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TUTORIAL SCHEDULE

Before the virtual coffee break After the virtual coffee break

Part 3) MMC power extension
> MMC scalability

» Branch paralleling

Part 1) Introduction and motivation
» MMC Applications
» MMC operating principles

. > Energy control
> Modeling and control

Part 4) MMC research platform

Part 2) MMC energy control
> MMC system level design

> Role of circulating currents MMC Sub dule devel
> ub-module development

» Branch energy control methods MMC RT-HIL devel
> - evelopment

> Performance benchmark
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INTRODUCTION

Non technical one...
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MMC APPLICATIONS

Examples of applications where MMC is already commercialized
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TREND TOWARDS HIGHLY MODULAR CONVERTER TOPOLOGIES

HVDC
» Decoupled semiconductor switching
frequency from converter apparent m
switching frequency LJZ

> Improved harmonic performance =
less / nofilters

still possible

> Fault blocking capability depending on

. Al abval

Solid State Transformers (SSTs)

> Power density increase w/ conversion & isolation at higher frequency

i
> Series-connection of semiconductors “

» Grid applications / traction transformer w/ different optimization objectives

> MFT design / isolation are the bottlenecks

input stage isolated stage output stage
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——TAC DC AC +++{DC
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MV Variable Speed Drives

> Monolithic ML topologies (NPC, NPP,

FC, ANPC) are not scalable

» Robicon drive — everyone offersiit

» Siemens & Benshaw: MMC drive

> Low dv/dt = motor friendly
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FACTS
> SFC for railway interties (direct
catenary connection)
> STATCOM
> BESS (split batteries)
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TREND TOWARDS HIGHLY MODULAR CONVERTER TOPOLOGIES

HVDC

» Decoupled semiconductor switching
frequency from converter apparent
switching frequency

&

> Improved harmonic performance =
less / nofilters

> Series-connection of semiconductors
still possible

> Fault blocking capability depending on
celltype

&

Solid State Transformers (SSTs)
> Power density increase w/ conversion & isolation at higher frequency
» Grid applications / traction transformer w/ different optimization objectives

> MFT design / isolation are the bottlenecks
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AC| DC
DC AC

gl | B

input stage isolated stage output stage
- —
——AC DC AC ~ DC
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I DC AC DC = AC
[AC AC VJ
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MV Variable Speed Drives

> Monolithic ML topologies (NPC, NPP,

FC, ANPC) are not scalable

» Robicon drive — everyone offersiit

» Siemens & Benshaw: MMC drive

> Low dv/dt = motor friendly

m akir
K | choppe
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three-phase
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transfor
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FACTS
> SFC for railway interties (direct
catenary connection)
> STATCOM
> BESS (split batteries)

Modularity provides obvious benefits in high power applications!
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MMC FORHVDC

line/cable
reactance
-_—

(DA

4 SIEMENS MMC-based HVDC PLUS

A MMC in HVDC (two substations at different locations)

> Modular design using basic sub-module

> \oltage scalability to very high voltage levels
> Low filtering needs on AC side

> Redundancy is easily implemented

» Half-bridge sub-modules are sufficient

4 ABB MMC-based HVDC LIGHT
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MMC FOR FACTS

A ABBIGBT-based MMC STATCOM

A MMC as STATCOM (Delta configuration is shown)

» Transformerless solution

> Double star MMC solution is also possible

> Modular

> Easy voltage scalability (no need for tranasformer)

» Redundancy is easily implemented

> Full-bridge sub-modules 4 HYOSUNG (left) and LS (right) IGBT-based MMC STATCOMs
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MMC FOR RAIL INTERTIES

110kV/50Hz ‘JZI ‘:z[

15kV /162Hz

A MMC as SFC for Rail Interties (transformer not shown)

v

> With or without transformer

v

Fixed frequencies on both side

15kV,16.7Hz or 25kV, 50Hz rail networks

> Matrix alike principles of operation

> High efficiency
> Full-bridge sub-modules

E P F L PCIM Asia 2020

A SIEMENS IGBT-based MMC for railway interties (SITRAS PLUS)

A ABBIGCT-based MMC for railway interties [1]

November 16-18, 2020
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MMC FOR VARIABLE SPEED DRIVES

A SIEMENS MMC VSD GH150

A Direct MMC for VSDs (e.g. hydro applications)

> Indirect-MMC: DC-fed MMC inverter (HB SM)

> Direct-MMC: AC-AC Matrix-alike converter (FB SM)
> Low-frequency operation was troublesome

> Power density is an issue

» Hydro applications based on DMMC
A ABBIGCT-based MMC for hydropower applications (one branch only) [2]
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MODULAR MULTILEVEL
CONVERTER
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MODULAR MULTILEVEL CONVERTER

oard
| | N
4e§$0%‘
1)
) ; T | 4 SM developed in PEL
A SM B Branch fe Leg
A B C
4 Modular Multilevel Converter
> Stacking of SMs = reaching high voltage easily
» Semiconductor devices of lower voltage rating
> High-quality waveforms
> Low or almost none filtering requirements
» Redundancy and effortless scalability
A MMC cabinet (hosting £10kV, 0.5MW converter operating with 96 SMs)
E P F L PCIM Asia 2020 November 16-18,2020
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MODULAR MULTILEVEL CONVERTER

ipc
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5
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>

SM developed in PEL

'a SM s Branch e,
A B C

4 Modular Multilevel Converter

g

> Stacking of SMs = reaching high voltage easily
» Semiconductor devices of lower voltage rating
> High-quality waveforms

> Low or almost none filtering requirements

» Redundancy and effortless scalability

Benefits at the expense of a high number of switching devices
and complex control structure

axd
contr® ot

Q.
o5
¢ & 0

A MMC cabinet (hosting £10kV, 0.5MW converter operating with 96 SMs)
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BASIC SM STRUCTURES

S Sy S3 Sa Vsm

S1 5 Vsm (1) 8 g ? :,in(lbr)vc

1 0 Ve 0 1 1 0 Ve

0 1 0 1 0 1 0 0

0 0 [1+ sgn(ip)IVe/2 0 1 0 1 0

"1 717 7 7 forbidden AT o o T T T T

0 0 1 1 forbidden
1 1 1 1

4 HBSM

Ve = 0.625 Ve = 0.5 Ve = 0.375 Ve = 0.25
Vg =0375 V5=05 15=0375 Vs = 0.25

Vpr[p-u]

1M

’ S boost

M, M, Ebuck
1/2 ¢ ;M1
impossible to \
generate v/, \ \. /
) v,
oo -1 C1/2 0 1/2 1 el
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MMC BRANCH MODELING

4 MMC branch voltage example

4 Inserted HBSM (ngy = 1)

E P F L PCIM Asia 2020

A Bypassed HB SM (ngy; = 0)

November 16-18, 2020

SM terminal voltages can be summed, leading to
N
Vsm,i = NsmVe,i /

i=1

Assuming that v ; = V5 /N yields

N N
” _Zn Vhrs Zi:l sm ”
br — SM - brs
i=1 N N
insertion index
m(t)

Summing the equations set for every individual SM capacitor results in

N

dVCi
Coy —— = ngyl

g =novi [

N

Com vy _ izt s,
N de N b
~—
Cprz m(t)

