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Resumo

A integracao de fontes renovaveis de energia tem limitagoes inerentes, como a geracao
intermitente, resultando em problemas de estabilidade e aumentando a complexidade do
controle. Nesse contexto, a tecnologia de conversores modulares multiniveis (do inglés,
Modular Multilevel Converters - MMC) tem se tornado atrativa para diferentes aplicagoes,
como em sistemas de transmissdo em corrente alternada flexiveis (do inglés, Flexible
Alternating Current Transmission System- FACTS) e em corrente continua de alta tensao
(do inglés, High Voltage Direct Current - HVDC). Existem muitos desafios para o MMC, no
que diz respeito ao projeto, controle e confiabilidade do conversor. Desse modo, pesquisas
relacionadas a estratégias de modulagao, esquemas de redundancia e metodologia de projeto
foram desenvolvidos para atender esses pontos. Contudo, poucos trabalhos abordaram o
problema de projeto de indutores de brago para MMC. Além disso, os poucos trabalhos
existentes focam em aplicagoes HVDC e modulagao por largura de pulso (do inglés, Pulse
Width Modulation - PWM). Tendo isso em vista, esse trabalho propoe um método para
determinar o valor minimo de indutancia para compensadores sincronos estaticos (do
inglés, Static Synchronous Compensator - STATCOM) baseados em MMC, utilizando a
técnica de modulacao em escada baseada no nivel mais préximo (do inglés, Nearest-Level
Control - NLC). O método utiliza a taxa de distor¢ao harmonica de corrente (do inglés,
Total Harmonic Distortion - T H D;) como requisito para determinar a indutancia. Além
disso, um projeto fisico para indutores é implementado e simulado no software Finite
FElement Method Magnetics (FEMM) com o propésito de avaliar sua precisao. O estudo
de caso é baseado em um MMC-STATCOM de 17 MVA /13,8 kV. O método proposto
resulta em valores de indutancia que satisfazem o nivel de T'H D; determinado e é validado
em uma simulacao completa de MMC. Portanto, o valor de indutancia resultante pode
ser usado como um limitante superior para o MMC descrito. Ademais, a comparacao da
metodologia de projeto fisico com a simulagcao FEMM mostram um desvio méximo no
valor de indutancia de 4,44% para a corrente nominal. Quando submetido ao dobro da
corrente nominal, o erro nao ultrapassou 7,15%, indicando que os projetos de indutores
sao capazes de preservar seu valor de indutancia mesmo em condicoes adversas, como

sobrecorrentes.

Palavras-chaves: Conversor Modular Multinivel; Compensadores Sincronos Estaticos ;

Requisitos de Indutancia; Projeto Fisico de Indutores;






Abstract

The integration of renewable energy source into the grid has inherent limitations, as
intermittent generation, resulting in stability issues and increased control complexity. In
this context, Modular Multilevel Converters (MMC) technology has become attractive
for different applications, such as Flexible Alternating Current Transmission Systems
(FACTS) and High Voltage Direct Current (HVDC). There are several challenges to
MMC, with regard to converter design, control and reliability. Thus, research on different
modulation strategies, redundancy schemes and design methodologies were developed to
address these points. However, few works address the issue of the design of MMC arm
inductors. Besides that, the few existing works mainly focus on HVDC applications and
Pulse Width Modulation (PWM). With that in mind, this work proposes a method
to determining the minimum inductance value for MMC based Static Synchronous
Compensator (MMC-STATCOM), with staircase Nearest-Level Control (NLC) modulation.
The method uses the total current harmonic distortion (T'HD;) as requirement for
determining the inductance. Moreover, a physical design for inductors is implemented and
simulated in the software Finite Element Method Magnetics (FEMM) for the purpose of
evaluating the accuracy. The case study is based on a 17 MVA /13.8 kV MMC-STATCOM.
The proposed method results in inductance values that satisfies the Total Harmonic
Distortion (T'HD;) level determined and are validated in a MMC complete simulation.
Thus, the inductance value resulting can be used as a superior limiting for this MMC
described. In addition, the comparison of the physical design methodology with the FEMM
shows a maximum deviation of 4.44% at rated current. When subjected to twice the rated
current, the error did not exceed 7.15%, indicating that the inductor designs are able to

preserve its inductance value even in adverse conditions, such as overcurrents.

Key-words: Modular Multilevel Converter; Static Synchronous Compensator; Inductance

Requirement; Physical Inductors Design.
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1 Introduction

The global demand for energy and electricity is rising fast. In addition, the renewable
energy source (RES) is emerging as an important energy source (IEA, 2019). In numerous
countries, the power system has transformed rapidly in recent years, driven by the increased
penetration of wind and photovoltaic power plants (REN 21, 2020). On the other hand,
the integration of RES into the grid has inherent drawbacks, as intermittent generation,

resulting in stability issues and increased control complexity (Sharifabadi et al., 2016).

Improving power system flexibility is essential to advance the integration of RES.
Flexibility is important to ensure uninterrupted services while managing changes in supply
and demand. The implementation of physical links between RES sources and demand
centers improve the power system flexibility, and the development of power electronics
is identified as a key factor to ensure the proper integration. Furthermore, capacity of
reactive power compensation is required to make ac transmission lines more robust. In
addition, power electronics and new converter technologies can provide reductions in the
cost of integrating RES into the power system (Sharifabadi et al., 2016; IEA, 2019).

Integrating High Voltage Direct Current (HVDC) systems and Flexible Alternating
Current Transmission Systems (FACTS) into the power system can improve and increase
the transmission capacity (Sharifabadi et al., 2016). Moreover, FACTS solutions are used in
applications requiring rapid dynamic response and frequent variation in output (Grunbaum
et al., 2009). In addition, increased efficiency and reduced costs can be achieved through

these technologies.

