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Abstract—The Modular Multi-Level Converter (MMC) is a
popular topology for HVDC or MVDC microgrids which require
6 (2 per phase) arm inductors for each system which are
significant in size. Therefore characterizing different magnetic
materials for a MV inductor design process is very important
for power density. Many variables must be analyzed before
expensive MV inductors are manufactured. Inductor design is
a multi-objective optimization problem that is tackled by using
an evolutionary algorithm to solve this is shown in this paper.
Loss, Mass, and volume are optimized using a genetic algorithm
for a 2mH, 297 A(rms) MMC arm inductor with an E-I core
structure.

Index Terms—MMC, Multi-objective optimization, El-core,
Anhysteric characterization, Magnetic materials.

I. INTRODUCTION

Modular multi-level converter(MMC) has been one of the
most researched multilevel topology because of its numerous
advantages of stacking sub-modules in series, operating at
high voltages, etc. [1]-[3]. Selection of passive components
depends on the application, the power requirement level and
minimization of circulating current [4], [5]. One of the most
unique feature of the Full bridge MMC is that it provides
DC fault current blocking capability, which requires the arm
inductor to be of significant size [6]-[8]. Consideration of
all the parameters associated with the magnetic design to
achieve an optimal design concerning power density should
be of paramount concern, especially for space-constrained ap-
plications, such as Medium Voltage DC (MVDC) distribution
in naval vessels [9], where the MMC is considered of high
value because of its fault management capability [10]. This
work supports an ongoing effort to understand how the choice
of Power Electronic Converter (PEC) topologies impacts the
approach to MVDC shipboard electrification. Optimal design
of the PEC and sub-components making up a given PEC
topology is critical to informing of electrical architectural
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Fig. 1. MMC Circuit Architecture

decisions [11]-[14]. The MMC topology is shown in Fig.
1. This paper focuses on the arm inductor specifically and
the use of emerging magnetic material technologies suitable
for high voltage and high frequency application. Anhysteric
characterization of these new ferromagnetic or ferrimagnetic
materials is very useful to optimal design of these magnetic
components such as inductors and high frequency transformer,
as explained in section IIL. [15].

II. MAGNETIC MATERIAL CONSIDERED

The magnetic parameters of soft magnetic materials that are
being considered as shown in Table I are generated from the
experimental setup described in [15], [16]. The datasheets for
these magnetic materials are listed in [17], [18].

o« FINEMET® isa nanocrystalline material, which is a
soft magnetic material with a chemical composition of
F€73.5Nb357:15,5B7C’U,1.

o FT3L is also a nanocrystalline material which is suitable
for medium frequency transformers and high-power ap-
plications.
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o MK-Prime-NC-0001-3- is a wide tape-wound core, man-
ufactured with FINEMET® iron-based metal amorphous
nanocomposite.

e METGLAS® 2605-SAl is an amorphous tape wound
core, manufactured with iron-based 2605-SA1 amorphous
foil.

¢ GRMAG-1-12-360 is a tape-wound core, manufactured
with a custom iron-based metal amorphous nanocompos-
ite.

e 3% (Grain-Oriented) and 6.5% (Non-Grain-Oriented) Sil-
icon Steel have a chemical composition of Fegy 2Si5.g
and Fegr 9Siia.1, respectively, and are soft magnetic
materials best used in low frequency power transformers
and inductors.

o« EPCOS NB87 is an oxide made from Fe (iron), Mn (man-
ganese), and Zn (zinc), which are commonly referred to
as manganese zinc ferrites.

In this paper, the focus is to use the magnetic materials
mentioned in Table I. In our previous work, we have used
the list of materials mentioned below

Silicon steel ~ Ferrite
M19 MN8CX
. M36 MNG60LL
CoreMaterial = M43 MNGT (1)
MA47 MN8OC
Hypercob0 3C90

which have been characterized and are well established
using Genetic algorithm as part GOSET [16].

