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Abstract—The arm inductors utilized in a modular 

multilevel converter (MMC) can suppress the MMC circulating 

current, fault current, and output current, and circulating 

current ripples. This paper presents a four-step design and 

optimization method for the MMC arm inductor. The first step 

is the define the requirements and specifications of the arm 

inductor based on the MMC ratings and detailed modeling, in 

order to define the core material and select the appropriate 

winding wire as a second step. The third step is to develop a 

multi-objective optimization for the core design of the arm 

inductor, while the considered constraints are area product, 

maximum magnetic flux density, and window area, which is 

here done based on a Non-dominated Sorted Genetic Algorithm 

(NSGA-II). The objective functions are inductor total mass, 

total volume, total power losses, total core length, and air gap 

length. Finally, using the average ranking (AR) method, the best 

optimal solution is selected from the Pareto solution provided by 

NSGA-II.  

Keywords—design optimization, arm inductor, MMC, NSGA-

II, inductor optimization, multi-objective optimization 

I. INTRODUCTION 

The modular multilevel converter (MMC) [1] has 
achieved a wide variety of applications in the field of medium 
and high voltage due to its competitive advantages [2], [3] 
with high modularity, simple scalability, quality output 
performance, etc. A schematic diagram of the three-phase 
MMC for grid applications is depicted in Fig. 1.  

The inductor used in each of the MMC arms is an 
important passive component, which takes up a major part of 
the total converter volume. The arm inductor has a 
suppressing impact on circulating current and current ripples. 
The arm inductor is also used to limit the fault current of the 
MMC [4], [5]. The arm inductor can be designed based on the 
requirements of circulating current, current ripple and fault 
current. Normally as the circulating current only flows within 
the MMC arms and causes an increase in the total converter 
power losses, it is preferred to be eliminated by the active 
circulating control [6]–[8], which mitigates the reliance on the 
arm inductor due to circulating current [4]. 

The abovementioned current requirements result in a 
specific arm inductance requirement. In the matter of inductor 
design, an area product (Ap) technique and core geometry 
technique are widely used to select the inductor core [9], [10]. 
However, since high inductance and high current rating are 
generally required for the arm inductors in MMC applications, 
the manufacturers rarely provide off-the-shelf cores and a 
customized design should be taken into account. To this end, 
the arm inductor core design with specific materials and 
dimensions is required in the MMC application. With respect 
to inductor design and optimization, except for the required 
inductance and current level, there are multiple constraints and 
performance impact factors, for example, magnetic flux 

density, core cross-sectional area, window area, air gap, wire 
selection, number of turns, total inductor mass, total inductor 
volume and power losses, etc., which need to be taken into 
consideration[11], [12]. Hence, the conventional single 
optimization approach can no longer be suitable for this 
application. The corresponding design and optimization 
process can be solved through a high-dimensional multi-
objective optimizer. Therefore, in this paper, a four-step 
design and optimization framework for the arm inductor of an 
MMC is proposed and targeted on the inductor design with 
original core dimensions, required specifications, and 
optimized performances in terms of total inductor mass, total 
inductor volume and power losses. 

The remainder of this paper is organized as follows. 
Section II describes the specification and framework of the 
inductor design optimization. Section III investigates the 
inductor design and constraints. Section IV presents the 
employed objective functions, while Section V provides the 
optimal solutions using an AR method.  

a 

Fig. 1. Schematic diagram of a three-phase MMC.  

II. SPECIFICATIONS AND OPTIMIZATION FRAMEWORK 

A. Arm inductor specifications 

The requirements and specifications of the arm inductor 
are the desired inductance, maximum current, frequency, core 
type and application (i.e., AC or DC). In this paper, these 
requirements and specifications are based on a simulated 
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MMC model, and the maximum current and frequency are 
obtained as shown in Fig. 2. 