4 Averaged model of an MMC branch
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DERIVATION OF EQUIVALENT CIRCUITS

4 The MMC leg sufficient for basic modeling

Two KVLs can be formed, yielding

. Vin diP . diy

KVL1 . ? :vp""LbrE +Rbrlp+kLbrE +Va
Vi di ) dip

KVL, : f =Vp+ Lbrd—: + Ryl + kLbrE — VA

E P F L PCIM Asia 2020

KVL, — KVLy:
Ly d . br . . Yn ™V,
(l_k)TE ip—in | +— (i, —iy) = —Vp
iy Vs
MMC, —
-0 % % + aly/2 Ropl2| Ry Ly +
a—:}—i E EVSA A iy Vea
+ + +
Yn” % va 0H . n

2 VsB B L VB
‘ + +

D
lo 0 Vsc C ic Vge

A AC equivalent circuit of the observed leg (left); Model of an MMC seen from its AC terminals (right);

KVL; + KVLy:

d (i, +i i+i
2(1+k)Lbra ( "2 “) +2Ry, p2 = = Vip— (v, + )
——

N 2ve
common-mode
0
current (ic) Ipc R ——— MMC,
— -
(+) lea e lec

2Rpe 2(1+ k)L,
— .

T + 2Rbr

Ve %t () Ve O 2Ly

+ + +

S — |

le

inc (-) 2Vea 2vcp 2V

4 DC equivalent circuit of the observed leg (left); Model of an MMC seen from its DC terminals (right);
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NATURE OF THE LEG CURRENT COMPONENTS

Leg AC current = iy =iy —1y ip =i +is/2

Leg common-mode current = i, = (i, +1,)/2 i, =1i.—1i/2

DC analysis AC analysis
+ io/2

(+) —=

cancellation

AC fluxes

DC fluxes
addition

)

A |llustration of the MMC leg current components

Seen from the DC terminal, two branches operate in series, while the two operate in parallel when observed from the AC terminal

E P I- I PCIM Asia 2020 November 16-18, 2020 Power Electronics Laboratory | 15 of 25



AC TERMINAL CURRENT CONTROL (I)

dq transformation can be performed as

Vs{ABC v,
* }+ Rac Lac +vg{ABC} va|_ 2| cos (Gg) cos (Gg —2m/3) cos (Og —41/3) ng
O’—@—/ﬂ_T’_:)_-ﬁ—@’n Vg 3 —sin(eg) —sin(eg—27t/3) —sin(Gg—4rc/3) 8B |
f Ig{ABC} Ve{ABC} K

vs{P‘sBC} Wy while the circuit from the left can be described with the following set of equations:
GCC %, PLL Vea Lac O 0 d iga Ryc O 0 7 [iga Vea 1
. v | =] O Lac 0 T igg[+| O Rac 0 i |+ [ Ve | *Vno [1]>

Py O Vs 0 0 Lac igc 0 0  Racl Lig Vec 1

4 MMC AC side equivalent

where Ly = Ly + aLp,/2andRag = Rg + Ry, /2.
Requirements

> Perfect synchronization to the AC grid (PLL)
Multiplying both sides of the above expression with K, leads to

digd . .
Ved = LAC? +RAClgd — ngAClgq + Vgd
S——
cross-coupling  =vy
In s i Laci
Veq = —— +Rpclgg + @ log + V.
> Sufficiently high voltage reserve (total energy control) s T AC%ga w \g,q/
- li =0
Power control in the dq frame cross-eouping
3 . A
Py = 5| Vaaled + Vealeq | = 5 Vedlad
———
=0
Q, = 3 Vo Qs —yoai :_§v i To achieve decoupled control, cross-coupling terms should be removed
8~ 5\ J8a'sd " Vedgq 5 '&d’za

- =0 .
I- PCIM Asia 2020 Power Electronics Laboratory



AC TERMINAL CURRENT CONTROL (Il)

From the control diagram on the left, one can conclude that
> dq quantities are essentially DC = Pl controllers can be used .
Vi = AV + Voq — W, Lacl
> The use feed-forward terms to avoid cross-coupling of the axes sd sd 7 ed §ACTe
feed-forward

Vod * _ .
E+ Veq = AVsq + Vgq + @ Lacigd
PI Avgg 4 feed-forward
controller i
- Aveg = Hpy (%) — o) = Lpc =2 + Rygi
cross-coupling removal Vsd = Pl(lgd - lgd) — ~AC dt +Rac lgd
i v di
. od sd . _ . N 29 .
Iga —labc wgLlac \ *Hdq F=v;a Avyg = Hp(ig, —igg) = Lac a + Raciggs
—Vip
W Lpe Vsq abe Vi meaning that decoupled control of d and g currents is indeed obtained.
(3 s
QL Obtaining the references in the ABC frame can be performed as
] +
PI Avgy
controller + !
N .
ng vsA cos (98) Sln( Og) y*
— i d
4 MMC AC current control block diagram Vg | = | cos (9g - 27T/3) Sln(Gg - 275/3) %
Vi cos (Gg +27'r/3) sin(Gg +21/3) 54
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AC TERMINAL CURRENT CONTROL (Il)

From the control diagram on the left, one can conclude that
> dq quantities are essentially DC = Pl controllers can be used .
Vi = AV + Voq — W, Lacl
> The use feed-forward terms to avoid cross-coupling of the axes sd sd 7 ed §ACTe
feed-forward

Vod * _ .
E+ Veq = AVsq + Vgq + @ Lacigd
PI Avgg 4 feed-forward
controller i
- Aveg = Hpy (%) — o) = Lpc =2 + Rygi
cross-coupling removal Vsd = Pl(lgd - lgd) — ~AC dt +Rac lgd
i v di
. od sd . _ . N 29 .
lgA —=labc wgLlac \ *{dq =via Avyq = Hpy(igy —igq) = Lac a + Raciggs
—Vip
W Lpe Vsq abe Vi meaning that decoupled control of d and g currents is indeed obtained.
(3 s
QL Obtaining the references in the ABC frame can be performed as
] +
PI Avgy
controller + !
N .
ng vsA cos (98) Sln( Og) y*
— i d
4 MMC AC current control block diagram Vg | = | cos (9g - 27T/3) Sln(Gg - 275/3) %
Vi cos (Gg +27'r/3) sin(Gg +21/3) 54

From the AC current control standpoing, the MMC is not different to conventional 2LVL or other mutlilevel converters
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DC TERMINAL CURRENT CONTROL

Lpe R Lpe R
— S Rectifier operation
i i i T
A B e » MMC represents a current source
ZRor 2Ry /3 > Some other stage is controlling the current
Vbe 2fLyr| = Vbe 2pLy,/3
+ + + + p
AC =—-DC
inc 2Ver 2V 2Vee Inc 2V Liwa
MMC DC side Thevenin’s DC AC
equivalent circuit equivalent . .
rectifier inverter

4 MMCDC side equivalent 4 Back-to-Back connection power converters

If the inverter operation is considered, then

le
di . Vea + Vg + V. -_—
Lbe g *+Rbcine = Voo =2 < —2—%,
—_— 2Ly 2Ly,
Veo
+ +
o DI
where L = Lpc + 2Ly, /3 and Ry = Rpg + 23 Ly, /3.
S B s
MMC . MMC )
Ve Vbe A Equivalent circuit describing two B2B connected converters
P |Avpe A{ 2v; { 1 ine
pes 0 D ntrol strat
contoller [ OO Controlstrategy

