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Modular Multilevel Converter (MMC) Outline

e Introduction

e Modular multilevel converter structure & operation principles
e Multilevel modulation methods

e Arm inductance impact & circulating current suppression

e Capacitor voltage balancing

e MMC-based HVDC system
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Two Main HVDC Transmission Systems

« HVDC Classic or Line Commutated Converters (LCC) HVDC
Current source converters (CSCs) using controllable thyristor switches.

» \oltage source converters (VSC) HVDC

Pulse width modulated converters comprised of fully controllable switches like IGBTs or IGCTs.

(In future, may be MMCs with SiC MOSFETS)
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@BURENT Ref: K. Johnson, “The ABCs of HVDC transmission technologies,”
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HVDC Converter Topologies

HVDC

CSC

s*High power rating, low cost
+DC fault current controllability

@EcurRENT

s Improved AC fault ride-through capability

VSC

+*Independent active and reactive power control
«»Black start capability
s Power reversal without reversing DC link voltage polarity
s Compact converter station footprint

Ref: [1] Cigre report, 2012
[2] B. Gemmell, 2008
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HVDC Converters

Current Source Converter based HYDC . _ _
— * Line-commutated thyristor valves

SlaTme | ~ « Power levels up to 6,400 MW
e » Requires reactive power compensation

I~ « Minimum short circuit capacity > 2X
converter rating
* Power reversal with reversed DC

: ml J > link voltage polarity

g

AC DC

HVDC-Classic

She

Ref: [1] K. Johnson, “The ABCs of HVDC transmission technologies,” IEEE Power and Energy Magazine, 2007. THE UNIVERSITY OF
@EURENT [2] J. G. Johansson, “HVDC converter technology.” [Online]. Available: https://new.abb.com/docs/librariesprovider51/till- TENNESSEE

evenemang/jan-johansson_hvdc-converter-technology.pdf?sfvrsn=2 KNOXVILLE 5




HVDC Converters

Voltage Source Converter based HVDC

« Self-commutated IGBT valves
Outdoor — + Power levels up to 2000 MW

* Needs no reactive power compensation

Indoor . o .
— * No minimum short circuit capacity

— « Black start and improved AC fault
ride-through capability

HVDC-Light®

» Power reversal with reversed dc current polarity

O—D—@‘m—lﬁ} T — « Fewer components; most equipment indoors

AC DC

Ref: [1] K. Johnson, “The ABCs of HVDC transmission technologies,” IEEE Power and Energy Magazine, 2007. THE UNIVERSITY OF

@EURENT [2] J. G. Johansson, “HVDC converter technology.” [Online]. Available: https://new.abb.com/docs/librariesprovider51/till- TENNESSEE

evenemang/jan-johansson_hvdc-converter-technology.pdf?sfvrsn=2 KNOXVILLE 6




Comparison between Two Level VSC and MMC

Topologies: Two-Level Three-Level Multilevel VSC based HVDC
converter topologies

t

Power
Electronic
Devices:

THE UNIVERSITY OF
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@BURENT Ref: B. Gemmell, J. Dorn, D. Retzmann and D. Soerangr, "Prospects of multilevel VSC technologies for power
transmission," 2008 IEEE/PES Transmission and Distribution Conference and Exposition, Chicago, IL, USA, 2008. KNOXVILLE 7




Multilevel Converter Applications
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Multilevel Converter Topologies

* General structure
o Synthesize desired ac voltage from several levels of dc voltages a) :T

o More levels produce a staircase waveform that approaches a sinusoid  — |

o Harmonic distortion of output waveform decreases with more levels . q‘f

1"‘Il:cl-n'.r_
o No voltage sharing problems with series connected devices {

o Low dv/dt reduces switching losses and EMI

 Four structures
o Diode clamped converter

conv

o Flying-capacitor converter

o Cascaded H-bridges inverter with separate dc sources )

o Modular multilevel converter (MMC) time

THE UNIVERSITY OF

gEURENT Ref: B. Gemmell, J. Dorn, D. Retzmann and D. Soerangr, "Prospects of multilevel VSC technologies for power TENNESSEE
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Cascaded H-Bridges Multilevel Inverter

