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Abstract: Voltage sag in a power system is an unavoidable power quality issue, and it is also an urgent
concern of sensitive industrial users. To ensure the power quality demand and economical operation
of the power system, voltage sag management has always drawn great attention from researchers
around the world. The latest research that realizes the power quality conditioning has used dynamic
voltage restorers (DVRs), static VAR compensator (SVCs), adaptive neuro-fuzzy inference systems
(ANFISs), and fuzzy logic controllers based on DVR to mitigate voltage sag. These devices, methods,
and control strategies that have been recently used for voltage sag mitigation have some limitations,
including high cost, increased complexity, and lower performance. This article proposes a novel,
efficient, reliable, and cost-effective voltage sag mitigation scheme based on a modular multilevel
converter (MMC) that ensures effective power delivery at nominal power under transient voltage
conditions. The proposed method, the MMC, compensates for the energy loss caused by voltage
sags using its internal energy storage of the submodules, and ensures reliable power delivery to the
load distribution system. Furthermore, control strategies are developed for the MMC to control DC
voltage, AC voltage, active power, and circulating current. Detailed system mathematical models of
controllers are developed in the dual synchronous reference frame (DSRF). Validation of the results of
back-to-back MMC for dynamic load distribution system is analyzed which proves the effectiveness
of the proposed scheme for voltage sag mitigation.

Keywords: dynamic load distribution; voltage sag mitigation (VSM); modular multilevel converter
(MMC); circulating current suppression control (CCSC); dual synchronous reference frame (DSRF);
proportional resonance controller (PRC); inner current controller (ICC)

1. Introduction

Voltage sag is one of the major concerns of the modern industry, as it can interrupt
sensitive electrical loads and in the worst case cause production problems. According to the
official definition of voltage sag, “It is the phenomenon in which the magnitude of voltage
is reduced below 10% of nominal RMS value over a time ranging from one half-cycle to
one minute” [1]. A voltage sag is defined by IEEE standard 1159-1995 as “A decrease
in the RMS voltage from 10% to 90% of nominal value for the duration of 0.5 cycles to
1 min” [2]. Time duration and voltage drop for voltage sag differ from one grid code to
another. According to different countries” grid codes and regulations, different limits are

allowed for voltage drop and time duration in case of voltage sag events, as shown in
Table 1 [3].
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Table 1. The voltage drop and time duration allowed differently based on grid codes in different

countries.

S.No Country Voltage Drop Time
1 USA 15% 0.6s
2 UK 15% 0.14s
3 China 20% 0.625s
4 Italy 0% 02s
5 Japan 15% 1.0s
6 Germany 0% 0.15s
7 South Africa 0% 0.15s
8 Spain 0% 1.5s
9 Australia 15% 0.45s
10 Denmark 20% 05s

It is one of the serious power quality challenges that are caused by faults, energization
of heavy distribution feeders, and abrupt rise of heavy load. Voltage sag can damage
sensitive industrial load equipment and create high power losses in power systems [4].
Different devices, methods, and control strategies were used, i.e., dynamic voltage restorer
(DVR) in [5], static VAR compensator (SVC) in [6], ANFIS-based UPQC in [7], and fuzzy
logic controller based DVR in [8], to mitigate voltage sag and to address power quality
conditioning of load distribution system.

1.1. Voltage Sag Mitigation Based on Various Technologies

Power system quality has gained a lot of interest over the last decade. There are a
variety of devices and control methods used to mitigate the risks associated with power
quality in the power system. Different technologies and methods are developed based on
power system quality to control the voltage sag of the AC grid system.

1.1.1. Dynamic Voltage Restore (DVR)

Dynamic voltage restorer is the device that ensures optimal power system performance
while minimizing the adverse effects of voltage sags, harmonics, unbalanced voltages, and
voltage swells. A DVR includes four components, i.e., voltage source inverter, energy
storage system, passive filters, and injection transformer (IT), as illustrated in Figure 1.
In ref. [9], a DVR is used to inject three-phase voltages in series with grid voltage to
compensate for voltage disturbances caused by asymmetrical faults.

Conversion system R1

DVR Load
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Figure 1. Dynamic voltage restorer—integrated AC grid system to mitigate voltage sag.

It maintains nominal voltages at the point of connection and compensates voltage sag,
harmonics, and voltage unbalance. Nevertheless, some limitations in terms of low-voltage
ride-through still exist. Ref. [5] mitigated voltage sag effectively during different types of
grid faults using an efficient dynamic voltage restorer (DVR) since its cost is high and it
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has high complexity. In ref. [10], a fuzzy logic controller-based dynamic voltage restorer
was designed that mitigates voltage sag up to 50%, but the system has the limitation of the
frequency fluctuation. The DVR in ref. [11] mitigates voltage sag, voltage unbalance factor
to less than one percent, and voltage total harmonic distortion to less than five percent.

1.1.2. Static VAR Compensator (S5VC)

In an electrical power system, a static VAR compensator controls parameters such as
bus voltage by utilizing static VAR generators or absorbers. It is a flexible AC transmission
system device as shown in Figure 2, which has been extensively used in recent years to
rectify various power quality problems caused by faults causing voltage sags in the system.
In ref. [12], the authors compared static VAR compensators” effectiveness for managing
voltage sag events and concluded that SVC contributes the least to transient margin (TM).
In ref. [6], the static VAR compensator is used in the AC grid system to enhance power
quality and ensure power efficiency, but its performance was lower than that of STATCOM
and DVR.

VL Main grid
: R¢ L¢
AC Source I N
| \
L c Load

Figure 2. Typical configuration of SVC used for mitigation of voltage sag in AC grid system.