1.1 Static Synchronous Compensator — STATCOM

A member of the FACTS family, the Static Synchronous Compensator (STATCOM)
was developed as an advance of Static Var Compensator (SVC). The STATCOM connected
to the grid is often used to control the reactive power exchange. A common realization of
STATCOM is based on Voltage Source Converter (VSC) using power semiconductor such
as switches Insulated Gate Bipolar Transistors (IGBTs) and Integrated Gate-Commutated
Thyristors (IGCTSs). This device presents a fast dynamic response, being able to support
the power system during fast transients and has been employed to comply with grid code
requirements (Tanaka et al., 2019). The mainly attributes of the STATCOM are listed
below (Singh et al., 2009):

e Quick response time;
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Smaller footprint;

Optimum voltage platform;

Higher operational flexibility;

Excellent dynamic characteristics under various operating conditions.

There are many applications where reactive power compensation is desired. For
example, the electric arc furnaces used in the steel industry has non-linear characteristics
and leads to power quality issues (Ma et al., 2015). It is also worth mentioning that
long-distance ac transmissions lines require the injection of sufficient amounts of reactive
power to keep acceptable voltage profiles along the power lines. Moreover, STATCOM makes
the ac grids more robust, enabling the integration of large amounts of RES (Sharifabadi et
al., 2016). Fig. 1(a) shows the STATCOM connected into the grid. Fig. 1(b) shows the
physical representation of a STATCOM.

(2) (b)

Figure 1 — Static Synchronous Compensator: (a) Scheme a STATCOM providing load
compensation. (b) Physical appearance of a STATCOM station. Adapted from
(EPRLAB, 2021).

Two-level VSCs are generally the most economical solution for low power ratings
and low voltage, up to approximately 1 MVA. The three-level Neutral Point Campled (NPC)
converter, on the other hand, is being used extensively in medium-voltage applications,
mainly high-power motor drives for industry. NPC is also used in railway traction converters
and for the grid integration of wind turbines (Sharifabadi et al., 2016).

However, for applications where medium or high voltage must be handled, a number
of shortcomings become evident (Sharifabadi et al., 2016). At low switching frequency more
costly filters will be required and the applications are limited due to the maximum blocking
voltage of currently available power semiconductors applicable in VSCs. In addiction,
high direct voltages imply high voltage slope, which imposes very significant stress on

the insulation of any equipment connected to the ac terminal. A transition to cascaded
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multilevel converters topologies can offer significant improvements of all these issues
(Sharifabadi et al., 2016).

A couple of multilevel VSCs that were introduced and developed posteriorly, namely
the diode clamped topologies and flying capacitor topologies, became known early multilevel
converters. They have been extensively used for medium voltage applications such as
high-power motor drives in industry, but also in some cases as high-voltage converters for
power transmission applications. However, the number of levels generally cannot easily
be extended beyond a few (Sharifabadi et al., 2016), exhibit significant shortcomings.
Therefore, modular multilevel converter (MMC) and other cascaded topologies emerged,
becoming attractive for different for high voltage applications, such as FACTS and HVDC.
Solutions based in MMC have been employed in issues encountered by modern grid,
as renewable integration, harmonic compensation, increase of capacity of grid energy

transmission and security supply (Sharifabadi et al., 2016).

1.2 Modular Multilevel Converter — MMC

The MMC was proposed for applications in medium or high voltage (Marquardt,
2001). Conceptually, MMC is formed by cascade association of several converters with
relatively low voltage rating, called submodules (SMs), to reach medium and high voltage.
Fig. 2(a) shows the MMC-STATCOM configuration, with N’ SMs per arm. For half-bridge
MMC, the SM have a simple structure with a few components (Sharifabadi et al., 2016),
being composed by four semiconductors (S7, S2, D1 and Ds) and a capacitor (C'), as shown
in Fig. 2(b). The MMC arm has an inductance L., and a resistance Rgpm. Ly and R,
represents, respectively, the grid inductance and the equivalent grid resistance. 2,4, ¢, and
iye are the currents of the upper arms per phase, and 7,4, i;, and ;. are the currents of the

lower arms per phase. i4q, t4q and ¢4, are the MMC currents.

The MMC has the main following characteristics (Akagi, 2011; Kontos et al., 2017):

Modularity and scalabilty;

High Efficiency;

Possiblilty of switching at low frequency, implying lowest filtering requirements;

Lower voltage stress in the power semiconductor.

There are several challenges to MMC, with regard to the converter design, control
and reliability. Thus, research on different modulation strategies, redundancy schemes and

design approaches were developed to address these points (Tu et al., 2019). Moreover,
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Figure 2 — Basic Structure MMC: (a) Double Star; (b) Half-bridge.

especially in high voltage applications, the measurement of a high number of signals

increases the converter complexity (Cupertino, 2019).

Few works address the design of MMC arm inductors, and these works mainly
focus on HVDC applications (Akagi, 2011; Hagiwara; Akagi, 2009). Furthermore, arm
inductors are designed to comply with the requirements for Phase-Shifted Pulse Width
Modulation (PS-PWM) (Cupertino et al., 2017; Ilves et al., 2015). However, in applications
with a large number of SMs, many times MMC is controlled through staircase modulation
techniques. This is due to the complexity of generating PWM carrier, that is not necessary
for staircase modulation. Regarding to Nearest-Level Control (NLC) (Lesnicar; Marquardt,
2003; Sharifabadi et al., 2016), there is not correspondence in the literature for inductors
design. In this way, the development of a method of calculating an inductor suitable for
STATCOM application and NLC modulation scheme is an important issue which was not
evaluated yet. This work aims to fill this gap. The method was developed in a generic
way and does not specifically consider a NLC sorting algorithm, in order to be used in

comparison with all existing algorithms.
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1.3 Motivation and Objectives

The criteria to define the arm inductance for the MMC do not consider the total
distortion current (THD) into the grid, since these converters generally have a large number
of SMs, so that requirement is unnecessary. However, STATCOM can be used in medium
voltage, where the number of SMs is lower and the THD concern exists. Thus, the criteria
used may not satisfy the STATCOM based MMC requirements for a few SMs. According
to standards, THD cannot exceed 5% for systems rated 120 V through 69 kV (IEEE Std
519, 2014), with the I,./I;, < 20 ratio, where I, is the maximum short circuit current in
the PCC (Common Coupling Point) and I, is the maximum current demanded by the
load (fundamental frequency component) in the PCC. The Table 1 gives more details

about the current distortion limits.