 

Fig. 2. MMC arm current used for the arm inductor design (red line: upper 

arm current; blue line: lower arm current; green line: circulating current) 
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Fig. 3. UI core (a) main view; (b) side view 

The UI core is one of the most commonly used inductor 
core shapes and is selected as the core type in this paper. Its 

dimensions are depicted in Fig. 3. The core geometry is 
defined by the three-dimensional build parameters A, B, C, D, 
E, F and I, and lg is the length of the air gap which is used to 
adjust the magnetic density and avoid core saturation. The 
build parameters C, D, E, F and air gap length lg are selected 
as the core design variables. The relationships between the 
core parameters are expressed by (1). 

 {

𝐼 = 𝐷
𝐴 = 𝐸 + 2𝐷
𝐵 = 𝐹 + 2𝐷

𝑙𝑚 = 2𝐸 + 2𝐹 + 4𝐷

 () 

where lm is the mean magnetic path length. The core has three 
important variables associated with its area: cross-sectional 
area Ac, window area Aw, and area product Ap. The area 
parameters are given by (2).  

 {

𝐴𝑐 = 𝐶 ∙ 𝐷
𝐴𝑤 = 𝐸 ∙ 𝐹
𝐴𝑝 = 𝐴𝑐 ∙ 𝐴𝑤

 () 

B. Design and optimization framework 

The overall design and optimization framework of the arm 
inductor follows the stepwise process illustrated in Fig. 4. The 
first step is to set the requirements and define specifications of 
the arm inductor based on the MMC ratings and modeling 
introduced in Fig. 2. In the second step, the magnetic core 
material and winding wire are selected, and the detailed 
information then is prepared in the database. The parameters 
of the magnetic material that has been used in this paper are 
shown in Table Ⅰ [13]. The wire is selected according to the 
current requirements at this stage. More selection details are 
described in Section III. Design and constraints. 

TABLE I.  CORE MAGNETIC MATERIAL PARAMETERS 

Parameter Value Parameter Value 

Material M-47 ρe (μΩ∙cm) 30 

ρ (kg/m3) 7585 kh (W/m3) 149 

Bmax (T) 1.49 α 1.26 

μr 9875 β 1.69 

d (mm) 0.66 ke (Am/V) 0.261 

The third step is to perform the optimized design, and the 
design variables are first defined with boundaries to generate 
the population pool for optimization. Different analytical 
equations (see Fig. 4) are formulated for core cross-sectional 
area, window area and utilization,  area product, number of 
turns of the winding conductors, magnetic density, which are 
considered objective functions of the multi-objective 
optimization framework [14]. This results in a series of 
Pareto-front solutions. In the last step, the optimal solution is 
selected from the Pareto-front solutions by applying the AR 
method. 

 

 



 

 

 

Fig. 4. Flowchart of the multi-objective design optimization framework of an arm inductor for grid-connected  MMC.

III. DESIGN AND CONSTRAINTS 

C. Wire conductor 

The current density is a physical constraint and the main 
criterion when selecting the coil conductor. The current 
density is calculated by (3) [9]. 

 𝐽𝑟𝑚𝑠 =
𝐼𝑚𝑎𝑥
𝐴𝑐𝑜𝑛𝑑

 () 

where Jrms is the current density, and 𝐴𝑐𝑜𝑛𝑑 is the wire 
conductor cross-sectional area. Generally, American Wire 
Gauge (AWG) and British Standard Wire Gauge (SWG) are 
the two wire measurement standards of wire selection. In this 
paper, AWG  3 is adopted based on maximum current. In 
addition, Litz wire is preferred due to its characteristic of 
mitigation of AC-winding losses caused by skin and proximity 
effects [14], [15]. The 0.2 mm Litz wire is selected according 
to switching frequency from Elektrisola [16] and the nominal 
outer diameter of the bunched Litz wire can be estimated by 
(4). 