1.1.3. Unified Power Quality Conditioner

Similar to a DVR, UPQC has the capability of dealing with power quality issues of the
power system, such as harmonics and voltage fluctuations. It is designed to enhance power
system performance while minimizing disturbances that adversely affect the performance
of critical loads. In addition to regulating the flow of power, UPQCs compensate for
harmonics, reactive power, and voltage disturbances. A UPQC contains two voltage source
converters linked with a common DC link in a single-phase/three-phase configuration.
In Figure 3, the UPQC combines shunt and series controllers into one DC bus. Shunt
controllers can produce or absorb reactive power at the common point of coupling.

Vs Typical configuration of UPQC VL
Is Vc |
U =| >
AC source I
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Ls J_ Lsh |
T
Rs Rsh
Cs Csh

Figure 3. General configuration of UPQC for voltage sag mitigation in AC grid system.

Accordingly, the series controller is connected to the AC grid systems and controls the
parameters of the lines, as it is described in detail in [13]. Ref. [14] used UPQC with the
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fuzzy logic controller to minimize voltage sag and current harmonics. Its results indicate
a reduction in a harmonic distortion from 8.93% to 3.34%. According to [15], UPQC is
used in a hybrid PV and wind system microgrid to reduce voltage sag and swell by using
reactive current injection or absorption. Ref. [7] apply an adaptive neuro-fuzzy interference
system (ANFIS) based on a unified power quality conditioner (UPQC) to address voltage
sag mitigation and THD reduction since it is costly and quite complex. A power quality
controller will additionally compensate for voltage sags, surges, and harmonics, and will
limit voltage imbalance in microgrids that are linked to the main grids in the ref. [16].
Table 2 presents a comparison between the various popular technologies used for voltage
sag mitigation.

Table 2. Comparison of various technologies used for voltage sag mitigation.

Factors DVR SVC uUQPC
Rating High rating Low rating High rating
Speed of operation Fast Less than DVR Faster
Compensation method Series compensation Shunt compensation Both series and shunt
Active & Reactive power Reactive/active Reactive Both active and reactive
Harmonics Much less Less Least
Problem addressed Voltage sag/Swell Voltage sag/Swell Sag/Swell/Transients
Complexity High High Higher
Cost High High Higher

The comparison of different voltage sag mitigation technologies includes cost, rating,
and various aspects of performance. In conclusion, a DVR provides superior stability to
that of SVC in terms of voltage sag, voltage swell, and voltage fluctuation mitigation, while
UPQC provides superior protection against poor-quality sources for sensitive loads. The
different control methods and devices used to mitigate voltage sag, mentioned in Table 2,
has some limitations, i.e., increased complexity, high cost, and lower performance.

Modular multilevel converter (MMC) is an emerging and state-of-the-art power
electronic-based technology first introduced in ref. [17]. It has the potential of scalability
to meet voltage level requirements, low level of power losses, high reliability, enhanced
efficiency, and better harmonic suppression quality [18-20]. It requires the grid side filter
to be smaller in size since it has lower harmonics in its output voltage [21]. A modular
multilevel converter is an ideal converter with the flexibility of hundreds of output voltage
levels for high-voltage three-phase motor drives [22], electric railways, and high-voltage
transmission [23]. To address the limitations of the above methods and control strategies
mentioned for voltage sag mitigation technologies in Table 2, the MMC can be designed
to operate continuously in islanded mode with satisfactory power quality. The voltage
sag in the upstream AC grid system caused by asymmetrical faults can be successfully
mitigated by using the MMC to ensure satisfactory power delivery to the load distribution
system. Using modern MMC technology, this paper presents a novel approach to efficiently
mitigate voltage sag sustained in upstream AC grid systems.

1.2. Contributions
The following contributions are summarized in this paper:

*  An analysis of an MMC component dimensioning and control system is provided,
followed by a consideration of whether an MMC can be specifically designed for
dynamic load distribution ensuring power quality.

*  The article explores the feasibility and potential of the MMC to mitigate voltage sag
due to asymmetrical fault in the upstream AC grid side and to deliver constant power
to load distribution.

¢  The paper examines the effect of voltage sag of the magnitude of up to —60% for
75 ms in the upstream AC grid when using the internal energy storage of back-to-back
modular multilevel converters.
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1.3. Organization

The remainder of this article is organized as follows: Section 2 of this article explains
the design principles of MMC, selection of characteristic parameters, component sizing,
and all the relevant involved procedures in detail. Section 3 describes the proposed system
in detail. Section 4 explains the mathematical modeling of different control systems of
the MMC and the control strategies developed for the regulation of circulating current,
active and reactive power, and AC and DC voltages of the MMC-rectifier and the MMC-
inverter. Section 5 of this research article explains, in detail, the simulation results for the
voltage sag mitigation strategy of the MMC and gives a comparison of the commonly
employed and proposed control strategy for voltage sag mitigation. Section 6 concludes
the research article.

2. MMC Component Design Principles

It requires extensive planning to design a modular multilevel converter, including
sizing, and dimensioning of its components. The design procedure of the MMC includes
determining the number of submodules (SMs) per arm, DC link voltage, submodule switch-
ing devices as per industrial standards and ratings, submodule capacitor’s capacitance,
and arm inductance.

The flow chart of the MMC design is shown in Figure 4. Initially, it is required to
determine the apparent power of MMC, which can be calculated by

S = V3ViLIrus (1)

System power, S

'

dc-Link voltage, Vic

!

Sub-Modules capacitance, Cm

!

Sub modules per arm, N

'

Arm-Inductance,Larm

Figure 4. Component design flow chart of modular multilevel converter.