» MMC, controls its current (inverter mode)

> MMC,; = 2vc((1)) = VSC followed the energy control

4 MMC DC current control block diagram
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THE CONCEPT OF CIRCULATING CURENTS

Observe the MMC DC equivalent circuit, such that v, ; = v, Incase v ; = v} + Vea i, the circulating currents can be controlled.
Without the Ioss of generality, take phase A as an example:
Lpc Rpe (J;) Lpc Rpe (+)
e e e - ) — - d (ipc dip
Ica Icp lec Lor gy ( ) Ve = Lir dct +Veo +Vean
identical .
. i
voltages, (122, []2Zpen [} 2Z0rc [] 223,/3 Lbrdi ( foan— 28 ) ——
t
Ve ~ Vnc
ONONO) 0)
; 2V T2V 2Veo ; 2veo ) : .
bc = DC leAA leAB leac
= —
) ) D Veni=0
4 DC equivalent circuit of a 3PH MMCin case v ; = v, U 2Zra D 2Z0p H 2Zrc

+

+
DC terminal current sharing! () () ()
2VeAA AN 2

ZbrA 7é ZbrC 7& ZbrC = ch 7& icB 7& icC

VeAC

. i - -
Ideally, i. ; = 2<, however, a more realistic approach implies
i = 73 o ! )
A The circuit relevant for circulating current control
. ipc | .
;= —=+ica; 1
of =g Al Ve =205+ = 3 {chA+vCAB+vCAC}

must be equal to 0
where i ; is referred to as the circulating current since

iea +ip +ic =ipc
= icaa tica Hicac =0
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THE CONCEPT OF CIRCULATING CURENTS

Observe the MMC DC equivalent circuit, such that v, ; = v, Incase v ; = v} + Vea i, the circulating currents can be controlled.
Without the Ioss of generality, take phase A as an example:
Lpc Rpe (J;) Lpc Rpe (+)
e e e - ) — - d (ipc dip
Ica Icp lec Lor gy ( ) Ve = Lir dct +Veo +Vean
identical .
. i
voltages, (122, []2Zpen [} 2Z0rc [] 223,/3 Lbrdi ( foan— 28 ) ——
t
Ve ~ Vnc
ONONO) 0)
; 2V T2V 2Veo ; 2veo ) : .
bc = DC leAA leAB leac
= —
) ) D Veni=0
4 DC equivalent circuit of a 3PH MMCin case v ; = v, U 2Zra D 2Z0p H 22rc

+

+
DC terminal current sharing! () () ()
2VeAA AN 2

ZbrA 7é ZbrC 7& ZbrC = ch 7& icB 7& icC

VeAC

. i - -
Ideally, i. ; = 2<, however, a more realistic approach implies
i = 73 o ! )
A The circuit relevant for circulating current control
. ipc | .
;= —=+ica; 1
of =g Al Ve =205+ = 3 {chA+vCAB+vCAC}

must be equal to 0
where i ; is referred to as the circulating current since

in +ip +ic =ipc Decoupled control of circulating currents

= icaa tica Hicac =0 = Z va:=0
i={A,B,C} VcA,i —
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CIRCULATING CURRENTS CONTROL

According to the previous slide Other possible ways to control the circulating currents:
dien > af3 domain (DC components)
Lyy—— =—Vcan,
ﬂ br dt cAA di )

. o ’ cA  __ (aB)

allowing for the derivation of control diagram from below. BLy: T —Vea
» dq frame with positive and negative sequences (as will be seen shortly)
iy Ai Ve 1 i
cA + cA Wcirc(s) -1 cA cA
— SﬁLbr + Rbr

A Aleg circulating current control block diagram

* * * - - -k . . .
Veaa T Veap T Veac = _Wcirc(s){(chA RN chC) — (icaa +icap +icac)
—_—

=0 according to the definition

Decoupled control of circulating currents

The sum of circ. current references must be zero!
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MMC CONTROL LAYERS

Two modes of operation:
1. Current source mode (also called inverter mode): transferring active power from the dc terminals to the ac terminals
2. Voltage source mode (also called rectifier mode): transferring active power from the ac terminals to the dc terminals

Two sets of state variables:
1. External state variables (dc-link voltage, grid currents, etc.): knowledge from VSC control is reused
2. Internal state variables (capacitor voltages, circulating currents): specific MMC control

Common VSC control
Specific MMC control
Modulation indices
calculation methods

4 Overall MMC control structure
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MODULATION INDEX CALCULATION METHODS

Direct modulation Open-loop control Hybrid voltage control
> The modulation indices are calculated from the > The modulation indices are calculated from » The modulation indices are calculated from
desired dc average value estimates of the summed branch capacitorsin filtered values of the summed branch capacitors
> The energy controllers are disabled steadly-state [4] measurements
» The odd harmonics and integrator on dc » The energy controllers are disabled > The energy controllers are disabled
component in the CCC are disabled > The odd harmonics and integrator on dc » The odd harmonics and integrator on dc
> Rely on self balancing of the branch energies [3] component in the CCC are disabled component in the CCC are disabled

v

Self energy balance achieved [5]

v

Self energy balance achieved [6]

Vg/2—ej/2—e]

mp Ve _ Vg/2—ep/2—¢] _ Vg/2—ep/2—¢]
My =—"F— my=——""=
_ Vg/2—ep/2+e] Vezp Vesp
n= * Vg/2—ep/2+¢€] —e* *
m, = 22 iy = /2 C/2 %0}
Vesn Vi
z
Ver
A
Ves
v Veso/ Vs IVEs s
CM
4 Direct modulation principles
Closed-loop control
> The modulation indices are calculated from the actual ehiyceri;
measurements of the summed branch capacitors
» The energy controllers are enabled e /21 2¢ it
: B/ &g £C Leir,
> The odd harmonics in the CCC are enabled

A Open-loop control
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CONTROL DECENTRALIZATION

Branch level modulation Phase-leg level modulation
» Each branch handled separately > Aim at improving ac-side spectrum and unlocking full modulation method
harmonic performance
: Vv,
cN

» Compromises in the circulating current control
> SHE/OPP / SVM with 2N_gs + 1 modulation

L
Vs
Si12 [2Neere] i [Neere]
L
[Nceus] or
Sinz2 [2Neers]
Sp| |Vop
Cell level modulation
» Each cell has its own modulator
L e
[Nceus] or
i S1/12 [2Neers]

Remark pC denotes either a microcontroller,an FGPA, or a combination of both.

Power Electronics Laboratory | 23 of 25
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SUMMARY

Modular Multilevel Converter .
» Modular design easily scalable for higher voltages
> Flexible and adaptable for different conversion needs
> Efficient
> HVDC (early adopters)
> STATCOM, FACTS, RAIL INTERTIES, MV DRIVES VAJC
» Canserve MV and HV applications!

» Unlimited research opportunities...[7], [8]

-5kV|

A Galvanically Isolated Modular Converter [7]

DC/AC

AC/DC
Sv SJ Sa

A

T B C
81{;}85{;}&?