 𝐷𝑤𝑖𝑟𝑒 = 𝑘𝑝𝑓 ∙ √
𝐴𝑐𝑜𝑛𝑑
𝑎𝐿𝑖𝑡𝑧

∙ 𝑑𝐿𝑖𝑡𝑧 + 𝑡𝑂𝐶  () 

where 𝑘𝑝𝑓 is the packing factor, see Table Ⅱ, 𝑎𝐿𝑖𝑡𝑧 and 𝑑𝐿𝑖𝑡𝑧 

are the cross-sectional area and nominal diameter of the single 
Litz wire, 𝑡𝑂𝐶  is the increase caused by optional outer coating, 
and the number of Litz wires is  

 𝑁𝐿𝑖𝑡𝑧 =
𝐴𝑐𝑜𝑛𝑑
𝑎𝐿𝑖𝑡𝑧

 () 

TABLE II.  LITZ WIRE PACKING FACTOR 

No. of wires Packing factor 

3-12 1.25 

16 1.26 

20 1.27 

25-400 1.28 

The cross-sectional area 𝐴𝑤𝑖𝑟𝑒  of the bunched Litz wire is  

 𝐴𝑤𝑖𝑟𝑒 =
𝜋

4
𝐷𝑤𝑖𝑟𝑒
2  () 

𝐴𝑤𝑖𝑟𝑒  would be used to check the core window area. 

D. Core area product  

The area product is the product of cross-sectional area and 
window area and reflects information about the magnetic and 
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electric characteristics of the core. The area product should be 
greater than the required minimum value which can be 
obtained by [9], [10] 

 𝐴𝑝𝑚𝑖𝑛 =
𝐿𝑎𝑟𝑚 ∙ 𝐼𝑚𝑎𝑥

2

𝐾𝑤 ∙ 𝐾𝑐 ∙ 𝐽𝑟𝑚𝑠 ∙ 𝐵𝑚𝑎𝑥
=

2𝑊𝐿𝑎𝑟𝑚

𝐾𝑤 ∙ 𝐾𝑐 ∙ 𝐽𝑟𝑚𝑠 ∙ 𝐵𝑚𝑎𝑥
 () 

where the energy stored in the arm inductor is  

 𝑊𝐿𝑎𝑟𝑚 =
1

2
𝐿𝑎𝑟𝑚 ∙ 𝐼𝑚𝑎𝑥

2  () 

and 𝐾𝑤 is the core window utilization factor (𝐾𝑤 is estimated 
as 0.6 according to the selected round Litz wire [17]), Kc is the 
current crest factor [18] which is equal to 1 with DC current 
and 1.414 with AC current, Bmax is the maximum magnetic 
density. 𝐽𝑟𝑚𝑠 = 4 A/m2 is used when calculating the area 
product constraint. 

E. Magnetic flux density 

The saturation or maximum magnetic flux density leads to 
a practical constraint when designing the inductor. To avoid 
inductor saturation, the air gap is introduced and increases the 
total inductor reluctance. And the reluctance of the core and 
air gap can be calculated by (9)-(10). 

 ℜ𝑐 =
𝑙𝑚

𝜇𝑟 ∙ 𝜇0 ∙ 𝐴𝑐
 () 

 ℜ𝑔 =
𝑙𝑔

𝜇0 ∙ 𝐴𝑐
 () 

where 𝜇0  and 𝜇𝑟  are the absolute vacuum magnetic 
permeability and relative permeability of magnetic material, 
and ℜ𝑐  and ℜ𝑔  are reluctances of the core and air gap, 

respectively. With indicated inductance, the required number 
of wire turns can be obtained with (11). 

 𝑁𝑡𝑢𝑟𝑛 = Ceil (√𝐿 ∙ (ℜ𝑐 + ℜ𝑔)) () 

According to Hopkinson's law and Ohm's law of magnetic 
circuits, the peak magnetic flux density is given by (12).  

 𝐵𝑝𝑘 =
𝑁𝑡𝑢𝑟𝑛 ∙ 𝐼𝑚𝑎𝑥
𝐴𝑐 ∙ (ℜ𝑐 + ℜ𝑔)

 () 

Therefore, the constraint in terms of magnetic flux density 
is 𝐵𝑝𝑘  ≤ 𝐵𝑚𝑎𝑥. 