The DC-link voltage of a modular multilevel converter determines the average voltage
of a submodule capacitor. The ratings of semiconductor-based IGBT technology limit
the average voltage vsy; of a submodule of the MMC. The DC-link voltage of the MMC
can be determined by multiplying the average voltage of the capacitor with the total
number of submodules per arm, taking into account standard current and voltage ratings
of semiconductors. The submodule capacitor acts as an energy buffer, and its capacitance
dimensioning is necessary for energy storage calculations. The capacitance of the capacitor
of SM should be chosen with a low level of voltage ripples. The submodule capacitor must
be dimensioned properly so that it allows the maximum arm current of the converter. Arm
inductance of the MMC is required to limit the circulating current in the arms, short-circuit
current, and to isolate the lower and upper arms of the MMC.
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2.1. DC-Link Voltage of the MMC

According to the ideal relationship between the AC and DC side of the modular
multilevel converter, without taking account of internal losses, this equation must hold.

Pdc = Pac (2)

Vdcldc = \/ngLIPhase

where Ipjs, 1S

2V/2

Ipnase = 3m, Lac

Vo — 2ﬁVLL,rms
de= ——F= @)

\/gma
V. can be easily calculated from
V

Ve = 1.6330—LLrms 4)

mg

The DC-link voltage of the modular multilevel converter has a direct relation with the
RMS value of the AC grid line-to-line voltage and inverse proportion with the modulation
index of the converter.

2.2. Submodule Capacitance, Cspy

The capacitor of the submodule (Figure 5) is the main component of the converter
which acts as an energy buffer. Its sizing and dimensioning play a vital role while designing
the submodule of the converter. The capacitor of the submodule is floating in nature
owing to its charging and discharging by converter arm currents. The arm current causes
inevitable voltage ripples, which have an inverse relation with the capacitance of the
capacitor of the submodule.

Capacitor !
Figure 5. Submodule of MMC.

Choosing a reasonable capacitance of capacitor for submodule can reduce the mag-
nitude of voltage ripple. Capacitor voltage ripple can also be controlled by eliminating
the harmonics in circulating currents. Selection of the arbitrary high value of capacitance
of capacitor for submodule may be exorbitant and unnecessary. The value of Cgy; can be
calculated as proposed in [24].

S mcost | 3
Csm = 1-— 2 5
sM 3NmaVCZew( (——)%) ©)
where S is the apparent power of converter that is S = %, N is the total number of

submodules per arm, m, is voltage modulation index, V; is time average of submodule
capacitor voltage, w is the fundamental frequency, ¢ is ripple voltage of the capacitor
(peak to average), and 6 is the power factor of AC upstream grid side power factor. The
above equation offers to derive the capacitance of capacitor Cgy;; only the voltage ripple of
capacitor needs consideration in designing and dimensioning of the capacitor of submodule.
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In ref. [25], 10% voltage ripple of the capacitor of SM is considered suitable. Another
approach in reference [25] that calculates the capacitance of the capacitor of SM by using
the stored energy E, in all submodules is given by

1
E. = 6N§CVC2 (6)
v,
Ec = 3NC(-)
3CV?
Fo= " )

To bring some abstraction and to ease in the comparison of different systems, energy—
power ratio, E.P, is defined by

, E
Energy power ratio = gc ®)
from the above equation of Cgjs and energy to power ratio, the capacitance of the capacitor
of the submodule can be written in terms of energy to power ratio, total number of sub-
modules, apparent power, and DC-link voltage. Using energy—power ratio, the capacitance
of the capacitor can be adjusted as

EP.N.S
Carm = 73‘/‘126 (9)
Csm = CarmN (10)

In ref. [25], 3040 k] /MVA energy is needed per converter station HVDC-based MMC,
and 60-80 k] /MVA for back to back converter system.

2.3. Determining of Submodules per Arm of MMC

The potential advantage of an MMC over a conventional VSC is its adaptability and
scalability to different power and voltage levels. While designing the MMC for different
power and voltage levels, the number of SMs per arm is one of the basic parameters to
be determined. The selection of the number of submodules per arm plays an important
role to handle the high voltage and power of the system. DC-link voltage is equally
distributed to the “N” number of submodules of an arm, and the average voltage Vsy of a
submodule capacitor is V. /N. The mathematical expression for determining the number
of submodules is
Ve

Vsm

N = (11)

To determine the number of submodules also needs a deep consideration of the
selection of semiconductor ratings because semiconductors limit the voltage of submodules.
Current and voltage ratings are the key parameters of the integrated gate bipolar transistor
(IGBT) module. Today, commercially available semiconductor-based IGBT technology has
limited kV ratings. The limitation of the kV ratings should be considered while determining
the number of submodules. The semiconductor-based high-voltage IGBT module with the
modules package available in the market is shown in Table 3.

Table 3. Market availability of high-voltage IGBT modules.

Blocking Voltage Current Rating (Ampere)
1.7kV 1000 1200 1600 3600 -
3.3kV 450 600 800 1200 -
45kV 900 1000 1350 1500 -

6.5 kV 225 300 600 900 1000
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In case of failure or damage of any submodule in either arm, redundant submodules
should be provided to improve the reliability and stability of the system.