[
U
<

A HVDC Light valve hall from ABB. A High Power DC-DC Converter Employing Scott Transformer Connection [8]
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TUTORIAL SCHEDULE

Before the virtual coffee break After the virtual coffee break

Part 3) MMC power extension
> MMC scalability

» Branch paralleling

Part 1) Introduction and motivation
» MMC Applications
» MMC operating principles

. > Energy control
> Modeling and control

Part 4) MMC research platform

Part 2) MMC energy control
> MMC system level design

> Role of circulating currents MMC Sub dule devel
> ub-module development

» Branch energy control methods MMC RT-HIL devel
> - evelopment

> Performance benchmark
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CONTROL OF THE MMC
INTERNAL ENERGY
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THE BRANCH ENERGY CONTROL (1)

Branch power analysis is conducted on the leg level [1], [2], [3], [4].

Input Output d i
— 0
S —_ )
P dW i
Pin out P, = = Vi, = (v + vs)( EO)
Coordinate transformation is performed as
dWs, ipc . iy
2Py Wy =W,+W, Tl =2Vl — Voip = (Vco +Vea — )(? +ia+ E)
A MMC energy flow dWA inc i
. 0
Wy =W, —W, = Velg — 2v5i, = ( 0+vA+v)(—+1A——)
Total energy control: A pon dr ° e = ¢ 30 2
> Inverter = DC side Assuming that no circulating currents are generated, while vg = ¥ cos(wg t— y) andi, =1, cos(cog t—&)yields
> Rectifier = AC side
dw; i i \”/
o —= = 22 iy A Ve X — st (205t —y—6)
Is total energy control sufficient? dt oo cie. 3 3
=0 oscillating @ng
dW, . Ipc »
L L L L TS = —sz? Cos(wgt—y) + i,V cos(cugt—é)
™ ™ ™ no circ.
iog pu i i oscillating @1wg
1.1
Branch
L L L energy [p.u]
T - ™ 0.9
F 0.6 p.u L L L L
0 20 40 60 80 100
WZ(MM( ) = 6p.u Time [ms]
A |llustration of the need for additional energy ctrl. A Steady state appearance of the upper and lower branch energies normalized with respect to the branch mean energy.
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THE BRANCH ENERGY CONTROL (1)

Input Output
D—w MMC r—“

Pin P out

2Py
A MMC energy flow

Total energy control:
> Inverter = DC side

> Rectifier = AC side

Is total energy control sufficient?

L
-

[—}
[—}
[—-7{7

Ik

1 L
- a
F 0.6 p

WZ(MI\\C) — ()p.u

A |llustration of the need for additional energy ctrl.

E P F L PCIM Asia 2020

.U

Branch power analysis is conducted on the leg level [1], [2], [3], [4].

_de_ . A
PP—F—vplp— Ve — Vs lc+5

daw n . . io
Pn — . — ann — vc VS lC
Coordinate transformation is performed as

dWs, . . ipc . i,
Wy, :WP-FWn dr = 2Vcle = Volo = | Veo +Vea — Vs ?+1CA+E
dWu . . ipc . i
Wy =W,—W, G ZVCIO—ZVSICI("6+VCA+VS)(T -HCA—EO
Ae!
e .

Assuming that no circulating currents are n; S o v = Vg cos(wg t— y) andi, =1, cos(cog t— 6) yields

dw | o0V oo™ ine Vi ot

P . DC s‘o sto
—=1 el — —Vgiy & Vo —= — cos(y —8)— cos(2w,t—y—6
A dd\\-\(\a ~ 3 sto DC 3 (Y ) 2 ( g Y )
“\‘ea\‘\’w‘a =0 oscillating @2wg
aw, i »
“ d_tA = —27 % Cos(wgt . )/) + i,V cos(cugt - 5)
nocirc.

oscillating @1a>g

1.1
Branch
energy [p.u]

0.9

Time [ms]
A Steady state appearance of the upper and lower branch energies normalized with respect to the branch mean energy.
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THE BRANCH ENERGY CONTROL (1)

» Circulating currents can be used to maintain the internal energy balance
> Average values of energies are the only ones of interest

The leg common-mode current can be expressed as

inc [
===+ I +chcos(wgt—C),

i, =
3
circ. Circ.
DC AC
which further leads to
dwy, i Vg, i ,
—Z ~ Vpelea + Voc % — % cos(y —8)+2vea % + 2Veaica
=0 negligible
dw, o S
e ~ Vg1, cos(y — &) + veal, -
negligible

If y = { meaning that circ. current AC component is in phase with the leg AC voltage, then

dW_ZNV L
dar  'pclea

AWy

d—w—vslCA
t

Two balancing directions can be identified

> Horizontal direction (total energy stored in the leg)

> Vertical direction (difference of branch energies)

E P F L PCIM Asia 2020

: ]Vf)c

3 [+
¥

3 [+

3 [+

2Ly,

I 21 I

4 |llustration of the horiz. balancing principle

i

energy
T

Time [ms]

A |llustration of the vert. balancing principle
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THE BRANCH ENERGY CONTROL (1)

» Circulating currents can be used to maintain the internal energy balance
> Average values of energies are the only ones of interest

The leg common-mode current can be expressed as

inc [
===+ I +chcos(wgt—C),

1. =
c 3
Circ. circ.
DC AC
which further leads to
dwy, inc sl
—= ~ Vpclea + VDC? — 820 cos(y — 5)+2ch 3 € 4 2venica A0S
O\O\a\“
=0 negligible sed\.o
dW, _ el
T ~ =V cos(r — &) + Veal, - ‘oee’("ec
negligible @ (\‘5 Oa“
If y = { meaning that circ. current AC comrv‘\ ) MV with the leg AC voltage, then
G
(o2
dwy,
T Wbclea
dW o~
a —Vsica

Two balancing directions can be identified

> Horizontal direction (total energy stored in the leg)

> Vertical direction (difference of branch energies)

E P I- I PCIM Asia 2020 November, 16-18, 2020

3 [+
¥

3 [+

3 [+

i

energy
R

Time [ms]

A |llustration of the vert. balancing principle
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THE BRANCH ENERGY CONTROL (lll)

4 Control block diagram of the MMC energy balancing [4]

=P

; Z Av;; = 0musthold at all times!

-
I—

%VWP

wg & 204

PI
controller

b
+\2/

wg & 204

PI
controller

An important detail

leAA

Reference |icaB

mapping |igac

In other words, an appropriate circulating current reference mapping must be performed, otherwise, the DC link cur-
rent control becomes influenced by the branch energy balancing.

I PCIM Asia 2020

November, 16-18, 2020
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MMC CONTROL SCHEME SUMMARY

Vors

Vgrid —= i .
O — Higher-level | 84 | Grid current | Vs ()
control control +\2/
P +
e Horizontal
Total branch Wa3 balancing Vea (E)
energies ABC - +
Wl Vertical ¥
P balancing
®
Total energy Veo
control
VDC

E P F L PCIM Asia 2020

Suitable choice of variables leads to a complete decoupling among the control layers

November, 16-18, 2020

Modulation

Switching
signals
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COMPARISON OF DIFFERENT
ENERGY BALANCING METHODS
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SUMMARY OF THE METHODS ANALYZED HEREWITH

Method 112! Method 2[5! Method 3 (¢
Horizontal SVD-based Circ. currents ctrl. Circ. currents ctrl.
balancing approach inthe af3- domain inthe af3- domain
i Injection of i
Vertical SVD-based ) Circ. currents 4+/—
. reactive components
balancing approach sequence control

into circ. currents

E P F L PCIM Asia 2020
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REFERENCE MAPPING AND THE NULL-SPACE CONCEPT (I)

Important considerations: In the observed case, the mathematical formulation of the problem can be expressed as

> Leg energy balancing is initially done in "per leg” fashion |:1 1:| [i:AA] -0
» Energy unbalances can take any arbitrary values —— i:AB
T; \-7/—/
M

=> The expression >, (s 5 ¢} I, = Oisnot necessarily truel || the vectors I, satisfying the above requirement, reside in the null-space (kernel) of matrix T;.