III. ANHYSTERIC CHARACTERIZATION PROCEDURE

Anhysteric characterization via the anhysteretic magneti-
zation curve is a useful approach to modeling of magnetic
material within a magnetic component optimization process.
The fundamental concept and the modeling process is defined
by and explained in [15], [18]. The anhysteretic relationship
between flux density B , field intensity H , and magnetization
M is

B=puH+M 2)

where pois the permeability of free space. p can also be
represented in-terms of B and H as B = pup(B)M and
B = puy(H)M respectively. The Magnetization is represented
as

us H/h
M) =sgn() Y )
k=1

where sgn(H) denotes the sign function, my, ny, and hy are
constants, and K is the number of terms used. The variable
K refers to the four coefficients listed in the Table I. The
corresponding anhysteric B-H curves of the first quadrant, for
the materials under consideration, are shown in Fig. 2, where

B-H curve
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Fig. 2. Anhysteric B-H curve of the first quadrant

H is limited to 250A/m. Also for permeability modeling, the
wr(H) and pp(B)is defined as

K
_ me_ 1
dup(B) _ po  dg(B) 5)
dB (r(B)—1)? dB
where K«
dg(B) Mk
= B —_—
dB Sgn( ); ak + efﬁkIBl (6)
which is also represented as
K

9(B) = ax B+ 6 In(eg + Gre PIPl) )

k=1
where oy, B and ~y;, are defined by Table I and the remaining
variables are defined by

Qg

Ok = == (8)
" B
e(—Br7e)
=7 + e(=Brme) ©)
1
G = T oA (19)
M = el =) (11
0, = e(—Brr) (12)

IV. SYSTEM MODELING AND FORMULATION OF
OPTIMIZATION PROBLEM

Optimization of a Medium voltage and High current in-
ductor is a crucial step in developing scaling laws and Meta-
models for range of applications mentioned above [16], [19]-
[21]. Inductor optimization is dependent on many objectives,
this study is limited to Loss, Mass and Volume of the EI-
core inductor, any other core shape can be considered and a
comparative study can be presented. However, for the sake
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TABLE I
MATERIAL PARAMETERS

Material Parameter 1 2 3 4 Pa 1 2 3 4
ir (Pa)
FINEMET mg 1.4543 -0.78747 0.30582 -0.1001 ap  0.60159 0.037315  0.037134 0.005472
122403.68 hy 1.66902 4.53941 16.3984 2.21434 Br  49.09419  6.051651 342.7715 26.75667

ng 1 1.3918 1.9193 2.4723 Vi 1.4323 2.1063 1.4132 1.3
EPCOSN87 | my 0.61604 -0.11219 0.18713 0.32051 ar  0.77671 0.10936 0.0020333  0.0020331
4969.053 hg 176.0002  62.83682 234.2771 85.26742 | Br  91.3632 44.8969 2.33887 16.8801

ng 1 1.1415 2.1936 2.4034 v 0.55132 0.48894 2.8476 0.35151
6.5%SiSteel | my 1.6197 -0.068259  -0.82772 0.34521 ar 059215 0.046468  0.002606 0.0023773
62847.667 hy 14.7265 3.67467 76.743 27.7231 Br  20.6209 96.0792 42.3268 4.65204

ng 1 2.85 1.283 1.2574 Vi 1.5593 1.4973 1.172 1.6916
3%SiSteel mg 1.7533 -0.090621  0.19404 0.19157 ap 050799 0.031 0.001 0.001
30192.4844 hp 4452358  10.92945 252.4857 33.44442 | B 98.3104 27.1445 3.12127 2.54436

ng 1 1.5246 3.8879 2.2249 Vi 1.7509 1.6929 10 1.9774
METGLAS mg 1.4235 0.15032 -0.19397 -0.26992 ap  0.62315 0.074964  0.0013134  0.0013134
16083.8541 hy 131.7483  25.37762 220.6462 533.6291 | B  65.8063 17.8022 2.02023 4.54498