2.4. Arm’s Inductance, Ly

The arm inductor L., of the MMC is also called outdoor air-core reactor, which has
multiple functions in a modular multilevel converter. It allows the converter to control
reactive power and second harmonic circulating current, and limits the rise of the current in
short circuit conditions. The concept in ref. [26] is of an arm inductor forming a resonance
frequency w;, with submodule capacitance

N 2(n? —1) + m?n?
= . 12
“r \/LurmCSM \/ 87’[2(7!2 - 1) ( )

In the above equation, n-th harmonic currents can only be limited by arm resistance.
Modular multilevel converter should operate above the high value of resonant frequency
(RF) which occurs at m = 1 and n = 2. The harmonic number n is given by the equation
n = 3k £ 1. The above equation can be written as

1 5N
fr—% 48LarmCSM (13)

The product of arm inductance and SM capacitance must have minimum value de-
pending on operating frequency w, and the number of SM per arm:

5N
LurmCSM > ﬁ (14)

Arm inductance also limits fault current in the case of DC-link short-circuit condition.
It is affected by several factors, including the submodule capacitor voltage V;./n, the mod-
ulation technique, the switching frequency, and a controller optionally used for suppression
of circulating current. Based on the literature, the typical value for arm inductance is
0.15 p.u. of base AC input in [27].

3. Proposed System Description

A system of back-to-back MMC that ensures the power quality demand of load
distribution is shown in Figure 6. It consists of an upstream AC grid system, back-to-
back MMC, DC grid system, and dynamic load distribution system. In the proposed
system, we intend to explore the feasibility of the MMC for voltage sag mitigation and to
achieve reliable power for load distribution. The concept and feasibility of the proposed
system are to be proven through simulation results studies, showing the functionality
of sag mitigation, effective control system, and quick response of the MMC converter.
Characteristic parameters, component sizing, and dimensioning are performed as per
design participles of MMCs described in Section 2 of this article.

A 10 MW/11 kV dynamic load distribution system is connected with 220 kV AC and
135 kV DC grid systems linked through the MMC-rectifier and the MMC-inverter. The
MVA rating of the MMC-rectifier and the MMC-inverter is 220 MVA. The structure of the
MMC is illustrated in Figure 7. The structure of the MMC contains six arms, each of them
consisting of 60 submodules with a capacitance of 0.0105 p.u. and a series arm reactor with
an inductance of 0.0164 p.u. The upstream 220 kV AC grid voltage is stepped down by
core type (Y-D) power transformer to 66 kV and fed to the MMC-rectifier, which is linked
with 135 kV DC grid system. The (Y-D) power transformers have the capability of limiting
the zero-sequence current. Since the MMC will not experience zero-sequence current, the
zero-sequence current controller is not necessary. A core type (Y-D) power transformer is
used to step down MMC-inverter voltage from 66 kV to 11 kV, feeding the 10 MW dynamic
load distribution system. The proposed system is built up to mitigate voltage sag occurring
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Upstream AC
Grid system, 220kV

in upstream AC grid systems due to asymmetrical faults using the internal energy stored
in the submodules of back-to-back MMC to compensate the voltage sag and to ensure
satisfactory power delivery for the operation of dynamic load distribution.

60% voltage sag

Transformer 1
220 KV/66KV

MMC RECTIFIER
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Figure 6. A detailed control system model of the MMC-rectifier and the MMC-inverter.

Therefore, to accomplish the principal objective of the proposed scheme, it requires an
effective control system for quick response to the system. A dual synchronous reference
frame (DSRF)-based current controller is developed for the current control mode of the
MMC-rectifier and the MMC-inverter. The outer control loop for the MMC-rectifier consists
of AC and DC voltage control, whereas AC voltage and active power control for the MMC-
inverter. Circulating current suppression controller is designed to control the differential
current in between the phases of modular multilevel converter which distorts the arm
currents and increases the peak value of arm current causing system power losses.

W
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iap ibp
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= iy,
L .
. fe
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Figure 7. Equivalent circuit of MMC.
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During the unbalanced grid conditions, positive-sequence and negative-sequence
current components exist which are fully controllable for an MMC. The controller for
positive- and negative-sequence current components is illustrated in Figure 6.

Moreover, for efficiency and accuracy in reproducing dynamic behavior, analytical
and simulation reasons, and increasing performance for the analysis of converter response,
we use the aggregate model of a modular multilevel converter. This MMC model relies
on the assumption of perfect capacitor balancing. The equivalent circuit of the MMC for
the mathematical modeling of system-level control design is illustrated in Figure 7. In an
equivalent circuit of the MMC, ug,, Upp, and u.p are the upper arm voltages, whereas ,,
Upy, and U, are lower arm voltages. i, ibp, icp and iap, ipy, icn are the upper and lower arm
currents in three-phase legs of the MMC. The sum of currents in the upper and lower arm
of each phase of the MMC yields phase currents iy, iy, and i..

lia iy id]" =T[iap ibp idcp)” + [ian ion den 1 (15)

The differential current in the arm of each phase is i,y, i}y, and i,y given by

iop by icpl” = lian ion icn]”
]T _ [ ap bp cp] [ an bn cn] (16)

ling ipd  ica 5

Currents in the upper arm and lower arm in terms of their difference are illustrated

in the following equations:
. . . 1T . . T . . . 1T
liap by icp] lia iy i) +[iag ipa ical 17)

]T_

[an iy icn lia iy ic)" = liag ipa ical” (18)

Using Kirchhoff’s voltage law, the upper and lower arm phase voltages are

Cug | [ o+ "4 —ugp ] d_l“”_ [ iap ]
up | — | uo+ " —upy :2LE ipy | +2R | ipp (19)
| Uc | _uo—l—%—ucr,_ _icp_ _icp_
[, ] _Mo—%-ﬂian_ d_ian_ [ ian
up | — | wo— A up, | = 2L ipn | +2R| ip, (20)
L Uc | _MO_%‘FMCH_ L ien | L icn |

where u,, u,, and u, are phase voltages of the AC side of the converter, and u,, is the DC
voltage between the two poles. The voltage between two neutral points and ground is u.
Adding Equations (19) to (20) gives

Ugn—U, . .
Uy up + ﬁ g [ ia i
up | — | up+ 22| = LE ip | +R| 1 (21)
Ue uy + w ic i

Let uy, uj and u are average of the difference between upper and lower voltages

’ Ugn—Ugp
ull u 2u
!/ _ bn ™ “bp
l/lb = —
ué Ucp —Ucep
. (22)
Uy ug + ul, J i ia
uy | — | up+ MZ = LE iy | +R| i
Mc MO + M’C ic ic i

Equation (22) mathematically presents the AC side of the MMC. Controllers are
designed with this model in the following sections.
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4. Control System Modeling

This section explains, in detail, the inner current loop and outer voltage loops designed
for the MMC-rectifier and the MMC-inverter.