For the moment, observe an exemplary 1PH MMC, where Two core steps:

. .
iian T icap # 0 > Identify the null-space of T;
> Project the vector I* onto the ker(T;) to obtain I

2 2
-1 ,0)
1 T; mapping 1
’
ieap 0| ker(Ty) T T e

T; mapping

leaa
(b) Mapping of the vector I'* onto the null-space of T; to obtain Ing

lean
b)
) (a) Inappropriately generated circulating current reference vector

A Circulating current reference mapping procedure

(@)
4 Equivalent circuit of a IPH-MMC seen from the DC terminals

> Vector notation
i*
I* =] A
ik
leaB

Power Electronics Laboratory (PEL)
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REFERENCE MAPPING AND THE NULL-SPACE CONCEPT (I)

Important considerations: In the observed case, the mathematical formulation of the problem can be expressed as
> Leg energy balancing is initially done in "per leg” fashion |:1 1:| [i:AA] -0
» Energy unbalances can take any arbitrary values ~— ifAB
T
. . . . Im
= The expression Zi:{A,B,C} izp; = Olisnotnecessarily true!  Ajyne vectors I 1 Satisfying the above requirement, reside in the null-space natrix T;.
For the moment, observe an exemplary 1PH MMC, where Two core steps: 16( o
\S
i O . et
cAA T "cAB > ldentify the null-space of T; me(\\
(5
> Project the vector I* onto th~ O\\“\'\(\ e\
Lpc Rpc ot =3 C
lc 1 I} — ‘\_\_\‘\e 8
CAA cAB 2 2 2
RV -I (1,-1)
2Rpr 2Ry, " WG " mapping 1 -
\‘eC\-o‘ ‘ . Kk T,
Yoc 2hLor \i\xab\e 2 -1 0 1 2 ipc fea 0 erﬂ( i) 2 10 1 2 ipc
N an SOV 1| epa = ~lean \_/
WO 2 2 T; mapping
. a@p i
Ipc = ¢ et L w 2 2 -1 0 1 2 2 1 0 1 2
A\ S (\ cAA cAB . .
(Ob\e pp(o leaa leaA
) ? g a(\ 2 . ) (a) Inappropriately generated circulating current reference vector (b) Mapping of the vector I* onto the null-space of T; to obtain Ing
4 Equivalen *(‘(\(00 ween from the DC terminals A Circulating current reference mapping procedure

» Vector no n

sk

I = [chA]
-
leaB
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REFERENCE MAPPING AND THE NULL-SPACE CONCEPT (Il)

A |llustration of the reference maping procedure (2-D problem)

> Vector vy is referred to as the null-space basis
» Scalar product = projection

In the observed case, it is easy to identify the basis of ker(T;) as

“ il
VN—E )

Subsequently, projection of I'* onto ker(T;) is obtained as

V2

In the final step, assign the direction to the calculated projection

iyl = vl 1% = = [1 —1}[5] =v2

1
IM=VNV§I*=|: ]
T

[Tl

E P F L PCIM Asia 2020

2 T; mapping 2

eac ' .
onc 2 -1 0 1 2 inc L 201 2k
-1 1 -1 1 T; mapping

0 0 0
leaa 1 -1 lea leaa 1 -1 lea
(a) Inappropriately generated circulating current reference vector

A |llustration of the reference maping procedure (3-D problem)

(b) Mapping of the vector I'* onto the null-space of T to obtain Iy

For the 3PH-MMC, the mapping matrixis T; = |:1 1 1] and ker(T;) isaplane.

Power Electronics Laboratory (PEL)



REFERENCE MAPPING AND THE NULL-SPACE CONCEPT (Il)

unit-length vector / l
70 4
I \

A |llustration of the reference maping procedure (2-D problem)

> Vector vy is referred to as the null-space basis
» Scalar product = projection

In the observed case, it is easy to identify the basis of ker(T;) as

“ il
VN—E )

Subsequently, projection of I'* onto ker(T;) is obtained as

iyl = vl 1% = % [1 —1}[5] =v2

In the final step, assign the direction to the calculated projection

1
IM=VNV§I*=|: ]
~—~— -

1
[Tl

E P F L PCIM Asia 2020

2

0

T; mapping

leac

0 0

leaa L -1 eps leaa 1 -1 iepp

(a) Inappropriately generated circulating current reference vector (b) Mapping of the vector I* onto the null-space of Tj to obtain Iy

A |llustration of the reference maping procedure (3-D problem)
For the 3PH-MMC, the mapping matrixis T; = |:1 1 1] and ker(T;) isaplane.
Observation
ad If T;isa 1 x g matrix, where q is the number of MMC phase legs, then

dim(ker(T;)) =q—1.

However, it is reasonably to wonder

How to generalize the reference mapping procedure?

Power Electronics Laboratory (PEL)



SINGULAR VALUE DECOMPOSITION

> Descriptionsin 7], [8] Since T; = [1 ... 1]1x it can be shown (detailed description in [4]) that
> Diagonalization of a non-square matrix as a
z ofryr 1 1 1
T,=|Uz Uy (rxr) [ RT:| T _ . 1]. .
i [ ] 0 o| LWs WW = . —a : : S
vT 1 1 ... 1
(mxm) (nxn) axq
A few important remarks: ‘de,”;2¥,§*q

no matter how Vy is chosen. Consequently:

> All the vectors from U are linearly independent (orthogonal)
> Allthe vectors from V are linearly independent (orthogonal) 1<
7k _ = *
> Allthe entries of X are real =1 q 21: Ly
i=

Let one look for the product average value

orthogonal

Tivy,; = UgE Vg vy =0 T
vectors Energy ctrl.

(3] -
-Leg A - _

= Matrix Vi comprises a set of orthonormal bases of ker(T;) L

i-u-L

Relying on the previously presented logic, the reference mapping can be obtained as

avg. 1/3

— T
Iy =WW I A Reference mapping in the 3PHMMC [2], [9]
For the case of the 3PH MMC

VT:P[I —1/2 —1/2}
N 30 3/2 —v3/2
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SINGULAR VALUE DECOMPOSITION

> Descriptionsin 7], [8] Since T; = [1 ... 1]1x it can be shown (detailed description in [4]) that
> Diagonalization of a non-square matrix as a
) ofryr 1 1 ... 1
T,=|Uz Uy (rxr) [ RT:| T _ . 1]. .
i [ ] 0 o| LWs WW = . —a : : S
—— ~——
U vT 1 1 ... 1
(mxm) (nxn) axq
A few important remarks: ‘de,”;2¥,§*q

no matter how VY is chose~ \O\Jed\ ntly:
> All the vectors from U are linearly independent (orthogonal) -

e
> Allthe vectors from V are linearly independent (orthogonal) '\O\e cof 1
A(C =I"— = *
> Allthe entries of X are real \'\03\ Q‘\“ =1 q ; Ly
N \( 0 S——
Let one look for the product d\‘eo“o ’ averagevalue
T Od\(\g
Ty = Ur® Vi vy =0 e‘Oa\a I
R N 1 [3]
eO Energy ctrl e >
\((3‘5 gy ctrl. g iM
= Matrix Vi comprises a set ofglh . .onormal bases of ker(T;) -LegA- L =
Relying on the previously presented logic, the reference mapping can be obtained as
avg. 1/3
— T
Iy =WWy I A Reference mapping in the 3PH MMC [2], [9]

For the case of the 3PH MMC
vl = 2 1 -1/2 —-1/2
N \J3 0 V3/2 —V3/2
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APPLICATION OF SVD TO THE VERTICAL BALANCING PROBLEM - METHOD 1

—

B i i B i
Hi( [ W L1 H) °A“” T
N

- Vira 1 -
Ienap - \ Were(s) { -1 Lbr + Ryr Ienap
‘Z;/\ABC
A Horizontal balancing control block diagram (SVD method)
A Horizontal balancing control block diagram (a3 transformation based) [5], [6]
Interestingly, VNT actually performs the Clarke transformation!