Sy 4@ S, SV + = v
V + 1 a—n
a A Vic™===3DCS 1 N
Va[im-1)/2] - v
534@ S,

S, S,

534@ S,

_|_
Vi ™m——=sDCS Bl

Va[(m-1)2- 1]*

5
Vagq
St 2} S2 —lﬁ} + I | {P=4 | | | I
v, 4 Ve e SDCS 4| | 9 Vs =6y ("] ] | P4 | |

534@ 54" | Pl?’ | | | |
1193 n—8s '] | P3 [ [
,/ Vao
] r2
4@ 4 i | | |
51 52 + 182 n—6|' P2 |
] Va1 & V. ™=="SDCS y Vat
- | P1 I . |
5’-"*@ 54 P | T8, P1 |
Single phase m-level structure
THE UNIVERSITY OF
@EURENT Ref. L. M. Tolbert, X. Shi, Y. Liu, “Multilevel Power Converters,” Power Electronics Handbook, 5th Edition, 2023, ISBN TENNESSEE
9780323992169, Chapter 12, pp. 407-435. KNOXVILLE
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Multilevel Converter Topologies — Clamping based
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with its multiplexer model

Typical
Applications:
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Three-phase 6-level flying capacitor inverter

« Static Var Compensation * Interface between DC and AC
 FACTs/UPC Applications * Interface between distributed
. Back-to-Back Intertie of generation sources and utility
Asynchronous AC Utilities « Medium voltage motor drives Ty o
Ref. L. M. Tolbert, X. Shi, Y. Liu, “Multilevel Power Converters,” Power Electronics Handbook, 5th Edition, 2023, ISBN u TENNESSEE
KNOXVILLE

9780323992169, Chapter 12, pp. 407-435.
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Multilevel Converter Topologies — Modular
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Modular multilevel converter (MMC)

@EURENT Ref. L. M. Tolbert, X. Shi, Y. Liu, “Multilevel Power Converters,” Power Electronics Handbook, 5th Edition, 2023, ISBN

9780323992169, Chapter 12, pp. 407-435.

Typical Applications:

HVDC
Static Var Compensator (SVC)
STATCOM
FACTS/UPFC Applications
Active Power Filter
Sag Compensation
Interface with Distributed Generation Resources
o  Photovoltaics (Solar Panels)
o Fuel Cells
o  Wind Turbines (rectified)
o  Energy Storage (Batteries, Ultracapacitors)
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Modular Multilevel Converter (MMC) Outline

e [ntroduction

e Modular multilevel converter structure and operation principles
e Multilevel modulation methods

e Arm inductance impact and circulating current suppression

e Capacitor voltage balancing

e MMC-based HVDC system
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MMC Structure

Modular Multilevel Converter

Bi-directional
DC system Power transfer
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, (b) Variable-Speed Drives
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MMC
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MMC Configuration and Merits

MMC Configuration [ Siemens HVYDC PLUS [2
Po .
\ |paL
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N I_ ™ B Ref: [1] X. Shi, et al, IEEE Transactions on Power Electronics, 2015.
|\/| . [2] Ref: https://site.ieee.org/winnipeg/files/2012/12/2012-12-18-pes-presentation. pdf
erits:

« Modular design enables simple voltage scaling by a series connection of cells
» Filterless configuration

« High equivalent switching frequency for output voltage with relatively low
individual device switching frequency

@BURENT «  Simple realization of redundancy
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MMC Sub-module Operation States

State 1. Both IGBTs are switched off, often occurs during startup or fault condition,

By adjusting the ON and OFF states of each switch, the desired sinusoidal voltage at the AC terminal can be achieved.
THE UNIVERSITY OF

TENNESSEE

KNOXVILLE
16
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MMC basic structure and operation principle

* Lyand Ryare the arm inductance and equivalent arm resistance.