4.1. Inner Current Controller under Balanced Grid Conditions

The inner current controller is the most fundamental part of the MMC control system,
as shown in Figure 8. The controller is a built-in SRF with PLL to generate frequency and
phase angle information for the measurement of AC voltages. A dq vector control method
is used for generating the output voltage required for the inner current controller. Applying
Park and Laplace transformation to Equation (22) yields

ug | | sL+R —wL ig Uy
[ ug } N { wL  sL+R iy + ug @3
Equation (23) shows that the dq components 1, and 14 of the AC voltage in rotating dq

reference frame. The output voltage of the MMC 1, and u, can be determined by following
decoupled feedforward PI controller in ref. [28].

u; =—(Kp+ %)(iaf/r — i) +wLig +uy 28)
g = —(Kp+ & —ip) + wLig + ug
Substituting Equation (24) into Equation (23)
EIE L )]
sig L 0 R — (Kp + &) iq 25)

ig 1 Ki [ 1}
Sl =—=Kp+—)]| .
MLk
It is clear from Equation (25) that i; and i, are decoupled. The inner current control by
Equation (24) is illustrated in the block diagram of the inner current control loop.

Inner current control loop

; ref i
/ d —— ref
- d
g —
] —
’Cf
"qrrer T+ ref

Figure 8. MMC inner current control loop.
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4.2. Inner Current Controller under Unbalanced Grid Conditions

When the grid is under unbalanced conditions, positive-, negative-, and zero-sequence
components exist. These component needs to be controlled independently. These compo-
nents are derived from Equation (22) and can be separated into three independent systems.

d. )
ot () —ovh (t) = Lﬁz;bc + Rit (26)
_ _ d._ .
Uabc(t) B Uabc(t) = leﬂbc + Rlﬂbc (27)
d. )
o*() = (0°() + v0(t)) = Lr-igy, + Rigy, (28)
Equations (26) and (27) can be expressed in dg" and dg~ reference frame as
d[if R ir 1[ uf 1[ uf
_ d — L d _ d - d
alit] =128 el el ] >
dfi; —R_w T iy 17 u; 11 u;
- d — L d I d - d
ale )=l ]l ale] e

4.3. Positive- and Negative-Sequence Current Control

Applying Laplace transformation to dg* and dq—, the positive-sequence voltage of
the MMC u and u[f and negative-sequence voltage 1; and u, can be determined by
following the proportional integral feedforward controller.

Positive- and negative-sequence current control is provided by using Equations (31) and (32).
The outer loop provides i} & i7 as a command reference for positive-sequence current con-
trol, whereas i, and iq_ are set to zero to eliminate negative-sequence current components,
as illustrated in Figure 9.

_I_
3| Positive sequence qu dqT e
A | current control %
;H
dg
I bc | abc i X | Vjt()c
fbey / 0 dt_ Outer loop Q \ e
Ve 1 control system P*
Id_q’ Negative sequence qul i/
current control 0
5

Figure 9. Control system.
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{ uj =—(Kp+E&)(iy—ij) +wlif +uj -

uy = —(Kp+ &)@y —if) —wLif +u

{ uy =—(Kp+8)(iy—iy) +wLiy +uy )
Uy :—(Kp—l—K?i)(i;—i;)—wLi;—l—uq’

The inner current control from Equations (31) and (32) is illustrated in the block
diagram of the DSRF inner current control loop shown in Figure 10.

Inner current control loop

uy

Figure 10. MMC DSREF inner current control loop.

4.4. Circulating Current Suppression Control

An active power transform is directly responsible for circulating current in the modular
multilevel converter. The transformation of energy from the AC side of the modular
multilevel converter to its DC side reflects with DC circulating current. There is some
low-frequency fluctuation in the submodule voltage because of the floating nature of the
submodule’s capacitor. This fluctuation appears at the end, at the arm voltage } v in the
form of dominated second harmonic voltage. Circulating current in between the phases of
modular multilevel converter distorts the arm currents, increases the peak value of arm
currents, and increases system power losses.

The equivalent circuit of the MMC for circulating current analysis is shown in Figure 11.
The dynamics for circulating current can be described by the following equation:

. dice
Vie = ZU + 2iccRarm + ZLarmﬁ (33)
dicc

Ve = vy + 01 + 2iccRarm + 2Larm at

(34)
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The above equation implies that (v, + vy ) are only variables for controlling the circulating
current in the arm of MMC. Splitting ) V into DC-link voltage and circulating current,

Vie =0y +0p + 2V (35)

Vie—2Vee = v, + 0

. di
Viie = Ve — 2Vee + 2Rapmice + 2Larmd7;c (36)
. dicc
Vee = iccRarm + Lurm? (37)
Time domain dynamics for three-phase MMC is as follows:
. dicc,
Vee, = tce, Rarm + Larm it (38)
. di
Vccb = lcgy, Rarm + Larmﬁ (39)
) dic,
Veee = tcee Rarm + Larmﬁ (40)

i €A icc_B icc_C
inc Zva svs O Sve @)
+
VDC_(5 ZRarm ZRarmJ ZR"”” ‘
2L arm ZL arm ZL arm

Figure 11. Equivalent circuit of the MMC for circulating current.