Table 1 — Current distortion limits for systems rated 120 V through 69 kV (IEEE Std 519,
2014).

Maximum harmonic current distortion in percent of Iy,

Individual harmonic orders

Isc/I,  3< h<ll 11<h<17 17< h<23 23< h<35 35< h<50 THD;

<20 4.0 2.0 1.5 0.6 0.3 5.0
20<50 7.0 3.5 2.5 1.0 0.5 8.0
50<100 10.0 4.5 4.0 1.5 0.7 12.0

100<1000 12.0 9.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0

where h is the harmonic order (for 3 up to 50).

This work propose a methodology to arm inductance requirement for MMC-STATCOM

with NLC modulation scheme. The specific objectives are:

e Relate the Weighted Total Harmonic Distortion (WTHD) of the MMC voltage and
the Total Harmonic Distortion (THD) grid current, in order to use them to estimate

the inductance requirement;

e Develop a simplified simulation model for MMC-STATCOM. This model will help

to estimate the inductance requirement without simulating the whole converter;

e Implement an algorithm to design and optimize the arm inductors;

e The proposed methodologies are validated through simulations in software PLECS
and FEMM.
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1.4 Text Organization

This work is outlined as follows: Chapter 2 is a literature review of the main concepts
used in this work. Chapter 3 describes the simplified simulation and the methodology to
compute the arm for MMC-STATCOM with NLC modulation scheme. Moreover, arm
inductors physical design and optimization procedure is presented. Chapter 4 specifies the

case studies and presents the results. The conclusions are stated in Chapter 5.
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2 Literature Review

In this chapter the topology of the MMC-STATCOM, the control strategy and
modulation strategies are presented. Furthermore, an inductor technology overview is

performed to investigate the solutions employed in the literature.

2.1 MMC Topology and Control

In STATCOM applications, the MMC has several operating advantages, mainly in
the compensation of negative sequence during unbalanced current condition. Furthermore,
the Ly is responsible to reduce the harmonics in the circulating current and also limiting
the currents during possible dc-link faults (Cupertino et al., 2017). The arm resistance

R, represents the copper losses of the arm inductance.

The control strategy for the MMC-STATCOM is shown in Fig. 3, including the
grid current control, the circulating current control and the individual balancing control.
The grid current control is carried out through the derivation of components in stationary
af reference frame, which results in the simultaneous control of negative and positive
sequence of the grid current and voltage. There is no fundamental component in circulating
current, so the circulating current control has a function of filtering second and fourth
harmonic components (Harnefors et al., 2013). The individual balancing control circuit
ensures that the voltage balancing of the individual capacitor conforms to the reference
value. The circulating, grid and balancing current controls generate an output for each
phase. The total number of SMs is 6N, due to the presence of 6 arms in the three-phase

system.

Furthermore, the outer loop controls the square of the average voltage v4,, of all

SMs of the converter. This average voltage is defined by:

1 6N
Vavg = 67]\7 ;Usmm (2'1>

where v, ; is the i SM voltage.

*

avg and vy, of the MMC are expressed in terms of

The average voltage reference v

dc-link voltage vg.:

vi= = e (2.2)
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Figure 3 — Control strategy for MMC-STATCOM: circulating current, grid current and
individual balancing control.

Although there is no connection on the de-link in the MMC-STATCOM, v, value

is an important parameter to avoid overmodulation (Fujii et al., 2005).

The reference calculator in Fig. 3 is used to compute the active power P* that flows
to the converter and calculate the current reference iy, and ij5. Using the instantaneous
power theory (Akagi et al., 2007), it is possible to express the grid current, given by:

i | _ 1
iss vga—l—vgﬂ

The circulating current control, presented in Fig. 3, is responsible for reducing

P*
Q*

Uga  Ugp

Vg —Vga

(2.3)

the harmonics in the circulating current and inserting damping in the converter dynamic
response (Harnefors et al., 2013). The circulating current 4. is calculated per converter leg

and is given by:

le = 9 )

(2.4)

where 7, is the arm current of a upper arm and ¢; is the current of a lower arm.

The reference signals depends on the output signals, shown in Fig. 3, where v,

line-to-neutral voltage synthesized by the MMC, v, is the circulating voltage and v
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individual balance voltage. The normalized references to the MMC topology is given by

(Cupertino et al., 2017) and expressed as:

Uz Vs V3s 1
- - - 2.5
Uu,n U+ 'U;km N'U;km * NU:m * 27 ( )
* + (% + Vg V3s + 1 (2 6)
v = — —. .
e = e, T Nvg, Nuh, 2

Regarding the voltage reference, vss is the third harmonic component used in order
to increase the linear operational area of the modulation curve, with % of the amplitude of
vs (Cupertino et al., 2017).

2.2 MMC Modulation

For MMC modulation, two of the most used are the Phase-Shifted Pulse Width
Modulation (PS-PWM) and Nearest-Level Control (NLC). In PS-PWM strategy, the
carries are symmetrically phase shifted. The angle expressed in Eq. (2.7) shows the existing

lag in the upper and lower arm carriers, being this angular displacement f3.

—1
— (” ) and 0, = Oy + B, (2.7)
N
where n =1,2,.., N.

In STATCOM applications, the ac side power quality is taken with priority. The
modulation strategy with 2N + 1 levels has the best answer in this sense (Ilves et al.,
2015). So B will be as follows:

5= N i.f N i.s even; (2.8)
0, if N is odd.

In Fig. 4 are shown the reference signal with third harmonic component and the

carriers for PS-PWM, representing the modulation for four SMs (One carrier per SM is

required).

Regarding staircase modulation schemes, NLC is the most popular. The NLC
modulation (Sharifabadi et al., 2016) has as its operating principle the most efficient use
of SMs according to voltage level. The normalized references v, , (Egs. (2.5) and (2.6))
suffers a gain according to the number of active SMs N, ;, the value being subsequently

rounded up by the round(z) function, leaving only whole number in the output Ny

floor(xz) x < floor(z) + 0.5

. (2.9)
ceil(x) x> floor(x)+ 0.5

round(x) = {
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Figure 4 — Operation modulation PS-PWM with third harmonic component for 2N + 1
levels, representing the modulation for four SMs (One carrier per SM is required):
(a) Upper arm; (b) Lower arm.