VT:\J?[l -1/2 —1/2]
N 30 v3/2 —V3/2

From here, it is straightforward to show that

- (s) S >
Vc* = Wc1rc(s)( Z* W;aﬁ Wzﬂﬁ) —Iea
DC

Multiplying with VNT from the left yields

() .~ - -
Vc*Aa/E _Wc1rc( )( = ( Zaﬁ WEmaﬁ)_IcAa[i .

E P I- I PCIM Asia 2020 November, 16-18, 2020
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APPLICATION OF SVD TO THE VERTICAL BALANCING PROBLEM - METHOD 1

H
3
=

B 2 7 B i
By [ W D Hols) °A“ﬂ s 1
S

Vi 1
Te + = cAaff >
- Ieaap Were(s) { -1 I
L + R b
DA = sp. ‘ljr + Ryr
F b Veaare
4 Horizontal balancing control blocn - he refe ~thod)

rel?ce 5 4 Horizontal balancing control block diagram (a3 transformation based) [5], [6]
Interestingly, VNT actually performs the Clarke trau .. "a/ne l‘/7

VT:\J?[l —1/2 —1/2}
N 310 3/2 —V3/2

From here, it is straightforward to show that

e
- (s) - - /778 fo)
Vc* = Wc1rc(s)( Z* W;aﬁ WEaﬁ) —Iea 7
DC

Multiplying with VNT from the left yields

(), - . o
Vc*Aa/E _Wc1rc( )( = ( Zaﬁ WEmaﬁ)_IcAa[j .
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APPLICATION OF SVD TO THE VERTICAL BALANCING PROBLEM - METHOD 1

From AC
current ctrl.

4,@;’1
P A\ T o 2 ‘
A \\35// cA _

VoV -m s, (s) (el

circ

-,

cos(6)

e 5T,

A Control block diagram concerning energy balancing in vertical direction (ABC frame)
Method properties:

» Control conducted per every leg individually

Fortescue transformation of i1\71* should output only positive and negative sequences.
»>

Mapping matrix generated through the SVD utilization

1 a a
1 2
Fono = 3 1 a a
> HA(s) can be either P- or PI- controller 1 1 1
> Information on voltage v is always available in the controller If WZ{A/B/C} = 0, whereas 7, ~ 0, then
Observation in the complex domain, leads to 1
ins ) ) 73 Wao
-, HAa(s) _: L0 Of 1 Waa | = 7 e/l x 76 (WAa +jWAﬂ) 5
=W —2—e 7|0 a® 0| W/, i : 0
- s 0 0 a]lw N
N LA while a3 0 quantities were obtained by means of the matrix from below.
A
wherea = e/ 3 . Moreover, 2 }3 fg
K = —_ 0 yo )
S
1 2 -1 -1 7z Ve 72
WV = 371 2 1
-1 -1 2

E P F L PCIM Asia 2020
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VERTICAL BALANCING - METHOD 2

-A / For an observed phase,
ZCAC// neutralize its balancing

;%
AN (2 ~ .
component by injecting mB "~ Acquire a set of
// reactive currents in the // Repeat the previous /* references which sum
, adjacent phases , procedure in all phases

4 \Vert. bal. procedure based on the injection of orthogonal components

up to zero

> Injection of reactive currents If

* - ~
WA{A/B/C} = 0,whereas 7, &~ 0,then
> Sum of circ. current references equal to zero

> Control structure similar to Method 1

. 1
1 0 o0][w i = Wao
o _HAG) ), ) SA o [T L HAG) | o T
iy = 1"/_6 M, |0 a 0| | Wag K—> | = Te x E(WAa'F]WAﬁ)
Mapping matrix is changed with respect to Method 1. - s 0 0 a Wac aPo ivo s 0
. . 2 rom
1 J % —J a_ﬁ G c\ireut 1:51.
2 S
M_= —ja— 1 jL = 2 = =, 2 = s
—m V3 V3 WA AW, P} iox ik - i, ‘ N P 1
i< _jﬁ 1 e Hx(s) 2 AX\ =4 M, = cire(8) 2 —Us 2
7 73 / | s
WAm cos(0)
87‘97111
4 Control block associated to the balancing method described above
E P F L PCIM Asia 2020

November, 16-1
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VERTICAL BALANCING - METHOD 3

» Direct control of the energy unbalances in the a30 domain (VNT =Kqp)

> The use of +/— circ. current sequences (similar approach followed in [10], [11])

4 Positive and negative seq.

Circ. currents in the ABC frame can be obtained as

LeaA

; — kT [Cos(@) —sin(@)] i +kT [ cos(6) Sin(e)] lead
<AB | = ap | 5in(g) cos(0) ic+Aq @B | —sin(0)  cos(6) liag .

iCAC — —
counterclockwise clockwise
rotation rotation

According to [6], the following expressions can be established:

=P

A s 2, . 2, .
PAa__‘/EvSlCAd Pag =+ﬁvslch PAO:_ﬁVschd

-
=

Decoupled control of relevant energy components

I PCIM Asia 2020

[0}

Hpy(s)

[o}*

Hpp(s)

2/37,

w | =

|
[0+

Hpo(s)

i;Ad <1 Pao

—V4/3 9,

w | =

4 Block diagram derived according to the equations on the left

> Controllers Hx(q/p /03 (s) can be tuned independently!

+
> Liaq can be controlled to zero

> For simplicity reasons assume that H (q/p /0}(5) = Ha(5)

Leaa
Fpno | Leap

Leac

= HAA_(s)e*jY x

S

75Wao
Waq +iWap

0
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VERTICAL BALANCING - METHOD 3

» Direct control of the energy unbalances in the a30 domain (VNT = aﬁ) n . e Hlo) iad i~ Py, 1 | Wae
NolS -
> The use of +/— circ. current sequences (similar approach followed in [10], [11]) > “ P s
—2/37
+ feaq Pag | 1 | Wag
Hpp(s) [x] -
O B E e I
‘ 2/3%,
it P, 1 W,
[0]@ o0 R 1 P
— N
—4/3%;
4 Block diagram derived according to the equations on the left
A Positive and negative seq. > Controllers Hx(q/p /03 (s) can be tuned independently!

