as shown in Fig. 13.

Arm inductor: For arm inductor design, based on the fixed
frequency and various ramping angles, Fig. 14 shows the
average loss and volume of nondominated solutions. The
core loss almost equals the winding loss, which leads to

si Total loss Conduction §Witching Total volume
20 _
z 10 g
:
z 9 02n 04t 06m 08z x
Ramping angle (rad)
Fig. 13. Power loss of semiconductor devices and volume of heat sink based

on various ramping angles (frequency is fixed at 10 kHz).
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Fig. 14.  Power loss and volume of arm inductor based on various ramping

angles (frequency is fixed at 10 kHz).
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4)

the tradeoff between them. Initially, the increased ramping
angle leads to reduced volume and power loss due to
the induced low inductance. When the ramping angle
is further increased, the high current requires a larger
cross-sectional area of the winding coil. In this way, the
larger core is selected to provide enough window area and
to avoid saturation of the magnetic core. Consequently,
the loss and volume are increased.

Loss and volume breakdown: Based on various ramping
angles, the average loss and volume of nondominated
solutions are shown in Fig. 15, which also shows the
breakdown of loss and volume. The total loss and volume
are greatly increased due to the increased ramping angle.
Semiconductor loss still dominates the total power loss of
MMC, while capacitor and heat sink volume dominate the
total volume.

C. Impacts of Number of SMs

To evaluate the impacts of Ngy, the operating frequency is

1)

fixed at 10 kHz.

Capacitor: As analyzed in Section II, the SM capacitance
is reversely proportional to the nominal capacitor volt-
age, which is reversely proportional to Ngy. Thus, the
increased Ngy leads to increased capacitance, as shown
in Fig. 16. The increased capacitance does not mean
higher loss and volume. Initially, by increasing Ny, the
reduced blocking voltage requires fewer series-connected
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Fig. 16.
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2)

capacitors, which reduces ESR and the induced loss. When
further increasing Ngy, the increased capacitance requires
more paralleled capacitors, which increases capacitor vol-
ume while reducing loss.

In addition, for low-voltage SMs, there are fewer film-
capacitor solutions, as shown in Fig. 16(b). Compared
with electrolytic capacitors, film capacitors have high
voltage and current ratings with low capacitances. For
low-voltage SMs, to reach the required SM capacitance,
it needs more paralleled film capacitors than electrolytic
capacitors, and the current rating of combined film capac-
itors is much higher than the nominal capacitor current,
which is regarded as an overdesign. Thus, film capacitors
are more suitable for high-voltage, low-capacitance SMs,
while electrolytic capacitors are suitable for low-voltage,
high-capacitance SMs.

Semiconductor devices and heat sink: For each Ngy, the
nondominated solutions are selected, and their average
power loss and volume are shown in Fig. 17(a). Initially,
by increasing Ngy, the SM is constructed by low-voltage
semiconductor devices with a better switching perfor-
mance, which reduces switching loss and the required
volume of the heat sink. When further increasing Ngy, the
increased component count leads to greatly increased con-
duction loss and the total volume of heat sinks. Fig. 17(b)

Fig. 18.
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3)

4)

shows the power loss and volume of nondominated solu-
tions corresponding to Si and SiC semiconductor devices.
The SiC components have better switching performance
than Si components. When Ny increases, the switching
losses of Si devices are reduced, while the switching losses
of SiC devices remain low.

Arminductor: As analyzed in Section I1I, the second-order
circulating current ripple relates to the capacitor voltage
ripple. When increasing Ngsy, the increased SM capaci-
tance reduces voltage ripple and the induced second-order
circulating current. Thus, it requires lower arm inductance
to suppress second-order circulating current. On the other
hand, it can also be considered as that the increased
capacitance lets SM capacitor absorb more second-order
ripple of power, which reduces the requirements of arm in-
ductors. However, there is no obvious relationship among
inductor loss, volume, and Ngy, as shown in Fig. 18.
Loss and volume breakdown: Based on various Ngys,
the average loss and volume of nondominated solutions
are shown in Fig. 19. Initially, by increasing Ngy, the
semiconductor loss is reduced, which induces a smaller
heat sink. By further increasing Ngy, the increased count
of components leads to greatly increased total loss and
volume due to increased semiconductor loss, heat sink
volume, and capacitor volume. The design of the arm
inductor is not obviously influenced by Ngy.