The function floor(z) results in the largest integer less than x, while ceil(z) the
smallest integer greater than x. Thus, the reference will have the shape of a ladder, with the
lower levels being used for longer than the highest, causing an imbalance in the capacitor
voltage. For NLC modulation, the individual balance control is suppressed. Therefore, the
NLC needs a method to select the SMs to be inserted or removed. In this sense, the Sort
& Select ordering method will be used (Lesnicar; Marquardt, 2003). The operation of the

algorithm can be defined as follows:

1. A submodule must be inserted:

a) If the arm current i4,.,, > 0, the capacitor with the lowest voltage is inserted;

b) If the arm current i, < 0, the capacitor with the highest voltage is inserted;
2. A submodule must be bypassed:

a) If the arm current i,,., > 0, the capacitor with the highest voltage is bypassed,;

b) If the arm current i, < 0, the capacitor with the lowest voltage is bypassed;

Fig. 5 shows the simplified modulation scheme employed. The replacement of one
SM for another is linked to the sampling time T, that must be sufficiently high to avoid
voltage steps exceeding one level (Siddique et al., 2016).
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Figure 5 — NLC Modulation simplified scheme.

An improvement to this technique can be achieved with Tolerance Band Control
(Sharifabadi et al., 2016). In this method, the capacitors are controlled over a predetermined
voltage range and a maximum variation is determined. For this work, the allowed submodule

voltage variation is —10%.

2.3 Inductor Technology Overview

Most of information regarding inductor technology for MMC is focused on HVDC
systems. Arm inductors for MMCs in HVDC applications are typically air core reactors.
The main benefit of the air core reactors is the constant inductance, independent of
the current levels (Sharifabadi et al., 2016). A constant inductance is also helpful when

designing current controllers.

For applications where limiting the current fault is not crucial, allows the use of
other inductor technologies. For high currents and voltage, the silicon steel is widely used
for inductor design (Huang et al., 2017; Ichou et al., 2019). Silicon steel is inexpensive and
easy to form. In addition, silicon steel is a metal with low resistivity. Low-core resistivity
means silicon steel readily conducts electrical current. This fact results in eddy currents
which flow in the core material. Eddy currents contribute to heating and core loss. On the
other hand, a silicon steel core tends to reach the point of saturation rather easily. When
saturated, a core is unable to store additional magnetic energy. Rapid saturation results in

reduced operating range.

The solution to rapid saturation is to introduce an air gap in the magnetic flux
path. An air gap increases the reluctance of the flux path, which has the effect of reducing
the permeability and the inductance. Consequently, the amount of current that the core
can handle is extended (Chow, 2004).
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2.4 Arm Inductance Design Methodology

The design methodology of the arm inductance is important to improve the
characteristic of the circulating current and to limit the fault currents in a MMC. For
HVDC application limiting the fault current is crucial. In addition, in order to avoid

resonance, the inductance value must satisfy the following equation (Ilves et al., 2012):

5N

L(l'f’m .
¢> 48w?2

(2.10)

For limiting fault currents, the arm current is calculated as follow (Tu et al., 2010):

_ Ve

Loym = —. 2.11
50 (2.11)

where « [kA/s] is the maximum current rate.

The arm inductance is responsible for improving the circulating current characteristic.
For MMC in HVDC applications and PS-PWM modulation, the principle to design the
inductance parameter of the arm inductor at rated conditions, considering the peak-peak
circulating current ripple Ai,, can be derived as follow (Li et al., 2017):
Lupm =
32Cw, f. A,

(2.12)

where f. is the carrier frequency and I, is the converter rated peak current.

In the literature, most of the works performed to determine the arm inductance
requirements of a MMC were made for HVDC applications and PS-PWM modulation.
In addition, the inductance requirements for NLC modulation are not addressed. This
inductance design does not necessarily guarantee harmonic distortion of the grid current
at acceptable levels. This happens mainly for a low number of submodules and modulation
techniques with variable switching frequency. Moreover, for STATCOM application, the
requirement of fault current is not crucial, since there is no de-link connection. For these
reasons, the requirements for MMC-STATCOM with NLC modulation are evaluated in
the next chapter.



39

3 Methodology

This chapter proposes a method for estimating the arm inductance for MMC-
STATCOM with NLC modulation. In this method, THD; is used as a criterion to
determine the upper limit for the arm inductance value. For this, a MMC simplified
simulation with NLC modulation was developed. Futhermore, the physical project of

inductors is presented.

3.1 MMC Simplified Model

The MMC simplified model is presented in Fig. 6. The control is the same as in
Fig. 3, except for the individual balance control (which is not used in NLC modulation),
that has been suppressed. The arms voltage are represented as controlled voltage sources,
since the capacitors are considered balanced and high switching frequency are neglected.
Subsequently, a voltage will be added to simulate low frequency voltage oscillation of the

capacitor on the voltage synthesized by the MMC.

g

Figure 6 — Simplified MMC Model Structure.
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The upper and lower arms voltage, respectively v, and v;, are below. The third
harmonic component v, is inserted to increase the linear region, as well as in the complete

model of the Section 2.1. The individual balancing control

Uu:%—vs—kvgs—i—]\fvz (3.1)
Vde
u= + vy — v3s + Nv, (3.2)

However, to reproduce the NLC harmonic signature, the signals from Eqgs. (3.1)
and (3.2) must be rounded according to the SMs voltage vg,. Under such conditions, the

structure of the Fig. 7 is applied.

Figure 7 — NLC Rounded Reference.