—> .
Y .
lac épi j=abc « V.. and |l are the total dc bus voltage and dc current.
= Vel2 Y * U, Is the converter output voltage of j phase at point v and i; Is
d _ M i the corresponding line current.
" Ldiff ——o +
T A —n Uy - The arm voltages generated by the cascaded SMs are
Loy p ¥ Ro Lo 1 expressed as u, and u,; where the subscripts p and n denote the
FET Uy upper (positive) and lower (negative) arms, respectively.
I‘dc InJ ) |
The inner difference current of phase |, iy is: LV AC and DC Voltages controlled
i N | L by Converter Leg Voltages:
IVj )
i = T L _ ipj _ inj
: = bty = —
A T
I = E — Ly —
The output voltage is:

_ Uy Uy Ry L diy

U, I, ——- (j=a,b,c)
Y 2 2 72 dt
di u.+u.
Ry “igits + Lo - —ob = Voe _ o T (J=a,b,c) THE UNIVERSITY OF
iff) dt 2 2 Ref: A. Antonopoulos, L. Angquist, and H. P. Nee, “On dynamics and TENNESSEE
EURENT voltage control of the modular multilevel converter,” in Proc. Eur. Conf. KNOXVILLE

Power Electron. Appl. , Barcelona, Spain, 2009, pp. 1-10. 17



Operation Principle

Single phase equivalent circuit Operation Status U
——o +=2
> i 2
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. . o Ug
« Circulating current |—J— v e
. Capacitor voltage balancing C E UNIVERSITY OF
@EURENT Ref. L. M. Tolbert, X. Shi, Y. Liu, “Multilevel Power Converters,” Power Electronics Handbook, 5th Edition, 2023, TENNESSEE
ISBN 9780323992169, Chapter 12, pp. 407-435. KNOXVILLE
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Modular Multilevel Converter (MMC) Outline

e [ntroduction

e Modular multilevel converter structure and operation principles
e Multilevel modulation methods

e Arm inductance impact and circulating current suppression

e Capacitor voltage balancing

e MMC based HVDC system
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Multilevel Modulation Methods

Multilevel Modulation

2-D Algorithms

v v
Space Vector Voltage Level
Based Algorithms Based Alcr;orithms
| 1 | 1 1 1
v v v v v v
Space Vector Space Vector Multicarrier PWM Hybrid Modulation||Selective Harmonic|| Nearest Level
Modulation o Control |e ; Elimination Control
¥ 3 v v
3-D A|gonthms Phase Sh'ﬂed Level Shlfted __________________________________________________
PWM PWM - High Switching Frequency ‘;
| =———1 Mixed Switching Frequency
- Low Switching Frequency ‘5
| 1 |
- - v , v
3-Leg Inverters 4-Leg Opposition Alternate Opposition
Inverters Disposition PWM

@EcurRENT

1

Converters Arrives,”

e —— e

Ref: Franquelo, L.G., J.Rodriguez, J.I. Leon, S. Kouro, R. Portillo, and M.A.M. Prats, “The Age of Multilevel
IEEE Industrial Electronics Magazine, pp. 28-39, June 2008.

Disposition PWM

THE UNIVERSITY OF
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Nearest Level Control (NLC)

« The core idea of NLC is to first calculate how many sub-modules should be put into action.
« Capacitors’ voltage sorting and final working sequence should be determined by the direction of the arm current.

A

4ve
(<))
g 3v. -
§ Nearest
5 2V 7 ltage level
= Ve voltag
Q.
5 v - Inverter
o v round{ } F—»| switching :>
= table Gating signals
@ 0 v > {
= ’
=

-V, ——L}%

¢ 7

Control diagram
Waveform synthesis

Advantage:

Simple and using a low switching frequency.

Disadvantage:
There are frequent sorting issues with the capacitor voltage (sort from highest voltage to lowest

voltage) which would be a burden to the controller if the number of sub-modules is large.
THE UNIVERSITY OF

TENNESSEE
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Alternative Phase Opposition Disposition

(APOD)

W WUV
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Phase Opposition Disposition

(POD)

Carrier Level Shift PWM (CLS PWM)

o
AV

HW%
Wi

Phase Disposition
(PD)

O PD has the lowest line-to-line harmonic voltage distortion, while that of POD is the highest (APOD
has the same harmonic components as CPS-PWM).