D. Impacts of Modulation Methods

The impacts of modulation methods and voltage-balancing

algorithms have been analyzed in [34]. The detailed analysis



14908

Phase shift ——10kHz —— 20 kHz — 10 kHz

— 20 kHz
Nearest level ----10 kHz ---- 20 kHz ---- 10 kHz

-- 20 kHz

—

< h

(qur) oueyoede)
[S)
W
f=1
wn
(Hw) 2ouejonpuy

0 0 0.2m 0.4m 0.6m 0.87 b
Ramping angle (rad)
(a)
Phase shift ——10kHz — 20 kHz —10kHz — 20 kHz

9 Nearest level ----10kHz ---- 20 kHz ---- 10 kHz ---- 20 kHz =)
S 2 T 02 2
® =
c.1.5 2
g 01 B
805 < 8
0) ! : 0 B
511 0 5 10 15 20 25 =z
= Number of submodules per arm

(b)

Fig. 20. Submodule capacitances and arm inductances based on different
modulation methods. (a) Various ramping angles. (b) Various Ngys.

0 SRR
£0.75" o NLC é
z 05 Seee 10 g
20.25 0 g % 5 &
Z o e 000, 8§80 00 o 00 BO" 3 &
~ 0 20 40 60 l()O
Volume (L)
(a)
g 025 . L
g 02 . 8, o NLC 0.8m 3
= 0.15 X 0.6m 2
2 0.1 %-s . o 041 &
3¢ o o . [
= 0.05 907" ¢ : co 02n &
Z 0 : ‘ ‘ 0 3
~ 0 20 40 60 80 100 120 e
Volume (L)
< 02 (b) N
c U - PS "2
go01s °%’e . , I8
z ol a) MEIIE I ° o 14
m RZYS . 10
?0405 o . ° . .
= 0 ‘ ‘ ‘ : ‘ -,
~ 0 20 40 60 80 100 120
Volume (L)
(c)

Fig. 21.  Capacitor loss and volume based on different modulation methods.
(a) Frequencies. (b) Various ramping angles. (c) Various Ngus.

is not duplicated in this article. The modulation methods and
voltage-balancing algorithms mainly influence the charging and
discharging behaviors of SM capacitors, which lead to a low-
frequency ripple of capacitor voltage. Based on the abovemen-
tioned analysis, different SM capacitances also impact the arm
inductance.

Fig. 20 shows the SM capacitances and arm inductances based
on PS modulation and NLC modulation. Compared with PS
modulation, the NLC modulation leads to reduced capacitance.
Due to reduced capacitance, the high-frequency ripple of capac-
itor voltage is increased, and results in increased second-order
harmonics of arm current. Thus, based on NLC modulation,
the arm inductance is increased. In addition, for low Ngy,
different modulation methods result in implicit differences in
SM capacitances and arm inductances.

Fig. 21 compares the total loss and volume of capacitors
based on PS and NLC modulations. When employing NLC
modulation, the reduced capacitance leads to lower losses and
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smaller volumes. Fig. 22 compares the total losses and volume
of arm inductors based on PS and NLC modulations. Based on
NLC modulation, the increased inductance leads to increased
loss and volume. Fig. 23 compares the heat sink volume and
semiconductor loss. The modulation methods do not obviously
impact semiconductor loss and heat sink volume.

Based on different modulation methods, the breakdown of
loss and volume are shown in Figs. 24-26. The modulation meth-
ods do not obviously influence semiconductor loss. Compared
with PS modulation, when employing the NLC modulation, the
capacitor volume is greatly reduced due to the reduced SM ca-
pacitance, especially when 0y is greater than 0.57. Meanwhile,
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(b) Photograph of the experiment prototype.

TABLE III

Primary-side
phase b

Experimental prototype. (a) Schematic of the experiment prototype.

PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

Rated load power, P

2.67 kW (400 V, 60 Q)

Primary-side dc-link voltage, Vg 200 V
Secondary-side dc-link voltage, V. 400 V
Primary-side number of SMs per arm 3
Secondary-side number of SMs per arm 3t05
Secondary-side dc-link capacitance 500 puF
Semiconductor device FGH40T65UQDF

VI. EXPERIMENTAL VERIFICATION

A scale-down experimental prototype of MMC-SST is built
to verify the effectiveness of the proposed computational model
and evaluate the loss and volume of MMC under various oper-
ating conditions, as shown in Fig. 27. Its parameters are listed
in Table III. The primary-side MMC contains two phases, and
there are 3 SMs per arm. To increase the secondary-side dc-link
voltage, the single-phase MMC is employed. In this way, the

Nsmsee can be changed from 3 to 5.

In addition, under all

conditions, the IGBT or MOSFET is mounted on Ohmite E3A-
T220-25E heat sink to cool down the semiconductor device.
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Fig. 28.  Flowchart of experimental verifications.

TABLE IV
PARAMETERS OF TRANSFORMERS FOR MMC-SST BASED ON
VARIOUS FREQUENCIES

Magnetic
inductance (mH)
9.245
15.42
29.24
4.241

Leakage
inductance (uH)
41.216
12.498
27.78
8.045

Frequency .
(kHz) prt

5 53 67

10 51 46
20 52 46
50 42 50

Tsec

Thus, the heat-sink volume is identical for all experimental tests.
Under all conditions, the PS angle between primary-side and
secondary-side voltages (P) is fixed at 7/2.

To verify the developed computational model and the analysis,
the experimental tests are conducted under various operating
conditions, which involve different frequencies, ac-link voltage
waveforms, Ngys, and modulation methods. The experimental
verification procedure is illustrated in Fig. 28, which is briefly
summarized as follows.

1) Solve circuit parameters and state variables: For each

operating condition, the total inductance, SM capacitance,
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and arm inductance are determined. Then, the state vari-
ables are solved by the computational model.

2) Design and select components: Based on the developed
design methodology proposed in Section IV, the capac-
itors, arm inductors, and semiconductor devices are se-
lected from a preconstructed database. The loss and vol-
ume are estimated by the computational model to select
the nondominated solutions. Subsequently, depending on
available stock and quantity of components, one of the
solutions is selected from these nondominated solutions.

3) Hardware design and experimental test: According to the
selected solution, the SM capacitors and arm inductors are
fabricated. The semiconductor devices are obtained from
suppliers. Then, the experimental tests are conducted to
collect measured currents and voltages of various compo-
nents.

4) Evaluate loss and volume: Based on various operating
conditions, the measured losses of SM capacitors, semi-
conductors devices, and arm inductors are calculated from
measured voltages and currents. For SM capacitors, the
ESRs are measured by an impedance analyzer. Then,
the power losses are estimated by measured ESRs and
capacitor currents. For semiconductor devices, the mea-
sured losses are also derived from the measured currents
and voltages. The estimated losses are calculated from the
measured currents, voltages, and the datasheet parame-
ters. For arm inductors, to estimate the winding losses,
the winding resistances are measured by an impedance
analyzer. The core losses are estimated from the measured
inductor currents and parameters provided by datasheets.
Finally, the measured losses are compared with estimated
losses and simulation results to evaluate the feasibility
of the developed methodology. Since the components
are designed or selected in accordance with the selected
solutions, the volume should be identical.

The transformers are fabricated for various operating fre-
quencies, whose parameters are listed in Table IV. Since the
leakage inductances of fabricated transformers are unadjustable,
for various operating conditions, to adjust the total inductance
according to the computational model, an external inductor is
connected in series with the primary-side winding of ac-link
transformer.

Fig. 29 shows the ac-link voltages, ac-link current, arm volt-
ages, and arm currents.

A. Experimental Results Based on Various Frequencies

To evaluate the loss and volume of MMC-SST based on
various frequencies, the operating frequency varies from 10 to
50 kHz. The 6y is fixed at 0.57, and there are 3 SMs per arm.
Based on various frequencies, Fig. 30 shows the arm inductances
and SM capacitances of the experimental prototype.