Circulating currents are formalized in Equations (43)—(45) below. Three-phase circulat-
ing currents consist of negative-sequence double-line frequency component.

. 1
fec, = gIdc + Iccos(2wi + 0) 41)
. 1 27
iccy = gldc + Iccos(Ruwt + 6 — ?) (42)
) 1 4
ioce = e + leccos (2t +0 — ?”) 43)
icca + Z'ccb + iccC =0 (44)

To control the second harmonic circulating current, DC terms are neglected in
the analysis.
_>
Iee= Iccel(_sz—e) (45)

Control of the second harmonic current can be accomplished by utilizing a vector
method. In a dq rotating frame, the current is controlled with 2w due to its negative-
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sequence double-line frequency component. The equations for Vi, Ve, and Vi are
transformed into «-frame by rotating vectors:

d(ICCe](—ZwHG) )

7cc = IccRurme](_chH_e) + Larm dt (46)
Converting ap-frame to dg-frame, we have
eV o = e~ 61 Rapme! (2H+0) - 47)
. d(L..el(—2wt+0)
e 0L % (48)
t
; d(Icel? . ‘

7cc,dq = IccRarm€]6 + Lurm% - ZJWLm'me]e (49)

Vcc,d Iec d [l 2L gpmwicc_
=R d Laym— d .1 50
|:VCCq:| arm |:Iccq:| + arm dt ICC,q + _ZLarmUchc,p ( )

Circulating current suppression controller (CCSC) is built up with the help of
Equation (52), as shown in Figure 12. The references are set to zero for current to see
zero-control voltages at a steady state.

MMC Rectifier

Pulse Generation
abe NLM

‘ 0 AC Voltage reference

Figure 12. Circulating current controller of the converter.

4.5. Description of Outer Loop Controllers of Proposed System

The principal objective of this research work is to operate back-to-back MMC in
islanded mode continuously with satisfactory power quality conditions. In the proposed
system, the MMC-rectifier controls the DC voltage and AC voltage, whereas the MMC-
inverter controls AC voltage and active power.

The inner current controller is designed in a dual synchronous reference frame (DSRF)
to allow negative-sequence current injection to upstream AC grid and nonlinear load
system under unbalanced fault conditions. DC voltage outer control loop is designed for
the MMC-rectifier to control the DC voltage, as shown in Figure 13.
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DC voltage control

AC voltage control

Vac

)

Vac

k=

Inner current control loop MMC Rectifier

7

/——»|Pulse Generation
+ - NLM

0

l Circulating current
dq control

abc

Figure 13. Outer and inner control loop for the MMC-rectifier.

This is achieved by creating a d-axis reference current for the inner current loop (ICL),
comparing reference DC voltage to DC voltage measured, with an error signal I; feeding

the PI controller. Output reference I;ref is fed to the inner current control loop.
The control loop can be represented by the following equation:

I+re f ref K;

d = (Vdc - Vdc)-(Kp + ?) (51)

The PI controller is tuned at k, = 8 and k; = 150. Simulation results for DC voltage and

power control of the MMC-rectifier is shown in Figure 14. Outer loop AC voltage controller

for both the MMC-rectifier and the MMC-inverter are shown in Figures 13 and 15. The

main objective of this control is the shaping of AC voltage. It is carried out by creating a

d-axis reference current for the inner current loop (ICL), comparing reference AC voltage

to AC voltage measured, with an error signal iq feeding PI controller. Output reference

I,f "*f is used for the inner current control loop. The control loop can be represented by the

following equation:
+ref ref K;
I; 7 = (Vae' — Vac)(Kp + ?) (52)

The PI controller is tuned at k;, = 2 and k; = 260. Outer loop active power controller is

designed for the MMC-inverter shown in Figure 15. The output reference I;ref is used for
inner current control loop. The control loop can be represented by the following equation:

P, = g[vd.id} (53)

K

re 3
Id+ fZE(PS_Pref)(KP"_ S> (54)
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Figure 14. DC voltage control of the MMC-rectifier.

Active power control Inner current control loop MMC Inverter

v, "
. |P
j PS=12 led ; *

Pref

AC voltage control

Vi p1 fa—

Vac

Circulating Current
Controller

Figure 15. Outer and inner control loop for MMC-inverter.

The PI controller is tuned at k, = 0.1193 and k; = 55.891 to control the AC side active
power of MMC-inverter. Simulation results for active power control of MMC-inverter
are shown in Figure 16. This shows that the load is receiving healthy nominal power.
Circulating current suppression control is an outer loop control that effectively suppresses
the problematic AC component of circulating differential current in modular multilevel
converter arms. The controller designed for circulating current suppression control of
the MMC-rectifier and the MMC-inverter is the same as that shown in Figure 12. The
circulating current controller feeds its reference signals to the inner current loop (ICL).
The PI controller is tuned at k, = 1 and k; = 5. A simulation for the circulating current
suppression controller is shown in Figure 17.
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Active power control

Active power (p.u)

| | | | | | |
05 1 15 2 25 3 35 4 45

Time (seconds)

Figure 16. Active power control of inverter.

Circulating current suppression control (CCSC)

0.08 T T T I —la
=ib

—ic

0.06 —

0.04

OB

-0.06 —

Circulating current (p.u)

-0.08
0.92 0.93 0.94 0.95 096 0.97 0.98 0.99 1

Time (seconds)

Figure 17. Circulating current suppression control of the MMC-rectifier.