ng 1 2.248 2.8643 3.2472 Vi 1.4242 1.4102 10 0.4966
FT3L mg 1.5652 -0.035117  0.66116 0.35357 ap 059017 0.59017 0.59017 0.59017
31643.8738 hi 74.9869 34.098 63.1436 45.1082 Br  78.047 78.047 78.047 78.047

ng 1 5 2.5427 4.8332 Vi 1.5654 1.5654 1.5654 1.5654
GRMAG mg 1.3619 0.76562 -0.079225  0.18904 ap  0.68789 0.032217  0.0043479  0.001
45064.6754 hg 39.2995 24.8043 30.4181 28.1487 Br  289.7214  66.28096 11.07119 4.2175

ng 1 1.6942 1.1 4.8707 Vi 1.3251 1.3075 1.3222 2.1465
MK-Prime my 1.4696 0.24151 -0.39216 -0.21175 ap 05883 0.016237  0.016232 0.015558
82811.4222 hy 9.59306 3.26685 96.8644 26.9715 Br  63.9079 5.69495 14.1786 61.6236

ng 1 2.4164 1.5951 2.4178 Vi 1.4585 1.7324 1.4044 1.3772

of in-depth analysis, the focus of this paper is only on EI
core. For the interested reader, preliminary analysis for an
UI core is performed in [22]. Here, a Multi-objective based
evolutionary Genetic Algorithm (GA) is used to optimize the
inductor. Although there other optimization algorithms could
apply, the rationale behind the use of GA and the algorithm
itself is justified in [22], [23]. Computationally efficient and
accurate optimization of the inductor primarily depends on its
magnetic loss modeling, as discussed in the section V. Inductor
Design specifications for the 2mH, 297 A(rms) arm inductor
are provided in Table II. In Table III the range of design
space that are being considered for inductor design for multi-
objective optimization is shown. The Complete GA design
process for the El-core inductor is illustrated in Fig. 3. For the
GA to converge to a reasonable design, some constraints like
maximum allowed mass, volume and loss should be specified.
These are the three design objectives to optimize or maximize
in a fitness function in GA.

1/Mass
1/Power Loss
1/Volume

(Fitnessfunction)f = (13)

There are many evolutionary algorithmS available in the
literature [24]. The proposed approach utilizes a fast and
elitist multi-objective genetic algorithm, NSGA-II [25]m for
formulation of fitness function. In order to test constraints, it

is convenient to define the less than or the equal to, or greater
than or equal to function [16]:

17 z § Tma
lte(x,xm,x) - {1+Xixlnx7 x > Z'mz} (14)
1, T2 Tmn
The requirement may be to limit the volume, mass or loss,
defined in GA as
C1 = lte(vol, volmy) (16)
C2 = lte(Powerloss, Powerlossm) a7n
C3 = lte(Mass, Massmz) (18)

Maximizing the average of these normalized constraints
should be achieved. The average of these constraints can be
found by

19)
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Fig. 3. Inductor Design Flowchart

The elements of the fitness function for this case study is
defined by

e(C-1), C<1

B 1/Volume, C=1
F= 1/Mass, C=1 (20)

1/Power —loss, C=1

where € is a small positive value and it has no impact on the
results of the generation. NSGA-II designs that do not meet
all constraints will have negative fitness, whereas the others
have positive fitness. The algorithm checks the fitness of the
solution and determines to what degree of fitness should be
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given. If the fitness becomes to deteriorates the means the
solution is moving further away from the ideal solution and
performs elitist strategy and tournament selection to rank the
solution. after which the successive solution might get better
rank compared to the previous solution i.e. it may get more
positive fitness.

A. Inductor design flowchart

In the previous section, setting up of fitness function was
explained for a multi-objective optimization for a El-core
inductor. In this section, the overall process is looked into.
This process is outlined as follows:

1) Inductor Design space setup: The inductor design space
setup consists of inductor Design constraints, Inductor design
variable range (gene pool) and GA specification (number
of generation and number of population). Inductor Design
specifications act as a boundary inside which the algorithm
has to operate. The Inductor GA design space gives a range
of options that the algorithm can use to come up with a feasible
solution.