1) Semiconductor Devices: By increasing operating fre-
quency, the conduction loss of semiconductor devices is not
obviously influenced, while the switching loss is greatly in-
creased. Fig. 31 compares the semiconductor loss of the simu-
lation model with the estimated loss and the measured loss. The
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Fig.31.  Semiconductor losses of 650 V IGBTSs based on various frequencies.

semiconductor loss is estimated from measured switching cur-
rent and OnSemi FGH40T65UQDF parameters from datasheet.
One of the reasons is that the circuit parameters and operating
conditions of semiconductor devices are different from the stan-
dard testing condition provided by datasheets. In addition, due
to the improper layout of SM dec-link power loop, the induced
parasitic inductance leads to high ringing of collector—emitter
voltage. To suppress the voltage ringing, the RC snubber is
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Fig.33. Inductor loss of experimental prototype based on various frequencies.
(a) Primary-side MMC. (b) Secondary-side MMC.

paralleled with IGBT, which leads to increased loss. But, the
trend still agrees with the simulation results.

2) Capacitors: Fig. 32 shows the loss and volume of con-
structed SM capacitors based on various frequencies, which
compares the estimated losses with those of the computational
model. As aforementioned, for experimental tests, the power of
SM capacitor is estimated from measured ESR and current. For
the computational solution, the loss is estimated from the ESR
thatis provided by datasheet. The volume of experimental results
and computational solutions are identical. Increased frequency
reduces the number of paralleled capacitors due to reduced SM
capacitance. Although it leads to reduced volume, the increased
ESR results in higher loss.

For electrolytic capacitors, the measured loss is much higher
than the loss of the computational solution. Because the compu-
tational model does not consider the resistances of PCB traces.
However, in practice, the series-/parallel-connected capacitors
are connected by PCB traces or wires, which leads to additional
losses.

3) Arm Inductors: The arm inductors are constructed by EE
cores from Ferroxcube, including 42/21/20-3C94, 42/21/15-
3C94, and 41/17/12-3C94. To verify the effectiveness of the
developed methodology, in Fig. 33, the measured losses of
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Fig.34. Breakdown of volume and power loss of experimental prototype based
on various frequencies. (a) Primary-side MMC. (b) Secondary-side MMC.

fabricated inductors are compared with estimated losses and
simulation results. The measured loss is calculated from mea-
sured inductor current and voltage. The estimated core loss
is obtained from the measured current and parameters from
datasheets. Since the measured arm current contains noises,
it results in high |dB/dt|, which greatly impacts the result of
iGSE. Thus, the estimated core loss is much higher than the
core loss from the simulation model. The estimated winding
loss is calculated from measured winding resistance and arm
current. As shown in Fig. 33, the measured losses are close to the
simulation results, and the increased frequency reduces losses
and volume of arm inductors due to the reduced arm inductance.

4) Loss and Volume Breakdown: The breakdowns of loss and
volume are shown in Fig. 34. The semiconductor loss dominates
the total loss of MMC, while the heat sink volume and capacitor
volume dominate the total volume.

B. Experimental Results Based on Various Ramping Angles

To evaluate the impacts of ac-link voltage waveform, the
ramping angle fr changes from 0.17 to 0.97. The frequency
is fixed at 20 kHz. For both primary-side and secondary-side
MMCs, there are 3 SMs per arm. The PS modulation is employed
to regulate arm voltage. Based on various ramping angles, the
rms values of measured ac-link voltages and current, arm induc-
tance, and SM capacitance are compared with theoretical values
in Fig. 35. The experimental results coincide with theoretical
values. However, in the experimental test, when fg is 0.9,
the theoretical total inductance is 46.4944 1 H, and the leakage
inductance of ac-link transformer is 27.78 pH. If fabricating the
arm inductors according to theoretical values 9.57 yH (primary
side) and 18.01 pH (secondary side), the actual total inductance
exceeds the desired inductance. Thus, the actual arm inductance
is lower than the theoretical arm inductance.

1) Semiconductor Devices: Fig. 36 compares the measured
rms currents of semiconductor devices with those of the simula-
tion model. The estimated loss is compared with the measured
loss and simulation result, which are shown in Fig. 36. Based on
the increased ramping angle, switching currents are increased,
which increases semiconductor losses. The estimated loss
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coincides with the simulation results. The measured semicon-
ductor losses are higher than the simulation results due to
external RC snubber.

2) Capacitors: Fig.37 shows the loss and volume of selected
and implemented capacitors of the experimental prototype based
on various ramping angles. The power losses are compared in
Fig. 37.