O Produces an uneven distribution of power among cells, which can produce a high harmonic content

in the input current (especially when the modulation index is small).

Ref. L. M. Tolbert, X. Shi, Y. Liu, “Multilevel Power Converters,” Power Electron
9780323992169, Chapter 12, pp. 407-435.

ics Handbook, 5th Edition, 2023, ISBN
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Carrier Phase Shift PWM (CPS-PWM)

Refe ence rla ular Carrier

TR TN AR
Pvf ! : /) V t N+1 level modulation
ot 5 ATl 5 T~ Shifted angle: 360°/N

J_H 2N+1level modulation
J_U-L I R R A Shifted angle: 180°/N

L ]

INEREREEEE t
u i 1 L ‘ i «——— Switched Waveform

« Effective switching frequency of the load voltage is N times of the carrier wave, contributing to low switching losses
« Low harmonics contained in the output voltage enables smaller filter

« Offers an even power distribution among cells

« Easy to be implemented independently between number of inverters

« Works in the over-modulation region when a common-mode term is added to the reference

@EcurRENT

Ref: B. P. McGrath and D. G. Holmes, “Multicarrier PWM strategies for multilevel inverters,” IEEE Transactions on
Industrial Electronics, vol. 49, no. 4, pp. 858-867, Aug. 2002.
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CPS-PWM Modulation (2N+1 level)

N=4 submodules, V,,=240 V, arm inductance L,=0 mH, f.=1 kHz, amplitude modulation index =1,
phase shift angle between carrier waveforms is 180°/8=22.5°, with resistive load and R,,,4=10 Q.
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Modulation and carrier waves
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Ref. L. M. Tolbert, X. Shi, Y. Liu, “Multilevel Power Converters,” Power Electronics Handbook, 5th Edition, 2023, ISBN

9780323992169, Chapter 12, pp. 407-435.
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t/s
Output phase voltage
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CPS-PWM Modulation (N+1 level)

N=4 submodules, V,.=240 V, arm inductance L,=0 mH, f_.=1 kHz, amplitude modulation index =1,
phase shift angle between carrier waveforms is 180°/4=45°, with resistive load and R,,,4.=10 Q..

0.5
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e ke
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oé ]
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Modulation and carrier waves
@EURENT 9780323992169, Chapter 12, pp. 407-435.

Submodule

Ref. L. M. Tolbert, X. Shi, Y. Liu, “Multilevel Power Converters,” Power Electronics Handbook, 5th Edition, 2023, ISBN
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Modulation Methods Used in MMC

Space-vector PWM (SVPWM)

Advantages:

1. Good utilization of dc-link voltage

2. Low switching frequency with reduced switching losses

3. Relatively easy hardware implementation by a digital
signal processor (DSP)

Disadvantage:

1. As the number of levels increases, redundant
switching states and the complexity of selecting
switching states increase dramatically.

Selective Harmonic Elimination (SHE-PWM)

Advantage:

1. Up to N-1 harmonic contents can be removed from
the voltage waveform.

Disadvantages:

1. If switching angles are computed offline and stored in
tables, which are then interpolated according to the
operating conditions, then can be used in open-loop or
low-bandwidth applications.

2. Become very complex to design and implement for

b q converters with a high number of levels (above five).
‘t‘ uVO
Vin I_I
4 _f L
v, i |_‘
v v
V. L | : : 2t
Oy g v O T | il J_J
2 2
ad T i
5-level |
(c)
e ",r THE UNIVERSITY OF
EURENT Ref: José Rodriguez, Jih-Sheng Lai, and Fang Zheng Peng, “Multilevel Inverters: A Survey of Topologies, TENNESSEE

Controls, and Applications”, IEEE Trans. Ind. Electron.,vol. 49, no. 4, pp. 724-738, August. 2002. KNOXVILLE
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Comparison Between Modulation Methods

Modulation
methods

Nearest Level Control

CPS-PWM

CLS-PWM

SVM

SHE-PWM

ACuURENT

Advantages

Simplest;
High voltage quality;
Low switching losses

Low voltage distortion,
easy to be modularized

Each carrier signal can
be easily related to each
power semiconductor

Simple, low voltage
distortion;