2) Fitness assignment and evaluation: Fitness assignment
and evaluation is where the objectives of the optimization are
established, and the values from one set of a population of
the GA is assigned to the fitness function. In this case study,
the design space used for optimization is defined by 6g;. The
design of a 2mH MMC arm inductor, the 297A E-I core is
taken as a case study.

}T

GEI:[g le wgy 713 ae N Cw 21

where g is the air gap of the E-I core inductor, L. is
the length of the indicator core, W(5) contains the different
dimensions of the core, () contains the aspect ratios of these
cores, a. 1S the cross-sectional area of the conductor, N is the
number of turns and C, is the slot width of the core. Also, in
this case study, the conductor material is fixed as copper and
the number of parallel conductors is constrained to 10 for AC
losses.
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Fig. 5. Upper & Lower Arm currents and circulating currents Icc from the
switching model simulation

From the randomized set of initial variables, mass and
volume of the inductor can be computed very easily as the
first step. For example, since these evaluations do not need
the magnetic equivalence to be constructed and evaluated, the
run time of the algorithm will be minimized and unnecessary
designs will be eliminated before the inductance is calculated.
If the mass and volume criteria are met, the next step would
be to calculate magnetic loss and inductance. To perform this
loss calculation a Magnetic equivalent circuit (MEC) should be
constructed and incremental inductance should be calculated.
The calculation of the AC loss must have a reasonable estimate
for harmonic and high frequency characteristics (associated
with power semiconductor switching) of the current waveform.
This aspect of the design optimization is challenging because
it requires analytical closed form equations that will reflect
the dominant even harmonics of the fundamental frequency
and the switching frequency fundamental and harmonic current
amplitudes characteristic of the MMC arm inductor,as shown
in Fig. 5 [23]. The resultant loss analysis is then checked to
verify the satisfaction of the design criteria before moving
forward to calculate the fitness values. The details of the loss
calculation are explained in detail in section V.

3) Stopping criteria: The fitness is evaluated against the
stopping criteria, which means to set the number of iterations
or a generation limit. which then can be plotted as Pareto
optimal solutions front from the designs can be selected and
meta-models can be extracted [19], [26], [27].

B. Design variables

The inductor design is a very challenging multi-objective
optimization problem. Aspects of this multi-objective opti-
mization mentioned in this paper follow the process covered
in [16]. To do this engineering decisions and certain range
(design space ranges shown in Table III) have to be assigned.
Similarly, constraints (or requirements), as shown in Table II,
have to be determined and set up before executing the GA.

The ratios, rie, rec and rbe mentioned in the Table III, can be
related directly to the dimensions mentioned in Fig. 4 (i.e. all
aspects utilized for optimization can be directly translated into
physical dimensions used to develop the model). The optimiza-

TABLE 11
DESIGN SPECIFICATIONS FOR 2MH, 297A(RMS), 60HzZ MMC INDUCTOR
Description Value
Incremental Inductance 2mH
Maximum allowed current density 7.6 MA/m?

Maximum allowed aspect ratio 3
Maximum allowed mass 200 kg
Maximum allowed loss 1 kW
Maximum allowed packing factor 0.7
Winding build factor 1.05
Minimum required magnetizing flux ratio 0.9

Maximum allowed Volume 0.1 m3

No. of generation for GA 200

No. of population for GA 3000

No. of parallel strands of wire 10
TABLE III

INDUCTOR GA DESIGN SPACE

Min Max  Gene Symbols & Description

1 8 1 Ter Core material

1 1 2 Tcd  Conductor material

le=* 0.1 3 g Air gap (m)

0.1 10 4 Ic Core length(m)

le-2 5 5 wce Center leg width(m)