The voltage oscillation of the capacitors Ugy,, (Or Ugm;) are due to the power
fluctuation in the SMSs Pgn. (O Dsmy) and is added to better represent the voltage
synthesized by the MMC. The development will be done for ¥s,,,, and it is analogous to

Vsm,1- Dsm.u 18 related with the power of the upper arm (p, = vyi,) as follows:

* dvsm Du
Dsmu = CU,,, & N (3.3)

where vg,, = V5, + Vs

Considering that the circulating current control is well designed and balanced

conditions, the component v, is negligible and Eq. (3.1) can be expressed as:

~

Uy = % — V cos(wnt) + %cos(?)wnt), (3.4)

Since i, = iy4/2, i, can be expressed as:

cos(wyt + ). (3.5)

Therefore, the instantaneous power p, can be written as:
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pu = —F cos(¢) (3.6)

Pu

/\/\ /\/\

+ Yae! I cos(wpt + ¢) — :cos(ant + @) + o1 cos(2wnt — ¢) + o1 cos(dwyt + @) .

pu is composed of an average power (p,), which provide the converter losses, and
an oscillatory (p,) component, due to voltage fluctuations. From Eq. (3.3), O, is related

with p, of the following way:

1
Usm,u = ~udt .
Vs, NCv:,, /p (3.7)

3.2 Arm Inductor Design Flowchart

Assuming balanced capacitor voltages, high switching frequency and sufficiently
high number of SMs (at least two submodules per arm), the arm voltages v, and v, can
be represented as controlled voltage sources, as presented in Fig. 8 (a). The dynamics of
the output current per phase of the MMC can be obtained from Fig. 8 (a), based on the
Millman’s theorem (Millman, 1940). The R, and R, are not represented in the Fig. 8
and will be disregarded.

dzg

1
s *Larm L
! ( - g) dt

1
; (Rm 4 Rg) iy = v, (3.8)

2

The equivalent inductance L., = Lgym/2 + Lgy. Fig. 8 (b) shown simplified circuit
of the MMC connected to the main grid. The grid voltage v, is considered ideal, so it is
assumed that there are no harmonics harmonic content. Moreover, v, is the line-to-neutral
voltage synthesized by the STATCOM.

From Fig. 8 and the relation from Eq. (3.8), vs can be defined as:

—_

(_Uu + Ul) . (39)

'Us:§

The Weighted Total Harmonic Distortion of the MMC voltage (WTH D,,) and the
Total Harmonic Distortion grid current (T'H D;) are given by:

WTHD, = +—— (3.10)
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eq

(a) (b)

Figure 8 - MMC-STATCOM simplified circuit: (a) equivalent circuit describing the output
current dynamics per phase; (b) equivalent circuit highlighting vs.

£
THD; = = —, (3.11)

where V}, and I, correspond a harmonic k" of, respectively, v, and ig, for k> 2. Vi and I;

are the fundamental components of, respectively, vs; and 4.

The WTHD, and THD,; are calculated considering harmonic components up
to 50" order, following the international standard recommendation (IEC 6100-4, 2002).
Furthermore, superposition theorem for this MMC topology is presented in Fig. 9, where
V,.1 is the fundamental component of the grid voltage and V, ; correspond a harmonic k%
of the grid voltage, for £ > 2, that are equal to 0. Superposition theorem states that a
circuit with multiple voltage and current sources is equal to the sum of simplified circuits

using just one of the sources.

gl

Vi V.=

9k

Figure 9 — The superposition theorem for the MMC topology described.
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From the Fig. 8 and using the superposition theorem for electrical circuits presented

in Fig. 9, in addition to the considerations presented previously, results in Eq. (3.12).

Vi
?’“ = Wy Leg I (3.12)

From Egs. (3.10) and (3.12):

wnLeqll

WTHD, = THD;. (3.13)

1

Thought relation from Eq. (3.13), a relationship between WT HD,, and THD; is
established. Analyzing in another way, it is possible to determine the resulting inductance
for WT'HD, and T H D, values:

Vi WTHD,
w,l; THD; °

Leg (3.14)
Since L, depends of two inductances, one must be kept fixed to identify the value
of the other. It is decided to fix L, and vary L., which is the inductance of interest in

this work. The equation results in:

Larm = 2 (Leg — Ly) . (3.15)

The reference THD; ges is the desired THD; value and it is used in Eq. (3.14),
then the necessary inductance to reach this reference is found. T'H D; g.s will be defined
in case study. The MMC simplified model of the Fig. 6 is used to estimate Lg;,,. The
method requires a measuring of THD;, WTHD,, and V;. The model must be initialized
with an initial Lg,,,,, which will be defined in the case studies. For other side, similar results
are obtained regardless of the initial value of L,.,,. The calculate L, is replaced in the
model, then the measurement and estimation process starts again. Note that the process
is iterative and a stop criterion should be defined. The current THD error erpp is defined

as:

THD; pey — THD;
THD; ey '

(3.16)

eTHD — 100

The ergp should be chosen based on the accuracy of the model. A very low error
can never be reached, since the method was developed with approximations. Therefore, it
is necessary to define the current THD maximum error erg pmae, that stops the simulation

when ergp < ergpmas- The flowchart that describes the process is shown in Fig. 10.
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Figure 10 — Flowchart of the arm inductance estimation iterative method.

3.3 Inductor Physical Design

The magnetomotive force F represents the force necessary to establish the magnetic
flux within a material. Magnetic reluctance R is the measure of the opposition that a
material (or magnetic circuit) offers to the establishment and concentration of magnetic
field lines (Hayt; Buck, 2013). The magnetic flux ® can be understood as the number of
induction lines that cross the surface, due to the F induced in the circuit. Fig. 11 shows

the magnetic circuit of an inductor (Sadiku, 2018).

The R depends on the path taken by ® and on the magnetic characteristics of the
material. The F can be defined as:

F =N, (3.17)

F = Hl, (3.18)

where V; is the number of turns of the coil, I the electric current that circulates it, H the

intensity of the magnetic field and ! the length of the magnetic circuit.
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Figure 11 — Magnetic circuit of an inductor.

Through Eqgs. (3.17) and (3.18) it is possible to find punctual value of H, so the
operating point of the magnetic circuit is obtained. The operating point depends on the
physical characteristics of the inductor and the current flowing through the coil (Hayt;
Buck, 2013). In the magnetically linear region, H relates to the magnetic flux density B

as follow:

B=uH (3.19)

where p is the magnetic permeability of the core.

Calculating R re shown in Eq. (3.20):

l
core — L , 2
R ,ucoreAe <3 O)

where ... is the length of the core, e is the magnetic permeability of the core and A,

is the cross section area of the inductor.