Low voltage distortion

Disadvantages

When modulation index and

voltage levels are low, the THD

increase significantly

Leads to circulating current
between phases

The vertical shifts produces an
uneven power distribution
among the cells

High control complexity

Poor dynamic response

Application

High voltage level

Low and medium
level

Low and medium
level

Low voltage level

Low voltage level

THE UNIVERSITY OF

¥ § TENNESSEE

KNOXVILLE
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Modular Multilevel Converter (MMC) Outline

e [ntroduction

e Modular multilevel converter structure and operation principles
e Multilevel modulation methods

e Arm inductance impact and circulating current suppression
e Capacitor voltage balancing

e MMC-based HVDC system
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Circulating Current & Capacitor Voltages

N+1 level modulation

Lower arm capacitor votlage/V  Upper arm capacitor voltage/V

B | ............... ?“‘“'“‘#"Crrcul'atmg"current 1 | ; | |
0.42 0.42 046 048 05 0171 172 1.73 174 175 176 177
S

t/s
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Impact of Arm Inductors, L,

N=4, V,.=240 V, arm inductance L,=2 mH, f.=1 kHz, modulation index =1, phase shift angle
between carrier waveforms is 360°/4=90°, with resistive load and R,,,4.=10 Q..
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Arm inductor aids in filtering the
phase voltage switching ripple
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Impact of Arm Inductors

With 2 mH arm inductors
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Larger arm inductance also helps to reduce the capacitor voltage unbalance and
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Active Control Schemes
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Circulating current suppressing controller
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Balancing control

Ref: M. Hagiwara and H. Akagi, “Control and Experiment of Pulsewidth-
Modulated Modular Multilevel Converters,” IEEE Trans. Power Electron., [(VERSITY OF
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Circulating Current Control

Large inductor (L=1 mH) Reduced inductor (L=0.1 mH)
& &
Controller disabled Controller enabled

Phase-leg voltage Phase-leg voltage

Arm currents Arm currents

Second-order circulating current @ High frequency circulating current

v' Enabling sinusoidal arm currents with small inductance

v No additional hardware cost HE UNIVERSITY OF
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Modular Multilevel Converter (MMC) Outline

e [ntroduction

e Modular multilevel converter structure & operation principles
e Multilevel modulation methods

e Arm inductance impact & circulating current suppression

e Capacitor voltage balancing

e MMC-based HVDC system
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Capacitor Voltage Unbalance

@EcurRENT

Capacitor Voltage Unbalance
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Fig. Examples of capacitor voltage trajectories [1].
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Ref: A. Ghazanfariand Y. A. R. |. Mohamed, “A Hierarchical Permutation Cyclic Coding Strategy for Sensorless Capacitor Voltage
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Capacitor Voltage Balancing

= Not well-balanced case
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Classic Capacitor Voltage Balancing Methods
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Ref. S. Fan, L. M. Tolbert, X. Xiang, and W. Li, “Submodule Voltage Balancing Methods in Modular Multilevel Converters — A
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Classic closed-loop SM balancing method

Real-time SM voltage sampling

Model-based estimation

Real-time arm current sampling
Model-based arm current direction

Offline net-charge change prediction

Reverse correspondence of SM voltages
& switching pattern charging capability

Non-global sorting and non-global
pattern update

Variable frequency switching
Optimization of sorting process
Model predictive control
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Modular Multilevel Converter (MMC) Outline

e [ntroduction

e Modular multilevel converter structure & operation principles
e Multilevel modulation methods

e Arm inductance impact & circulating current suppression

e Capacitor voltage balancing

e MMC-based HVDC system
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MMC Based HVDC Transmission System