0.4 2 6 rec we to wc ratio

0.4 3 7 rie wi to wc ratio

0.4 3 8 rbe wb to wc ratio

le=% 40 9 ac Conductor area (m?2)

1 le3 10 N Desired number of turns

1 Te? 11 Nw slot width in conductors

1 5e2 12 Ng slot depth in conductors
le—6 le—?! 13 Cw Slot clearance in width (m)
le 6 le—? 14 cq Slot clearance in depth (m)

tion algorithm considered 14 gene parameters. Fig. 6 directly
translates all of the 14 gene parameters mentioned in Table III.
The distribution of each of the ranges mentioned in the table is
normalized and is shown in Fig. 6 to aid in understanding the
impacts of the weightings of these parameters on the design.
The blue colour indicates the initial parameter and the red
colour indicated the convergence of each of the parameters
(i.e. the best fit after many iterations).The material of the
only conductor that is being considered is copper, due to cost,
reliability, and other benefits. Litz wire is not being considered
due to limited availability and high assembly overhead cost.
The loss calculation incorporates the DC conductor loss
(I?R), core loss and AC conductor loss. Core loss includes
hysteresis loss density, (py,), calculated by Modified Steinmetz

1 T T T T
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=]
S 08
>
T 06
[<}]
= Ry
—_ 04} -
E e 2 B

- ' K [ B2

s °? BT B ip S e
zZ v .

o
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Fig. 6. Gene Distribution
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equation (MSE) and eddy current density, (p.). AC conductor
loss includes proximity loss and skin effect. The detailed
explanation of modeling the multi-objective optimization using
GA for mass, loss and volume is described in [16] and is also
explained in Section V. Thermal analysis is not considered for
this paper, but will be considered in future work.

V. MAGNETIC LOSSES OF THE INDUCTOR

Magnetic losses in the inductor are divided into 3 different
loss parameters: core losses, conductor losses and AC losses.
Translation of the geometrical dimensions of the inductor core
from the Figs. 3 and 4 into Magnetic equivalent Circuit (MEC)
is established by dimensional flux analysis [28] and is used to
determine incremental inductance.

A. Magnetic Core loss

Core loss in the inductor design for a medium voltage and
high current will account for the major loss contribution. The
loss calculation is divided into eddy current loss and hysteresis
loss [29].

1) Eddy Current losses: Eddy currents in the magnetic
material are induced by the time rate of change of flux, eddy
current losses, and refer to the resistive losses associated with
these induced currents. To evaluate the normalized power loss,
flux density waveform is required and is calculated by

HoMrlarm
B= Nwl. @2)
where 1 is the permeability of free space and p.. is the relative
permeability of the material being used for the core. Also, to
evaluate the system the time derivative of the system will be
required given by

dB o o oy diarm

= _ 23
dx Nw.l, dt 23)
and the volumetric power loss density is defined as
cw?1l (T /dB\?
e = = — | dt 24
Pe="97 ), ( dt ) @9

where p. X volume of the core = total core loss due to eddy
current.

2) Hysteresis Current losses: For accurate hysteresis loss
calculation, the modified Steinmetz equation is used [30]. The
equation for power loss density is given by

o (fea a=l/AB\”?
m=n(5) (3m)

where f, and B, are the base frequency and the base flux
density feq is an equivalent frequency, defined by

(25)

9 [ /dB\?
- [ (=) a
Jeq AB27T2/<dx)
0

There are other variations of Steinmetz equation found in
the literature for the interested reader [31], [32].

(26)

B. DC Conductor loss

DC conductor loss is clearly defined as the I?R loss of the
coil where R is the resistance of the coil and it is defined by

VaN?

R= ——F7F——
kpfdnga,acd

@7
where k, is the packing factor and o4 is the conductivity of
the selected copper.

C. AC conductor loss

AC conductor losses are concentrated towards the high end
of the frequency spectrum and divide up into skin effect and
proximity loss. The proximity effect, in this study, has much
larger impact compared to the skin effect. One solution to
the proximity effect challenge is to utilize multiple strands of
parallel wire.