4.6. Modulation Strategy

The modulation strategy adopted for the MMC-rectifier and the MMC-inverter is
the nearest level modulation technique. This modulation technique allows for the opera-
tion of the switching frequency equal to fundamental frequency, reducing the associated
conduction losses of the converter effectively. It works by translating the modulating
signal into discrete stair waveform, directing the pulse generator how many modules to
insert. It is therefore adopted for the system because it is the most common modulation
strategy for high-power modular multilevel converter applications. Figure 18 shows the
NLM-generated reference signals for MMC. The y-axis shows the number of SMs and x-axis
is the time in seconds.
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Figure 18. Nearest level modulation signals for MMC.

5. Results of the Simulation and Discussion

The simulation for the proposed scheme is conducted in a MATLAB-based Simulink
system. The simulation environment and system parameters are illustrated in Table 4.

Table 4. Parameters of upstream AC, DC grid and modular multilevel converter.

S.No Parameter Values
1 Upstream AC grid voltage 220 kV
2 Transformer rating/AC grid side 220/66 kV (Core type)
3 No of SMs in MMC 60
4 Arm inductance L, 0.0164 (p.u.)
5 Arm resistance R, 0.0300 (p.u.)
6 Submodule capacitance 0.0105 (p.u.)
7 DC grid voltage 135 kV
8 AC grid voltage 66 kV
9 Transformer rating/load side 66/11 kV (Core type)
10 Dynamic load active power 10 MW
11 Dynamic load reactive power 25 MVAR
12 Sampling time 20 ps

Steady-state operation of both the MMC-rectifier and the MMC-inverter with submod-
ule voltage, arm current, and capacitors voltage is shown in Figure 19.

The voltage of the submodule of MMC is calculated in p.u. where base voltage is set
to 2.25 kV, dividing DC voltage by the number of submodules “N”. Figure 19b,g shows
that the arm current flows in one phase of each of the MMC-rectifier and MMC-inverter.
Arm current is calculated in p.u. as the base current is set as 1.924 kA. Voltage ripple
of submodules is approximately 11% which is composed of both AC and DC quantity.
Capacitors of submodules can handle this voltage efficiently. IGBT module package of
4.8 kV is used and derated to 2.25 kV having 11% ripples.

A single-phase voltage sag of up to —60% magnitude, asymmetrical fault, is modeled
through the 220 kV source of the system model on the overlaying AC grid side and is the
case to be simulated in this research article. A single-phase fault is applied to the simulation
model, as shown in Figure 20. When the simulation time is 1.6 s, the effect of the voltage
sag is —60% magnitude for 75 ms. AC grid with voltage sag of —60% magnitude feeds the
MMC-rectifier.
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Figure 19. Steady state operation of the MMC-rectifier and the MMC-inverter with SMs voltage,
current, and capacitors voltage.
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Figure 20. Upstream AC grid voltage sag of —60% magnitude.
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Voltage Sag Mitigation Strategy

The main objective of this research is to explore the feasibility and potential of the
MMC to mitigate voltage sag that is on the overlaying grid due to asymmetrical fault and to
deliver a constant power to load distribution. During severe asymmetrical fault conditions,
e.g., single-phase fault, in the overlaying grid, voltage sag is for up to —60% within 75 ms,
the MMC should provide support to ensure the constant power flow for load distribution.
This can be realized by supplying energy from integrated energy in the submodules of the
MMC-rectifier and the MMC-inverter to compensate for the missing energy of overlaying
grid due to asymmetrical fault.

Energy Storage of Converter

The capacitor of the submodule acts as an energy buffer. Energy stored in the capacitor
of the submodule is given by the following equation:

E. = %CVZ (55)

The capacitance of the capacitor is 10.48 mF and the submodule’s voltage Vs is
2.25 kV. The installed energy of a submodule as per the above equation is 26.53 kJ. Energy
stored in one arm and phase leg of the converter is 1.591 MJ and 3.18 M], respectively. The
installed energy of the three-phase MMC converter with 60 submodules is 9.5 MJ. Energy
stored in back-to-back MMC is 19 MJ.

During asymmetrical fault in the overlaying grid side, the capacitor of submodules
should safely discharge its stored energy to compensate for energy loss made by voltage sag
during asymmetrical fault. The modulation index of the MMC is 0.8, and the threshold of
capacitor discharging is decided by the steady-state modulation index of MMC. Therefore,
the MMC-rectifier allows for DC voltage drop from 1.0 p.u. to 0.8 p.u. without affecting its
operation. During the fault conditions, the internal energy storage of the MMC-rectifier
and the MMC-inverter should have supplied 10.4% and 12.4% of its installed energy,
respectively, as their energy is discharged to approximately 0.896 p.u. and 0.876 p.u. The
instantaneous energy of the MMC-rectifier and the MMC-inverter is shown in Figure 21.

Energy stored in the MMC-rectifier is discharged to approximately 0.896 p.u. to
compensate for the energy loss caused by voltage sag in the upstream AC grid. The
installed energy of the MMC-rectifier is 9.5 MJ. Only 10.4% of installed energy, 0.99 MJ, is
discharged to compensate for the effect of the transient voltage sag without affecting the
operation of the MMC-rectifier.