For this work a C-I core shape with air gap was chosen. Its representation and
measurements are shown in Fig. 12. The measure were called a, b, ¢, d and [,/2. Note that

the length total of the air gap is [,.

The 3% grain-oriented silicon steel is chosen to compose the core, being this a soft
magnetic material, that is commonly used in electrical power transformers and inductors.
The magnetization curve B-H of this silicon steel is showed in Fig. 13 (Dujic; Mogorovic,
2019). The Eq. (3.19) does not describe the magnetization curve of this material in

non-linear regions.

The Fig. 14 describe the inductor reluctance for the C-I core shape chosen. According
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Figure 13 — Magnetization curve of 3% Grain-Oriented Silicon Steel with a zoom in the
linear region an on markup on 1.5 Tesla. Adapted from (Dujic; Mogorovic,

2019).

to (Muhlethaler et al., 2011), that describes a novel approach for 3D air gap reluctance
calculation, R.1, Re2, Rg1 and Rgo are calculated. The inductance L will be given by:

N?
R+ R+ Ry1+ Ry

L= (3.21)

The L., values found in the method described in the Section 3.2 are the desired
value for L. For the selection of designs, several values of a, b, ¢, d, l; and N; are considered.
The inductance L is calculated for I = IAmnm, where fam is the peak rated current of
the MMC arm. The maximum percentage error e,1(%) is calculated at 1% for approval
of the design of the inductor (Huber, 2016). The inductance Ly is recalculated to twice

the rated current, I = 21,,,, and the maximum percentage error e,1(%) is determined as
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RCZ

Figure 14 — Model for 3D air gap reluctance calculation.

50% for approval. This guarantees that at current transients, the saturation effect in the

inductance will not be so critical. The equations for e,1(%) and e,2(%) are below:

Ly — Larm

e,1(%) = 100 <1L) , (3.22)
Ly — Larm

er2(%) = 100 (2 7 ) , (3.23)

As most applications of electric steels occur in machines excited by alternating
current, magnetic losses are crucial for steel selecting. Core power losses (P...) are
comprised of hysteresis losses and eddy current losses. Hysteresis losses occur as a result of
applying a magnetic field due to alternating current ac to the material (Hayt; Buck, 2013).
Eddy current losses, on the other hand, result from the core being formed by material
that conducts electricity. In particular, silicon steel used in transformers, has parasitic
losses. To reduce these eddy currents, the cores are laminated, dividing the current that

circulates in each path and increasing its resistance. P,.... are given by:

PCO’I’E - pCOT@‘/;OTGPCOT€7m (324)

where V. is the volume of the core [m3], peore is the density of the core material and
P.ore.m are the maximum power losses of the core [W/kg|, given by the manufacturer. For
the inductor of the Fig. 12, V.pre = d(b+ 2a)(2a + ¢) — bed.

Reopper 1s the resistance of the wire used to build the winding of the inductor or

transformer generates heat, resulting in losses of the type IfmsRcopper, where I, is the
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RMS current. For high frequencies, the physical phenomenon skin depth occurs. The

current depth penetration ¢ is defined as:

Fo (3.25)
VT ol '

where f is the current frequency, p. is the magnetic permeability of the conductor and o,

is the conductivity.

This phenomenon affects copper losses, since the reduction of the cross-section
area results in an increase in electrical resistance (Hayt; Buck, 2013). To overcome the
problem, insulated conductors must be added in parallel to the inductor, in order to divide
the current that passes over each wire. Since the losses are proportional to the square of
the current, the losses are greatly reduced. Adding conductors in parallel also decreases
the maximum temperature of the turns and, consequently, of the entire inductor. So, the

number of conductors in parallel N, and the wire diameter D sy ¢ is determined as:

4]rms

Ny=—7-—/—+.—, 3.26
T mazD 124WG ( )
Dawe > 20, (3.27)
where maximum electric current density J,,q, is chosen as 5 mA /mm? = 5 kA /m?.
The copper power losses FPropper are equivalent to the following formula:
Pcopper = Rcopperlgms' (328)

To calculate Reopper, the total wire length or the Mean Length Turn (M LT) is
necessary, which consists of determining what the average wire length is for one turn, since
there are several layers. On the other hand, this calculation depends on the size of the
inductor. Find the total length of the wire directly would be complicated, being simpler to
find M LT and then multiply by /NV;. The inductor windings are as shown in Fig. 15, with
half of the turns on each side connected in series. The current circulates in the opposite

direction on each leg of the inductor, so the ® produced by each of the coils adds up.

M LT is determined as follow, considering the dimensions of the wires in American

Wire Gauge (AWG) standard commercially available:

MLT = 2a + 2d + 4ly,, (3.29)

Nthp

= e
"7 AN Dawe’

(3.30)
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Figure 15 — Inductor core winding measure.
c
N. = round ( ) ) (3.31)
AW G

where [ is the length increased in the inductor leg after adding the winding and N, is the
number of turns to complete a wire layer on the inductor leg. It is considered that each

wire layer will have the length Dawea. Reopper can finally be calculated:

N,MLT)
Rco er — COppe'r7 3.32
Pp Ncp BAWG ( )

where peopper 18 the resistivity of the copper and Baw ¢ is the cross section of the wire [m?],

being for the round wire Bawg = m(Dawg/2)>.

The impact of inductor power losses is measured by the following figure of merit,

which is referred in this work as inductor percentage efficiency index n(%):

1005,
=" 3.33
2 = g 3:3)
Pt = Pcore + Pcopper; (334)

where S, is the nominal power of the converter and P; are the total inductor power losses.

There are 6 arm inductors in the MMC, so in Eq. (3.33) the power losses are multiplied.

Another limiting factor of the design is the maximum temperature that the inductor

can reach. The temperature of an inductor is given by 7"

T =T, + AT, (3.35)
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where T, is the ambient temperature and AT is the temperature variation due to inductor

losses. AT is described as follows:

AT = R,P, (3.36)

where R; the thermal resistance which is calculated below:

1

R, —
t Asas’

(3.37)

where A, is the surface area of the inductor and «y is the heat transfer coefficient.