F. Core window area 

The core window area should ensure to include all the 
turns of the winding conductors, meaning that the utilized core 
window area should be greater than the total area of the 
winding wires. Since the conductors cannot fit and fill the core 
window perfectly, the window utilization factor is introduced 
which leads to the core window area constraint as in (13).  

 𝐴𝑤𝑖𝑟𝑒 ∙ 𝑁𝑡𝑢𝑟𝑛 ≤ 𝐾𝑤𝐴𝑤 () 

III. MULTI-OBJECTIVE FUNCTION FORMULATION 

A. Total Inductor mass and volume 

The volume of the core can be easily obtained by (14). 

 𝑉𝑐𝑜𝑟𝑒 = 𝐴𝑐(𝐴 + 2𝐵 + 𝐸) () 

Hence, the mass of the core is given by (15).  

 𝑚𝑐𝑜𝑟𝑒 = ρcore ∙ 𝑉𝑐𝑜𝑟𝑒  () 

where ρcore is the mass density of the core material. 

In order to estimate the mass of winding wire, the volume 
should be first calculated which is the product of total wire 
length and cross-sectional area. The total wire length [15] is 
associated with the number of wire layers which can be 
acquired by (16). 

 𝑁𝑡𝑢𝑟𝑛,𝑙𝑎𝑦𝑒𝑟 = floor (
𝐷𝑤𝑖𝑟𝑒𝑁𝑡𝑢𝑟𝑛
max [𝐸, 𝐹]

) + 1 () 

where the wires are restricted to be winded on the larger side 
of the core E or F. The total length of the wire conductors is 
afterwards calculated according to the numbers of wire turns 
and layers together with the dimensions of the core, and the 
math equation is given by (17) 

 𝑙𝑤𝑖𝑟𝑒 = ∑ 2𝑁𝑡𝑢𝑟𝑛,𝑙𝑎𝑦𝑒𝑟(𝐶 + 𝐷 + 𝐷𝑤𝑖𝑟𝑒(2𝑚 − 1))

𝑁𝑙𝑎𝑦𝑒𝑟

𝑚=1

 () 

Therefore, the mass of the winding wire is  

 𝑚𝑤𝑖𝑟𝑒 = ρ𝑤𝑖𝑟𝑒 ∙ 𝐴𝑐𝑜𝑛𝑑 ∙ 𝑙𝑤𝑖𝑟𝑒  () 

And the total inductor mass is  

 𝑚𝐿𝑎𝑟𝑚 = 𝑚𝑐𝑜𝑟𝑒 +𝑚𝑤𝑖𝑟𝑒  () 

Besides, the total volume is practically given by the 
product of the maximum outer dimension of the inductor 

 
𝐴𝑉𝐿𝑎𝑟𝑚 = (min[𝐴, 𝐵 + 𝐼] + 𝑁𝑡𝑢𝑟𝑛,𝑙𝑎𝑦𝑒𝑟 ∙ 𝐷𝑤𝑖𝑟𝑒) 

∙ max[𝐴, 𝐵 + 𝐼] ∙ (𝐶 + 2𝑁𝑡𝑢𝑟𝑛,𝑙𝑎𝑦𝑒𝑟 ∙ 𝐷𝑤𝑖𝑟𝑒) 
() 

where min[𝐴, 𝐵 + 𝐼]  and max[𝐴, 𝐵 + 𝐼]  depend on which 
side the wires are winded. 

B. Total Inductor losses 

The total inductor losses include the core losses and 

conductor losses. Eddy current loss and hysteresis loss 

contribute to the core losses which can be evaluated 

separately. The eddy current loss density is estimated by (21) 

[11]–[13] 

 𝑃𝑒 =
σ ∙ 𝑑2

12

1

𝑇
 ∫ (

𝑑𝐵

𝑑𝑡
)
2𝑇

0

𝑑𝑡 () 

where σ is the conductivity of the material which is equal to 

1/ρe, and 𝑑  is the lamination thickness With respect to 

hysteresis loss, the volumetric power loss can be assessed 

from the modified Steinmetz equation in (22).  