Instantaneous energy in converters
[ [ [ [

1 T
~0.81 i
>
o
50'6 i ==Energy- MMC-rectifier
E 04k ==Energy-MMC-Inverter
L

021 |
Or il
| | | | | | |
1 1.2 1.4 1.6 1.8 2 2.2 24

Time (seconds)

Figure 21. Instantaneous energy in the MMC-rectifier and the MMC-inverter.
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The output DC power of the MMC-rectifier becomes oscillating, as seen in Figure 22,
because of the energy interaction between the MMC-rectifier and the MMC-inverter. It can
be seen that the DC power peak has reached 1.18 p.u., since it is not harmful, because the
DC power equally flows in the upper and lower arms of the both the MMC-rectifier and
the MMC-inverter. In this scenario, IGBT bears safely the overcurrent, which is around

25%, that lasts for a one-half cycle.

DC Bus power (p.u)
I

DC Power (p.u)
o
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o
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1.2 14 1.6 1.8 2 22 24
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-

DC Voltage (p.u)
o
o
I

o
T

e S

-

1.2 14 1.6 1.8 2 2.2 24

Time (seconds)
Figure 22. DC bus power.

The power consumed by the MMC-rectifier is shown in Figure 23. This shows that
when —60% voltage sag is present, active power drawn is reduced to 0.82 p.u., while only
10.4% of installed energy, 0.99 M]J, is discharged to compensate for the effect of the transient
voltage sag without affecting the operation of the MMC-rectifier. The MMC-inverter has
compensated for the remaining oscillations after the MMC-rectifier using its integrated

energy of the submodules.

Power consumed by MMC-rectifier

—p

Grid power (p.u)
o
(6 ]

—~ .

1.5 2 2.5
Time (seconds)

Figure 23. Power drawn from grid to feed rectifier.
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The installed energy of the MMC-inverter is 9.5 MJ. Only 12.4% of installed energy,
1.178 M]J, is discharged for mitigation of the transient voltage sag completely. Figure 24
shows the power delivered from MMC-inverter to the dynamic load distribution. This
shows that the load distribution system is healthy and receives AC voltage at a nominal
value. These results confirm that the MMC is feasible for an option to mitigate voltage sag
and to ensure satisfactory power delivery to the dynamic load distribution. In Figure 25,
the output voltage and current of MMC-inverter are normal and healthy with no evidence
of voltage sag or energy loss.

Power delivered from MMC-inverter to load
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Figure 24. Power delivered from MMC-inverter to load distribution system.
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Figure 25. Inverter output voltage and current.
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It is concluded from Figures 24 and 25 that transient voltage sag of about —60% for the
period of 75 ms, the worst sag scenario, in upstream AC grid side is controlled effectively
by back-to-back MMC-rectifier and MMC-inverter.

Table 5 shows the comparison of the commonly employed and proposed control
strategies for voltage sag mitigation.

Table 5. Comparison of the commonly employed and proposed control strategies for voltage sag

mitigation.
Method Issue Mitigated Outcomes Limitations Reference
-Voltage sag is mitigated during -High cost.
DVR Voltage sag different types of grid faults. -Quite complex. 51
Fuzzy logic -Mitigated voltage sag up to 50%. ~All types of sags
. . are not tested.
controller-based Voltage sag -Rapid detection rate compared to [8]
. -Frequency
DVR conventional methods. .
fluctuation.
-Voltage sag of all kinds addressed. -Lower
svC Voltage sag -During sag events, inject reactive power performance than [6]
to maintain voltage. DVR.
-Voltage. sag is addressed with reactive “No grid code
Adapted SVC current injection.
Voltage sag R standards are [29]
control strategy -Voltage stability is fully supported
. . followed.
during faults scenario.
ANFIS-Based —Voltagg sag is addressed with reactive Increased cost.
UPQC Voltage sag current injection. Hieoh complexit [7]
-Support voltage stability during faults. & prexity:
-Compensate for missing energy of
upstream AC grid due to fault using
integrated energy in the SMs of MMC. -When a
-Mitigated voltage sag up to 60%. semiconductor fails
MMC-based -Response time is very .fast (<1 ms). ina s1.1b—module,
-Support voltage stability during faults.  there is a need for o
voltage sag ) . . . Proposed in this
O Voltage sag -Simple design and control mechanism.  protection. The
mitigation -It has high redundancy possibilities capacitor will research.
(Proposed method) '

release stored
energy causing an
explosion.

-It has smaller footprint.

-Low cost (no need of custom PQ
regulator).

-Low harmonics and low conduction
power losses.

6. Conclusions

In this article, we focus primarily on providing satisfactory power delivery to the
load distribution system and meeting nominal power demand under transient voltage sag
conditions. A back-to-back modular multilevel converter is designed to mitigate transient
voltage sags. Using the internal energy storage of submodules of back-to-back modular
multilevel converters, transient voltage sag due to asymmetrical fault with a magnitude
of —60% for 75 ms in the upstream AC grid is mitigated effectively. The ability of the
improved voltage sag mitigation method is proved through simulation results studies.
Furthermore, effective control strategies are developed for inner current control (ICC)
in the dual synchronous reference frame (DSRF) to control undesirable components, i.e.,
double-line positive- and negative-sequence components of the circulating current. The
effectiveness and performance of the proposed method are well-validated by the results of
the simulation.
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Future Work and Limitations
Based on this research work, future studies can explore the following aspects:

* Aninvestigation into AC grid stabilization and reactive power injection into upstream
AC grid with the back-to-back MMCs.

¢  Fault handling and detection studies for internal submodules of MMC. Examining
and simulating internal submodule faults and detection methods, as well as exploring
arm-arm short circuits in the converter.

¢  Techno-economical studies and reliability analysis of the back-to-back modular multi-
level converters.

The limitation of this research scheme is as follows:

e  Short circuits in the individual module, as well as flash-over faults between two
arms (between the converter arms), cannot be simulated using this model, since the
aggregated modeling strategy is used, which considers only the entire converter arm.
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