For primary-side capacitors, when 6 is 0.1, the number of
paralleled capacitors (n,) is 12, and high ESR leads to high
power loss. By increasing 0, initially, the n, is increased to
reach a high capacitance, which reduces ESR and the induced
loss. By further increasing g, although ESR is reduced, the
greatly increased current causes increased loss, and the increased
number of capacitors results in increased volume.

For secondary-side MMC, when 0y is small, film capacitors
are selected to construct the low-capacitance SM capacitors.
However, although there are fewer series-connected and par-
alleled capacitors, the volume is still bulky. When increasing
Or, the high-capacitance SM capacitors are constructed by elec-
trolytic capacitors. The number of series-connected capacitors
(ng) is 2, which increases ESR and the induced loss.

3) Arm Inductors: Based on increased g, although the arm
current is increased, the reduced arm inductance requires fewer
turns of winding coils and a smaller magnetic core. Hence, the
loss of the arm inductor can still be reduced. But, in general,
the loss and volume of the arm inductor are not monotonically
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Fig. 37.  Volume and power loss of electrolytic and film capacitors of exper-
imental prototype based on various ramping angles. (a) Primary-side MMC.
(b) Secondary-side MMC.
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Fig. 38.  Inductor volume and power loss of experimental prototype based on
various ramping angles. (a) Primary-side MMC. (b) Secondary-side MMC.

influenced by the ramping angle. As shown in Fig. 38, the
measured losses are close to the results of the simulation model.
4) Loss and Volume Breakdown: Based on various ramping
angles, the loss and volume breakdowns are shown in Fig. 39.
The semiconductor loss dominates the total loss, which is greatly
increased due to the increased ramping angle. The capacitor
volume and heat sink volume dominate the total volume. The
capacitor loss is low, which can be neglected. The capacitor
volume is increased by increasing ramping angle. The tradeoff
between loss and volume can be obtained when 6y is 0.57.
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C. Experimental Results Based on Various Ngys

To evaluate the impacts of various Ngys, the 05 is fixed at
0.57, and the frequency is fixed at 20 kHz. The Ngp ec changes
from 3 to 5. When Ngpgec equals 4 and 5, both Si 650 V
IGBTs and 250 V MOSFETs are employed in MMC to evaluate
semiconductor losses. The 650 V IGBT is FGH40T65UQDF
from OnSemi. The 250 V MOSFET is IXFJ8ON25X3 from IXYS.
When further increases Ngysee, the low-frequency ripple of
capacitor voltage results in low-frequency arm current, which
causes saturation of the arm inductor and ac-link transformer.
To solve this problem, a bulky inductor should be employed to
dc-side, which will definitely lead to higher loss and volume.
Thus, the results are not posted in this article.

As show in Fig. 40, compare with 650 V IGBT, the 250 V
MOSFET leads to lower loss. By increasing Nsysec, although
the switching loss is slightly reduced, the increased number of
semiconductor devices causes higher conduction loss and total
loss. In addition, due to the increased number of semiconductor
devices, the volume of the associated heat sink is also greatly
increased.

Although by increasing Ngysec, the arm inductance is re-
duced, the loss and volume are not obviously reduced, as shown
in Figs. 41 and 42.

At the same time, the SM capacitance is greatly increased,
which increases the total volume of SM capacitors, as shown in
Fig. 42. For SM capacitors, initially, when increasing Ngm sec»
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the reduced blocking voltage requires less series-connected
electrolytic capacitors. Thus, the loss and volume are reduced
due to the reduced number of capacitors and reduced ESR.
When further increasing Nswm cec, the increased SM capacitance
requires more parallel capacitors. Thus, although the reduced
ESR leads to reduced loss, the total volume is greatly increased.

Fig. 43 shows the loss and volume breakdown of secondary-
side MMC. The heat sink volume and capacitor volume domi-
nate the total volume, which is increased by increasing Ny sec-
The semiconductor loss dominates the total loss of MMC. When
Nsmsec 18 increased from 3 to 4 and 5, the 650 V IGBTs
are replaced by 250 V MOSFETs, which greatly reduces the
semiconductor loss.