 𝑃ℎ = 𝑘ℎ ∙ (
𝑓𝑒𝑞

𝑓𝑏
)

𝛼−1

(
∇𝐵

𝐵𝑏
)
𝛽

 () 

where 𝑘ℎ , 𝛼  and 𝛽  are the parameters acquired from the 

magnetic material curve-fitting, 𝑓𝑏  and 𝐵𝑏  are the base 

frequency and base flux density, which are considered as 1 



 

 

Hz and 1 T, respectively, and 𝑓𝑒𝑞 is an equivalent frequency 

with the definition of  

 𝑓𝑒𝑞 =
2

∇𝐵2 ∙ 𝜋2
∫ (

𝑑𝐵

𝑑𝑡
)
2𝑇

0

𝑑𝑡 () 

Therefore, the core losses are yielded as (24). 

 𝑃𝑐𝑜𝑟𝑒 = (𝑃𝑒 + 𝑃ℎ) ∙ 𝑉𝑐𝑜𝑟𝑒 () 

Meanwhile, conductor losses contain DC conductor loss 

and AC conductor loss due to skin and proximity effects. 

Since Litz wire is used in this paper, the skin and proximity 

effects are neglected. So, the conductor losses are estimated 

as (25).  

 𝑃𝑐𝑜𝑛𝑑 = 𝑅𝐼𝑟𝑚𝑠
2  () 

where 𝑅 is the resistance of the winding wire. 

  Then the total power losses of the inductor are obtained by 
(25).  

 𝑃𝐿𝑎𝑟𝑚 = 𝑃𝑐𝑜𝑟𝑒 + 𝑃𝑐𝑜𝑛𝑑  () 

IV. OPTIMAL DESIGN AND SOLUTIONS 

A. Optimization and Pareto-front solutions 

NSGA-II is widely applied due to its high efficiency and 
accuracy and it is easy to achieve multi-objective optimization 
by using a genetic algorithm. Therefore, NSGA-II is adopted 
as the optimization methodology in this paper. The design and 
optimization are subject to the abovementioned formulations 
and constraints in Section 3. Besides, there are some other 
parameters that need to be taken into consideration and 
integrated into the objective functions and constraints. As a 
result, the final objective functions are defined by (27). 

 min

{
  
 

  
 𝑂𝑏𝑗𝐹𝑐𝑛1(�⃗�) = 𝑚𝐿𝑎𝑟𝑚(�⃗�)

𝑂𝑏𝑗𝐹𝑐𝑛2(�⃗�) = 𝑉𝐿𝑎𝑟𝑚(�⃗�)

𝑂𝑏𝑗𝐹𝑐𝑛3(�⃗�) = 𝑃𝐿𝑎𝑟𝑚(�⃗�)

𝑂𝑏𝑗𝐹𝑐𝑛4(�⃗�) = 𝑙𝐿𝑎𝑟𝑚(�⃗�)

𝑂𝑏𝑗𝐹𝑐𝑛5(�⃗�) = 𝑙𝑔(�⃗�)

 () 

The first three objective functions are discussed in detail 
in the aforementioned section. The fourth objective function 
𝑙𝐿𝑎𝑟𝑚  is adopted to limit the whole core size which is the sum 

of core length width and height. The fifth objective function is 
the air gap length which should be minimized to avoid core 
saturation. The inductor design optimization is subject to the 
constraints in (28). 

 𝑠. 𝑡.

{
  
 

  
 
𝑆𝑖𝑧𝑒𝑖𝑚𝑖𝑛 ≤ 𝑆𝑖𝑧𝑒𝑖 ≤ 𝑆𝑖𝑧𝑒𝑖𝑚𝑎𝑥

𝑙𝑔𝑚𝑖𝑛 ≤ 𝑙𝑔 ≤ 𝑙𝑔𝑚𝑎𝑥
𝐴𝑝 ≥ 𝐴𝑝𝑚𝑖𝑛

𝐵𝑚𝑖𝑛 ≤ 𝐵𝑝𝑘 ≤ 𝐵𝑚𝑎𝑥
𝐴𝑤𝑚𝑖𝑛 ≤ 𝐴𝑤 ≤ 𝐴𝑤𝑚𝑎𝑥
𝑚𝐿𝑎𝑟𝑚

≤ 𝑚𝐿𝑎𝑟𝑚𝑚𝑎𝑥

 () 