1) Skin effect in strip conductors: The skin effect in strip
conductors is the tendency of AC current to distribute within
the conductor such that the current density concentrates near
the surface of the conductor and decreases with greater depths
in the conductor for AC currents at the high end of the fre-
quency spectrum. This consideration is extremely important to
the consideration of utilizing simultaneously higher switching
frequency and higher efficiency power semiconductors (such
as Wide Band Gap) in order to reduce size, weight and cost
of magnetic components. This frequency dependent current
distribution leads to an uneven ohmic loss distribution in the
conductor [33].

2) Proximity effect loss: The proximity effect is the ten-
dency of the current to flow in other undesirable patterns (loops
or concentrated distributions) due to the presence of magnetic
fields generated by nearby conductors [34]. Proximity effect
losses are defined as

di\*
Pp=D (dt) (28)
where D is the dynamic resistance it consists of
D = Do+ Dyes (29)

D¢,is the dynamic resistance for the exterior adjacent and
Dy, is the dynamic resistance for the gaped closed slot.

VI. OPTIMIZATION RESULTS

Considering the specified core materials, Pareto optimal
fronts for each of these materials were derived from the NSGA
IT based GA of the inductor according to the specifications
of Table II, except for EPCOS N87. For this material, losses
are above 3500W, for the specified inductor dimensions and,
therefore, cannot be viewed in the same graph. The Pareto
optimal fronts for mass versus loss and volume versus loss
are shown in Figs. 7 and 8. Fig 7 shows volume versus
magnetic loss, associated with the outside volume of the
inductor core and coil assembly, for the range of core loss
material variations. It should be noted that these volumes do
not take into account the impacts of the dielectric insulation
on the design (required for MVDC system application) but,
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Fig. 7. Pareto-optimal front Volume vs loss

instead, assume that the cabinet-level structure around the
core and coil assembly will mitigate coil to core and coil
to coil voltage stresses in order to meet requisite creepage,
clearance and partial discharge withstand requirements. The
impacts of these external mitigations on total system volume,
as well as frame and structure mounting, are part of the overall
system build-up [23], [35] and are not reflected in Fig 7.
Trade-offs between voltage stress mitigations at the winding
insulation level versus external stand-offs, and the impacts of
field grading at points of connection to the inductor, will be
addressed in future work.

Fig 8 shows inductor mass versus magnetic loss for the
inductor for the range of core loss material variations. Com-
paring Fig. Fig 7 and 8 it is very interesting to note that the
arm inductance loss and volume do not vary monotonically
with total mass. This is due to various parameters that are
being considered, but the major reason is the size of the radius
of the conductor. The material FT3L results in lowest loss
and volume. Cost is another factor to be considered in future
studies.

The studies have converged closely to designs between 100
to 500 design executions. Mass of 200 kg and losses of
1kW are major limit to drive the designs in this sector and
realizable design convergence. Completion of an optimization
study takes ~ 1 hours/run, hence it take ~ 8 hours for all
design runs on a Windows 10 i7-7700 2.8 GHz quad-core
processor with installed RAM of 64GB. Validations using
finite element methods and hardware implementation are not
considered for this study and will be considered for future
study.

VII. CONCLUSION

This work shows the formulation of anhystertic B-H char-
acteristics and its corresponding permeability functions for
the emerging new soft magnetic materials. Also comparative
multi-objective optimized analysis of all these materials are
analysed and the Pareto optimal fronts are presented. Multi-
objective optimization was limited to mass,loss and volume.
From this study the material FT3L has a clear advantage over
other materials considered specifically in terms of lowest loss
and lowest volume. The thermal analysis of these materials, i.e.
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Fig. 8. Pareto-optimal front mass vs loss

construction of TEC and design of heat sync for this inductor is
very crucial, therefore future studies are required to construct
and test these significantly sized inductor.
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