UACl_ref
+%;7

AC side voltage

control

@EcurRENT

based inverter

Three phase MMC - DC Cables -
based rectifier I |
—> SMs SMs
PCC,
Plin
|; @ I » Udc1 @ —e Udc2 —>
P1| | Is1 Is2
AC/DC »>| SMs SMs
A 4 A 4
L —-
MmCL | L
p3 - =~ L'jdcl_ref Udcz_ref/ - = N
(e ( PWM | |y
signals | [DC voltage DC voltage signals_| |,
Y- 1t .~ | control control A i
= Current 3 3 Current [
control control  f%
ERS———|

A\ A 4

i Reactive power

control

f

Qrefl

T

=

Active power

Active power

control control
Prefl Prefz

P.Q
LR
|$D|lpz
——

DC/AC

PCC;

Three phase MMC

L Rs @”

UACl_ref
_+

AC side voltage

control

A

Differences from control of two level VSCs
« PWM signal generation

« Circulating current control
« Capacitor voltage balancing control

A A 4

Reactive power _T

control

1

Q refl

THE UNIVERSITY OF

KNOXVILLE

¥ § TENNESSEE

39



Toshiba MMC-Based VSC for HVDC

Toshiba MMC-based Converter Valve
@EcurRENT
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Hitachi Energy (ABB) HVDC Light

Hitachi Energy HVDC Light Valve Hall
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Siemens Energy HVDC Plus (MMC-based)

Converter transformers
Cooling

AC switchyard

Control and protection
DC compact switchgear

DCyard

B0 BEDA

Converter hall

2kA DC current
6.5kV voltage
Half-bridge submodule

BorWin3 (2019) project
with float-over platform
installation concept
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Control System for HVDC PLUS
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Technology Evolution — Projects

* First HYDC PLUS System (MMC): Trans Bay Cable Link, San Francisco
« Rated power: 400 MW
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Technology Evolution — Projects

* First VSC Project (MMC) with 1000 MW Capacity: INELFE (two links)

* Rated power: 2*1000 MW
| * Reactive power: £ 300MVar
France . DC voltage: + 320 kV

taguedocRaelion * AC voltage: 400 kV, 50 Hz
« Transmission: 60 km underground cable
B 1 o . . .
SIS0 s petninan Scheduled commission: 2014

\- Figueres
Sta Llogaia

Spain

Catalonia
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Space Savings in Comparison with HVDC “Classic”

Modular Multilevel
Converter
(MMCQC)

oooooo
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(LCC) g8t o THE UNIVERSITY OF
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Comparison of Three Generations of HVDC

Site Site area Max Converter Converter Converter
Application footorint (%) building building building building
P ° height (%)  footprint area (%) volume (%)
LCC-HVDC 225 m 27,000 m? 20 m 35m 700 m? 14,000 m?
(reference) x 120 m (100%) (100%) x 20 m (100%) (100%)
Two-level VSC 180 m 20,700 m? 24 m 38 m 1330 m? 25,000 m?
x 115 m (77%) (120%) x35m (190%) (179%)
Half-bridge 165 m 15,675 m? 15 m (75%) 70m 2730 m? 29,500 m?
MMC-HVDC x 95 m (58%) ° x 45 m (390%) (211%)

* This comparison is made for comparable power and voltage ratings: for LCC-HVDC (Grita project, 500 MW and 400
kV), two-level VSC-HVDC (500 MW and 400 kV), and half-bridge MMC-HVDC (EWIC project, 500 MW and + 200 kV)
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Fault tolerant capacity

Fault protection:

1. Turn off IGBTs

2. Thyristor switch is fired to protect the free-wheeling diodes
3. AC breaker opens and isolates the fault

=1 Protective Thyristor Switch

SM electronics

High-Speed Can quickly bypass failed sub-modules
Bypass Switch el and maintain continuous operation of
L converter without any interruption.

1 =
I: ‘ D2
2 . /1
] !
" Phase Unit Submodule
|
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Summary

* As power electronic switch ratings (IGBTs and SIC MOSFETS)
Increase, VSC-converter based HVDC interfaces are becoming more
common.

« MMC-based converters have the advantages of modularity,
redundancy, and low switching frequency.

* Need to consider switching (PWM) control method, capacitor voltage
balancing, and circulating current suppression in design.

« Several companies offering MMC options for their VSC HVDC, SVC,
and STATCOM products.
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