where 𝑆𝑖𝑧𝑒𝑖  stands for the inductor dimensional parameters 
and is used to restrict the inductor geometry in practice, and 
the total inductor mass is limited to the user-defined maximum 
value. After launching the NSGA-II optimization solver with 

the objective functions and constraints, the Pareto-front 
optimal solutions are obtained as in Fig. 5.  

B. Average ranking 

The Pareto-front provides a set of optimal solutions for the 
multi-objective problem. In order to find the final optimal 
scheme from these optimal solutions, the average ranking 
method [14] is used and its evaluation indicator is defined by 
(29). 

𝑎𝑖𝑗𝑘 ∈ 𝐴 ={

1,    when 𝑓𝑘(𝑠𝑖) < 𝑓𝑘(𝑠𝑗)

0,    when 𝑓𝑘(𝑠𝑖) = 𝑓𝑘(𝑠𝑗)

−1,   when 𝑓𝑘(𝑠𝑖) > 𝑓𝑘(𝑠𝑗) 

 () 

 

 

Fig. 5. Inductor Pareto-front solutions 

  

where 𝑓  and 𝑠  are the objective function and Pareto-front 
solution, respectively. The score of each solution is calculated 
based on the sum of the ranking of solution 𝑠𝑖  for a single 
objective and is given by (30). 

 𝐴𝑅(𝑠𝑖) = ∑∑(|𝑃| + 1) − 𝑎𝑖𝑗𝑘
𝑗≠1𝑘

 () 

where 𝑃 is the Pareto set and 𝑠𝑖 ∈ 𝑃. Hence, the final optimal 
solution is filtered out after executing the AR method and the 
corresponding optimized parameters and results are listed in 
Table Ⅲ. 

TABLE III.  OPTIMIZED PARAMETERS AND RESULTS 

Parameter Value Parameter Value 

𝑪 (m) 0.0960 𝑩𝒑𝒌 (T) 1.4883 

𝑫 (m) 0.0190 𝑵𝒕𝒖𝒓𝒏,𝒍𝒂𝒚𝒆𝒓 4 

𝑬 (m) 0.0400 𝑵𝒕𝒖𝒓𝒏 48 

𝑭. (m) 0.0920 𝒎𝑳𝒂𝒓𝒎 (kg) 8.0237 

𝒍𝒈 (mm) 2.6 𝑽𝑳𝒂𝒓𝒎 (m3) 0.0022 

𝒍𝑳𝒂𝒓𝒎 (m) 0.3040 𝑷𝑳𝒂𝒓𝒎 (W) 63.3925 

To present a visual of the inductor, the 3D core of the 
optimized design of the arm inductor is drawn at the end of 
the optimizer as shown in Fig. 6. Further work will be targeted 
on the validation of the arm inductor based on FEM 
simulation. 



 

 

 

Fig. 6. 3D core of the optimized design of the arm inductor 

V. CONCLUSION 

This paper has proposed and demonstrated a four-step 
multi-objective design optimization process for the arm 
inductors used in grid-connected MMC applications. The 
design of the arm inductor is based on the core area product 
and meets the requirements in terms of saturation magnetic 
flux density and window area utilization. NSGA-II and 
average ranking algorithms are adopted as the optimization 
methodology. The objective functions of the arm inductor 
involve the total mass, total volume, total power losses 
including core losses and conductor losses, and the length of 
the core and air gap. The final optimal solution is selected 
from a set of Pareto-front solutions by the average ranking 
method, which results in an arm inductor total mass of 8.02 
kg, total volume of 0.0022 m3, total power losses of 64 W, 
total core length of 0.304 m and air gap length of 2.6 mm. 
Future research could be performed on investigating more 
magnetic materials and validating the solution with 
electromagnetic simulation.  
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