Typical values for o, are 5-15 for free convection cooling and 30-60 for forced air
cooling systems (Biela; Kolar, 2007). Its defined that the windings can not occupy more
than 40% of the area of the inductor window A,,. According to the Fig. 12, A, is equal to:

A, = be. (3.38)

The simplified sequence for choosing and selecting the inductors that meet the

requirements described are shown in the flowchart of the Fig. 16.

,boc d | . ;
@06 ad Ly Reluctance Inductance Y| Losses Physical and Thermal | Y | Design data
Nep Model Computation Estimation Consistency Evaluation storage
v N N

Figure 16 — Flowchart for selection of inductor designs.

Afterwards, the stored data will be filtered to select only the best designs. The
proportions between the measures, the volume occupied for the inductor and the efficiency

are considered.
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4 Results and Discussion

The Ly, value for MMC-STATCOM is often designed considering the fault current
requirements. However, since STATCOM has no dc-link connection, this requirement is not
crucial. Furthermore, due to the MMC being designed with a large number of SMs in most
cases, the T'H D; requirements is not used to determine the arm inductance. Nevertheless,
these requirements must be considered when few SMs are employed in the MMC with NLC
modulation scheme. Therefore, the method develop in Section 3.2 is performed, in order
to obtain the corresponding value for the arm inductance. The complete and simplified
model, shown respectively in Sections 2.1 and 3.1, are implemented in the Piecewise Linear

Electrical Circuit Simulation (PLECS) environment and used in the following case studies.

4.1 Case Studies

The MMC-STATCOM parameters are presented in Table 2. This values are used
for all the designs.

Table 2 — MMC-STATCOM parameters

Parameter Value
Rated power (S),) 17 MVA
Nominal output current (I,)  1005.8 A
Grid voltage (V) 13.8 kV
Grid frequency (f,) 60 Hz
Dec-link voltage (vqc) 23.766 kV
Transformer ratio (X/R) 40
Grid inductance (Lg) 1.5 mH

Table 3 contains the parameters for two designs of MMC-STATCOM (Farias et al.,
2019; ABB Application note, 2014), defined as cases C65 and C45. The arm inductance
Ly and arm resistance R,,.,, are defined from pu values. The L,,,, value are used in
the simulation only as an initial condition. For NLC, the sampling frequency fs of the
control must be sufficiently high to avoid voltage steps exceeding one level (Tu; Xu, 2011).
Moreover, the band-pass of the controllers can affect the final harmonic distortion rate
(Siddique et al., 2016). In this work, f; is considered equal to 10 kHz.

4.2 Case Study 1 - Arm Inductance Design and Validation

Following the method from flowchart of Section 3.2, the THD; g,y is set 5%, since
it is the maximum value for connect in the grid (IEEE Std 519, 2014), and ergpmar <
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Table 3 — MMC-STATCOM configuration designs

Case C65 C45
Semiconductor blocking voltage 6.5 kV 4.5 kV
Nominal SM voltage (v%,,) 3395.14 V 2376.6 V
Sampling frequency (f) 10 kHz 10 kHz
Number of SMs (N) 7 per arm 10 per arm
Arm inductance (Lgrm) 15 mH (0.51 pu) 7.8 mH (0.26 pu)
Arm resistance (Rgrm) 0.30 © (0.027 pu) 0.16 Q (0.014 pu)
Cell capacitance (C) 3.083 mF 4.25 mF

4% stops the simulation. The method is used in the simplified model of the Section 3.1
to obtain the necessary Ly, for this requirement. It will be validated through the use of
inductance in the complete simulation of the Section 2.1, and calculation of the respective
THD, for each design. If T"HD; is lower than T'H D; pey, T'H D; found is a superior limiting

of Lyrm, since 60 Hz switching frequency was considered in the method.

The iterative method results are shown in Table 4.

Table 4 — Iterative method results

Case C65 C45
Loy, 447 mH 1.29 mH
THD;, 4.97% 4.90%
€THD 060% 200%

The T'HD, resulting are lower than the T'HD; gy and respects the erypmas
established. The values found in Table 4 was used in the complete model. The results are

shown in Table 5.

Table 5 — Inductance validation in the complete simulation

Case C65 C45

Lorm 447 mH  1.29 mO
THD; 4.10%  3.23%

The grid current ¢, dynamics, for simplified and complete simulations, are shown in
Figs. 17 and 18, respectively for cases C65 and C45, using the corresponding inductances.
The THD; in one period for each case is highlighted on the right in the figures. The
reactive power reference goes from zero to nominal in the interval between 0.1 and 0.2

seconds.

Figs. 19 and 20 show the circulating current i, for the simplified and complete

simulations, respectively for cases C65 and C45.

The active and reactive power (PQ) dynamics are shown in Figs. 21 and 22. Note

that the power oscillations for the cases C65 are greater than for C45, due to the smaller
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Figure 17 — i, dynamics: case C65 for (a) Simplified; (b) Complete Simulation.
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Figure 18 — i, dynamics: case C45 for (a) Simplified; (b) Complete Simulation.
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Figure 19 — i, case C65 for (a) Simplified; (b) Complete Simulation.

number of SMs.
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Figure 21 — PQ dynamics: case C65 for (a) Simplified; (b) Complete Simulation.

For the complete simulations, the T'H D; for the cases C65 and C45 are 4.10% and
3.23%, respectively. This results are lower than the THD; gy, indicating that the method
adequately meet the requirements established and can be used as a upper boundary for

the required arm inductance in the cases presented.

As noted, the proposed approach is conservative, since the simplified model leads
to higher inductance value than the complete model. It is expected, since the proposed

method assumes a switching frequency of 60 Hz. However, in practice, the voltage balancing
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Figure 22 — PQ dynamics: case C45 for (a) Simplified; (b) Complete Simulation.

strategy results in additional switching. This fact leads to higher equivalent switching

frequency and lower output current T'H D;.