+
’ . ) > 1 can be controlled to zero
Circ. currents in the ABC frame can be obtained as cAq

> For simplicity reasons assume that H (q/p /0}(5) = Ha(5)

i . . . .

ici: T cos(0) —sin(0)]|ify4 KT cos(8) sin(0)]|i 4 . . N L

s @B | sin() cos(0) || ify q aB | —sin(@)  cos() foaq Leaa I+ Ha(s) _; V2T

Leac S — N —— F i =i~ | = 2 eir x :

¢ counterclockwise clockwise pn0 L.CAB l_m_ f)s ¢ WAa + JWAﬁ
rotation rotation Leac i ; o 0

According to [6], the following expressions can be established:

2 . 2, . 2 .
g lead Ppap = +ﬁvslmq Ppo = _ﬁvsl:Ad Problem statement

PAa_

1 How to compare the vertical balancing methods
Decoupled control of relevant energy components presented so far?
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VERTICAL BALANCING METHODS COMPARISON (1)

Method 1 « negative seq.
~—1
— r 1 7 + J —Uq
: oo ®
“m+ V3 o o o
el HA) gy | ; . |ABC ’
| =5 x| (Waa+ Wap) 5 | FA >
Llmo L 0 ] a0
Method 2 [ e
— r 1 b o« positive seq.
£m+ H (S) ) \T3WAO
L‘;l_ = ?}— eV x % (WAa + jWA/E) A Analternative way of generating circulating current references achieving the energy balance in vertical direction
s~ S
LLmo L 0 ] In general, the expressions
Method 3
Al 3 NER NER NEW
+ i~ + i~ — i~ - i~
i;1+ % Wao lead = m( EeJYLer) leag = S( Eejyler) lead = }R( Ee”lmf) leng = _S( Ee”lmf)
i~ Ha(s) _; z 0
i | =" x | 1(Wy, +jWap) I ) ) .
o Vs 0 hold, while i, q = 0. From here, one can obtain system of equations provided below.
i
-m0
Circ. current +/— sequences can be expressed as 4+ 3, Ha — 3, Ha — __4/3, Ha
() g = 2k+ 3, Wao ing = Zk, 3, Waa lag ™ 2k, 3, Wag-
i~ HA S) _i - .
i, = r e Xk, Wao Combining the above system with
S
2
o~ _ Hals) _; ; Pry=——Pi, Prp = +——9.i Prg = ——9.i*
h="%5 ¢ T X k_(Waq +jWap), Aa ngschd Ap ngschq A0 1/§V51cAd
s .
allowing for the representation in a tabular form yields
Method1  Method2  Method 3 Paa=—k-HaWpa  =—F1aHaWaa
K N N N Pap=—k_HaWap  =—kigHaWap
+ V3 V3 V2
k_ % % 1 Pro =—V 2k, HAWpo = —kipHaWao.
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VERTICAL BALANCING METHODS COMPARISON (I1)

According to previous derivations, the expression

Patasp/oy = —Kigasp/oyHaWaias oy

can be established, whereas

Coefficient Method 1 Method 2 Method 3

1
1
1

>
2
R
rolm

bl

7
=
-

Wi |wIn| vy

Furthermore, the relationship from below can be obtained.

Patasp/oy = kagayp /oy Vsieata/q-/a+}

k20 = —2/1/§and k2{a/[3) = :FZ/\/B

Generalized control block diagram
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kiaspro}

Wiia/s b Piass ig /
Wiy [y |TRtemm gyisuninl .
+

oA {d—/q—/d+} - Patassioy] 1
* S

(kaga/p/0y0s) "

Kata/p/0y0s

e 5Tm

Wa{a/8/0}.m

VVA(Q/H/O)

4 A general control block diagram concerning vertical balancing of the MMC energies.

To commence the comparison, once can assume that

Tm
1 1—57

HcNirc(s) =T Hye(s) = e ~

1+s7, 1+5TT"1

Ha(s) =kpa-

Establishing the function G(s) allows for a straightforward analysis throught the root-locus method.

HZ . ($)Hme(s) _ N(s) Authe poles can beidentifed by solving
s D(s)

G(s)=

D(s) + kpAkl{a/[}/O}N(s) =0.

For the moment, assume the W, component is analyzed. Hence, k1o = 1.

If koo — 0, zeros[D(s)]=>poles[Wxo/Wy,] If ko — 00, zeros[N (s)]=>poles[Wxo/Wy,]
2
o1 =0 T
2
Oy =——
Tm
o _ 1
3T
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VERTICAL BALANCING METHODS COMPARISON (I1)

According to previous derivations, the expression

kiaspro}
Wiia/s/0y L PRiassioy ~ieagasaan] - leatd—/a-fa+} ~Lagassm)| 1
Pata/p/0y = —K1(a/p/0HaWata/p 0} 2@ Hal) 9 x Giee(5) : ;
: (katays/0%) " Ko 57040
can be established, whereas
T
Coefficient ~ Method1 ~ Method2  Method 3 Wata/8/0p.m Watass/0y
1 /3 5 4 A general control block diagram concerning vertical balancing of the MMC energies.
kiq 3 \E 5 1
kg % \/g 77,7) 1 To commence the comparison, once can assume that
(S]
2 C
ko \/g V3 ons[a/?z‘s 1 1—sp
HY ()= —— Hp(s)=e™m~ —=— Ha(s) =kya-
Furthermore, the relationship from below can be obta... € a’?Q’ mc( ) 1+s7, mf(s) 1+s TTm a(s) PA

n C
Es. an Stand'."\ntion G(s) allows for a straightforward analysis throught the root-locus method.
Pata/p/0) = Kata/p o Vsicata/q-/a+)

h cire nyarb/tf'a,- ’V(S) Allthe poles can be identifed by solving

G(s)= D(s) + kyakq nN(s)=0.
koo =—2/+/3and kata/py =52/V6 s OrQ'e/‘_§ pA%1{a/p/0}
For the moment, assume the W con.,. An e)(' ~ad. Hence, kg = 1.
Ple /-Sre
Qjrg
. . If kyo — 0, zeros[D(s)]=poles[Wao /W] Ifk A — 00,ze.  N(s)]=poles[Wnrog/W} ]
Generalized control block diagram pa 80/ W30 P i s0/Wao
2
0,=0 m= T
2
Oy =——
Tm
o _ 1
3T
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VERTICAL BALANCING METHODS COMPARISON (ll)

A Parameters of the converter used for further analyses

Rated Output Grid Number of SMs Nominal SM SM Branch Branch PWM carrier Fundamental
power voltage voltage per branch voltage capacitance inductance resistance frequency frequency
(5 (Voc) (vg) () (Vom) (Csm) (Ltr) (Rpr) (f) (o)
1.25MVA 5kVv 3.3kv 6 1kV 3.36mF 2.5mH 60mQ 1kHz 60Hz
In the setup used to verify the results presented henceforward Apparently, there exists an optimal gain k; A guaranteeing the fastest and strictly aperiodic re-
1 sponse! To calculate k;A, one should substitute the solution of
Tm ~ 375us and TR —go = 1ms,
fow dD(s) dN(s)
resulting in the diagram presented bellow. TN(S) - TD(S) =0,
whichis actually s = o, into
* —— D(OC)
P2~ N(oo)
103
6 T In the analyzed example, k;; A A 642!