D. Experimental Results Based on Different Modulations

Different modulation methods are employed to 20 kHz MMC-
SST based on various ramping angles. The Ngwpri and N sec
are fixed at 3. Fig. 44 shows the arm inductances and SM capac-
itances based on PS modulation and NLC modulation. The NLC
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Fig. 45. Volume and loss of arm inductors and semiconductor devices of
experimental prototype based on different modulation methods.

modulation results in reduced SM capacitance and increased arm
inductance. Based on PS modulation and NLC modulation, the
loss and volume of SM capacitors are compared in Fig. 37. Based
on NLC modulation, due to the reduced capacitance, the reduced
n, leads to smaller volume while increasing ESR and power loss.
The performances of arm inductor and semiconductor devices
are not greatly influenced, as shown in Fig. 45.

VII. DISCUSSION

According to the analysis and results of Sections V and
VI, the semiconductor loss dominates the total loss of MMC.
The capacitor volume and heat sink volume dominate the total
volume. The following actions help to reduce the losses and
volume of MMCs for SST applications.

A. Increase Operating Frequency

By increasing frequency, the capacitor volume and inductor
volume are reduced. However, the increased switching losses of
semiconductor devices require a larger heat sink. Thus, there
is an optimal frequency, which leads to a tradeoff between
losses and the volume of components. For a specific design, the
operating frequency can be determined by the computational
model.

1) Capacitor: The losses of SM capacitors can be neglected.
To reduce the volume, the operating frequency should be
increased. In this way, the reduced SM capacitance results
in a reduced volume of SM capacitor. But, the operating
frequency cannot be too high. Initially, when increasing
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the operating frequency, the SM capacitor volume is de-
creased by replacing electrolytic capacitors with film ca-
pacitors. When further increasing the operating frequency,
the capacitor volume does not obviously reduce.

2) Semiconductor devices: Although the increased frequency
helps to reduce capacitor volume, the switching losses of
semiconductor devices are greatly increased. Hence, the
heat sink volume is increased.

3) Arm inductor: Although the increased frequency helps to
reduce inductor volume, the core losses and winding losses
are not greatly reduced or might even be increased.

B. Reduce Ramping Angle of Ac-Link Voltage

By decreasing the ramping angle of ac-link voltage, the
ac-link current and arm currents are reduced, which benefits
the reduction of semiconductor conduction losses, arm inductor
winding losses, capacitor voltage ripple, etc. In this way, the
total loss and volume can be reduced. But, the ramping angle
cannot be too small to avoid the high dv/dt of ac-link voltage.

C. Optimize the Number of Submodules Per Arm

By increasing Ngp sec, the low-voltage semiconductor devices
help to reduce switching losses and the required volume of
the heat sink. However, the increased SM capacitance leads to
increased volume. In addition, the greatly increased component
count causes increased total losses and volume of MMC. For a
specific design, the optimal Ngy s can be determined by the
computational model to obtain the tradeoff between total loss
and volume.

D. Other Concerns

Compared with the PS modulation, although the NLC modu-
lation helps to reduce the capacitor losses and volume, the total
losses and volume of MMC are not obviously affected. In this
article, soft switching is not considered, which also helps to
reduce the switching losses of semiconductor devices. This can
be considered as a possible future work.

VIII. CONCLUSION

This article developed a methodology for evaluating the loss
and volume of MMC-SST under various operating conditions,
which is based on the proposed computational model. The
developed computational model facilitates the circuit parameter
design, components selection, and MMC design. Using the
developed methodology, this article comprehensively evaluated
the impacts of frequency, waveform of ac-link voltage, number
of submodules, and modulation methods. Under various opera-
tional conditions, the semiconductor loss dominates the total loss
of MMC. The heat sink volume and capacitor volume dominate
the total volume. Although reducing frequency helps to reduce
the switching loss of semiconductor devices, the total volume
is increased due to increased capacitor volume. The tradeoff
between total loss and volume should be determined based
on various frequencies. Based on various ramping angles, the
lower ramping angle leads to the lower loss and smaller volume.
Based on various numbers of submodules, initially, the increased

14915

number of submodules leads to lower semiconductor loss and
smaller heat sink volume. Thus, the total loss and volume is
reduced. By further increasing the number of submodules, the
increased component count leads to greatly increased total loss
and volume. The experimental results also verified the feasibility
and effectiveness of the proposed methodology and analysis.
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