4.3 Case Study 2 - Inductor Optimization and Validation

The methodology for inductor designs discussed in Section 3.3 is now employed.
The Lgm values that will be found in Section 4.2 will be used as desire L value. For this
project, it is defined that T" must not exceed 100°C and T, equal to 50°C, resulting in
AT < 50°C. Furthermore, a forced cooling system, a equal to 40 W/(°Cm?) is assumed.
The silicon steel material chosen is referenced by the number M150-35 E006-2. The data
of manufacturer shows that that steel posses Peorem equal to 1.73 W /kg, for 60 Hz and
1.7 T (Aperam, 2012). In addition, this material has p.r equal to 7650 kg/m3.

The data of Table 6 are used as inputs for inductor physical design, as describe in
the flowchart of Fig. 16, for the selection of the designs. The viable design will be presented

and a few are simulated in FEMM for the purpose of validating the inductance.

The inductance found and validated in the Section 4.2 for the cases C65 and C45
are used as desired inductance L. For comparison, the power losses and the volume of
the designs are observed, since these parameters are considered the most important in
this project. The rated current is assumed for these results. The resulting designs for the
two cases are shown in Figs. 23 and 24, that clearly presents the existence of a trade-off
between great efficient and less volume. In view of the existence of a large number of

possible designs, it is necessary to establish criteria to select the most promising ones. With
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Table 6 — Inductor Parameters.

Parameter Initial Final Step Unity

a 0.02 0.5 0.02 m
b 0.02 0.5 0.02 m
c 0.02 0.5 0.02 m
d 0.02 0.5 0.02 m
ly 0.005 0.1  0.005 m
Ny 2 150 1 turns

that in mind, the results are filtered and separated into datasets. The filtering criteria are

explained in the Table 7 and the number of designs in each dataset is shown.

99.95 -
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99.85
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99.65
99.6 -
99.55
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Figure 23 — Case C65 - Resulting designs in terms of efficiency and volume.
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Figure 24 — Case C45 - Resulting designs in terms of efficiency and volume.
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Table 7 — Number of samples of each dataset considering the adopted filtering criterion.

Dataset Criteria C65 C45
Datal All the viable designs 988804 686280
Data2 Relation b and ¢ limited (b <= 1.2¢; b >=0.8¢) 246598 155029
Data3 Coherent air gap length (I, <= 0.3a) 97707 22023
Data4 Nearly square shape (ad <= bc) 65041 18633

Datab  n greater than 99.9 % and 1/V greater than 5 86 2762

Table 8 — Inductor Designs for FEMM simulation.

Case C65 C45
Parameter Value Value
a 0.18 m 0.14 m
b 0.30 m 0.16 m
c 0.34 m 0.20 m
d 0.18 m 0.10 m
lg 0.075 m 0.060 m
N; 91 turns 68 turns
P, 2397.43 W 1065.31 W
n(%) 99.915% 99.962%
%4 0.1987 m®  0.0467 m?
T 99.55 °C 99.09 °C
AWG 18 18
Nep 124 124
L 4.47 mH 1.29 mH

Selecting the designs from dataset Datad from the Figs. 23 and 24, the one with
the highest efficiency is chosen for each case. The designs chosen are highlighted in the
respective figures and simulated in FEMM for the purpose of determining its inductance.
The parameters of the inductor designs selected are presented in Table 8. Note that these
values are for the rated current.

The FEMM simulation of the inductors are presented in the Figs. 25 and 26, for
the cases C65 and C45, respectively. In these figures is possible visualize the density of the
magnetic flux in each part of the core of the inductor, as well as the fringing flux caused
by the air-gap, at rated current (a) and at twice the rated current (b). Fig. 27 shows the
operation points for each design, cases C65 and C45, on the B-H Curve, at rated current
(a) and at twice the rated current (b).

Table 9 presents the results obtained by simulating the inductors through FEMM.
L, are the FEMM inductances results at the rated current and L, for twice the rated
current. The errors of the inductance are calculated for each of these conditions, respectively,
er1 and e,o. The e, are, respectively for the cases C65 and C45, -0.22% and 4.44%. Bearing
in mind that the method used to estimated the inductance (Muhlethaler et al., 2011) has
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Figure 25 — FEMM simulation results for the case C65: (a) At rated current; (b) At twice
the rated current.
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Figure 26 — FEMM simulation results for the case C45: (a) At rated current; (b) At twice
the rated current.
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Figure 27 — Operation points for the cores of the inductors designs on the B-H Curve:
C65(a) and C45(a) - Designs at rated current; C65(b) and C45(b) - Designs
at twice the rated current.
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Table 9 — Results for FEMM simulation.

Case C65 C45

L  447mH 129 mH
L, 446mH 1.35 mH
Ly 415mH 1.29 mH
ern -0.22%  4.44%

ers  -T.15%  <0.01%

er-1 between 3% and 7% for the nominal current in the designs discussed in that work, the
results found are considered satisfactory. In addition, the e, are, again for the cases C65
and C45, -7.15% and <0.01%. This is due to the point of operation of the inductor cores
are in the linear region of the magnetization curve B-H. This results indicates that the
inductor designs are able to preserve its inductance value even in adverse conditions, such

as overcurrents.
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5 Conclusion

This work proposes a method to compute the minimum inductance value for
MMC-STATCOM with NLC modulation scheme. The method uses the T'H D; as requirement
for determining the inductance and is performed for two cases, C45 and C65. Moreover, a
physical design for inductors is implemented and simulated in the software FEMM for the

purpose of evaluating the accuracy.

The case study is based on a 17 MVA /13.8 kV MMC-STATCOM. The proposed
method results in inductance values that satisfies the TH D, level determined and are
validated in a MMC complete simulation. Thus, the inductance value resulting can be

used as a upper boundary for the required arm inductance.

A physical design for inductors is implemented. The inductance values found for the
developed method are used as parameters, resulting in many possible designs. The results
shows the existence of a trade-off between efficiency and volume. Finally, the accuracy in
relation of the inductance previously defined is evaluated through a FEMM simulation.
The results found are considered satisfactory, since the comparison of the physical design
methodology with the FEMM shows a maximum deviation of 4.44% at rated current.
When subjected to twice the rated current, the error did not exceed 7.15%. This is due to
the point of operation of the inductor cores are in the linear region of the magnetization

curve B-H.
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