Im(s)

Re(s) 103

A Root locus constructed based on the function G(s)
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VERTICAL BALANCING METHODS COMPARISON (ll)

A Parameters of the converter used for further analyses

Rated Output Grid Number of SMs Nominal SM SM Branch Branch PWM carrier Fundamental
power voltage voltage per branch voltage capacitance inductance resistance frequency frequency
(5% (Voc) (vg) () (Vom) (Csm) (Ltr) (Rpr) (f) (o)
1.25MVA 5KV 3.3kV 6 1kV 3.36mF 2.5mH 60m 1kHz 60Hz
In the setup used to verify the results presented henceforward Apparently, there exists an optimal gain k; A guaranteeing the fastest and strictly aperiodic re-
1 sponse! To calculate k;A, one should substitute the solution of
Tm ~ 375us and TR —go = 1ms,
bw dD(s) dN(s)
resulting in the diagram presented bellow. & N(s)— . D(s)=0,
whichis actually s = o, into
* —— D(UC)
P2 N(oo)
-10°
6 T In the analyzed example, k;; A R 642!

Is this gain realistic?

Im(s)

Assuming that AW, = 0.1W,", where W ~ CSMVS;%;/(ZN), one can realize that

br’
. 0.1/3W;,
feno = kpa ———= ~ 210A,

27
which is approximately 70% of the converter nominal AC current amplitude!

Re(s) 103

A Root locus constructed based on the function G(s)
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VERTICAL BALANCING METHODS COMPARISON (ll)

A Parameters of the converter used for further analyses

Rated Output Grid Number of SMs Nominal SM SM Branch Branch PWM carrier Fundamental
power voltage voltage per branch voltage capacitance inductance resistance frequency frequency
(5 (Voc) (vg) (N) (Vom) (Csm) (Ltr) (Rpr) (f) (o)
*
1.25MVA 5kVv 3.3kv 6 1kV 3.36mF 2.5mH 60mQ 1kHz 60Hz LA‘QQD
DS
« e‘-\c,e P
In the setup used to verify the results presented henceforward Apparently, there exists an optimal gain k; A Quars”’ O e\Npo\“ " and strictly aperiodic re-
1 sponse! To calculate k;A, one should s+ 00(\\(0\ _aof
Tm ~ 375us and TR —go = 1ms, (e(\o‘
fbw \“na(d\N‘a . ) dN(S) D( ) 0
I : w(s)———D(s)=0,
resulting in the diagram presented bellow. e‘\“\e( " ds
which i o w
PR\
(‘340\'\0 * D(Uc)
S (\O‘o pa N(o.)

In the analyzed example, k;; A A 642!

Is this gain realistic?

Im(s)

Assuming that AW, = 0.1W.*

s Where W'~ CsmVi2,/(2N), one can realize that

bry
. 0.1/3W;,
leao = Kpa o
S

which is approximately 70% of the converter nominal AC current amplitude!

~ 210A,

Re(s) 103

A Root locus constructed based on the function G(s)
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VERTICAL BALANCING METHODS COMPARISON (IV)

Im(s)

-6 1 1 1 1 1 1 | | |
-8 —6 —4 -2 0 2 4 6 8 10 12

Re(s) 0%

A Root locus constructed based on the function G(s)

Since kpp < kl’;A one can conclude that 'y > o .. From the equation

D(s)+ kpakifaspjoy N(s) =0,
———
kp
the following observations can be made
> The higher kl; the further the pole o1 from the imaginary axis

> For fixed k5, the system dynamics depends on k1 (4/p/0}

. Reminder - values of coefficients determining the balancing dynamics of
energy components Wy, Wap and Wy, respectively.

Coefficient Method 1 Method 2 Method 3
1 /2 2
kiq W3 V3 1
1 /2 2
kg Wi Vi 1
kio Vi i 1

E P F L PCIM Asia 2020

0.5

Im(s)
IS

—0.5

0.5

Im(s)
[=}

—-0.5

4 Position of polesin the closed loop function W (4/p /0 /W4

-103

I
X M1 X Mg X M3

—60 —40 —20 O 20

Re(s)
103
I
X X =
pa =250 |
| | |
—400 —200 0
Re(s)

-103
1 T \
0.5 — =
O 0 XX X%
E
=
—0.5 — —
kpa = 50
-1 | | | | |
—60 —40 —-20 0 20
Re(s)
-10°
1 T
0.5 =
z 0 XX X
E
5
—0.5 |- —
kpa = 250
_1 | | |
—400 —200 0
Re(s)
(@/p/o} for two different gains k5
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VERTICAL BALANCING METHODS COMPARISON (IV)

10°% 103 103
° ‘ 10\ 1 10\ \
0.5 — = 0.5 =
O O
() E 0 %% H E 0 XX x ) —
0.5 [ . -0.5 S\
kpa = 50 \“\Q?b oy
P E IS Y E B C gxe o?
—60 —40 —20 0 20 0“«56\ w =20 0 20
Re(s) 5\65“6 Re(s)
Re(s) 108 e&a
et
A Root locus constructed based on the function G(s) R d‘o 9(0\‘ 103
1 1
o T
Since kpp < kl’;A one can conclude that 'y > o .. From the equation \5‘5\3990 A M1 X Mg X Mg
= 0.5 (- =
kpak = N >
D(s) + kpaki(a/p/0y N(s) =0, L < Y 1 = L el s |
VI a0 g E
kp ‘(\e g - ~
s\ - i —o0s L _
2c® 0.5 0.5
the following observations can be ~ ,3'\(\0(6 kpa =250 kpa = 250
. / . ‘\‘o . . . 1 | | | 1 | | |
> The higher kP the e\.‘(\od .o the imaginary axis — 400 200 0 — 400 —200 0
o o i
> For fl\'N\o\l.\“g’((O _ynamics depends on k1 4/ /0} Re(s) Re(s)
LR values of coefficients determining the balancing dynamics of 4 Position of poles in the closed loop function W (4,40} /Wg(a/ﬁ/o) for two different gains k5
energy components Wy, Wap and Wy, respectively.
Coefficient ~ Method 1 Method2  Method 3
1. /2 2
kiq W3 V3 1
Fip Wi 3 1
kio Vi Vi 1

-
=
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VERTICAL BALANCING METHODS COMPARISON - IMPORTANT REMARKS

> Controllers in the a 30 domain (Method 3) do not have to be identically tuned
> For Methods 1and 2, every leg has its own controller, however, controllers are tuned identically
> The gain k5 does not have to be fixed

» Methods 1and 2 can be derived from Method 3 if

k(method 12)
H(method 3) _ H(method 1/2) 10
cA0 A Jmethod 3)
10
(method 1/2)
(method 3) __ ; ;(method 1/2) 1{a/B}
HCA{G‘/M _HA x k(method 3)
Ha/B}

> Method 3 can be derived from Method 2 if the gains are increased by the factor \/g (if Hagayp 0y (s) = Ha(s)):

> Method 3 cannot be derived from Method 1

> Average energies response was considered (for branch voltage ripple optimization, please refer to [12], [10], [1], [13])

Reminder - values of coefficients determining the balancing dynamics
of energy components Wy o, Wa g and Wy, respectively.

Coefficient Method 1 Method 2 Method 3

-

1
1
1

kla

kig
ki
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HIL VERIFICATION

A parameters of the converter used for further analyses

Rated Output Grid Number of SMs Nominal SM SM Branch Branch PWM carrier Fundamental
power voltage voltage per branch voltage capacitance inductance resistance frequency frequency
(57 (Voc) (vg) (N) (Vom) (Csm) (Ltr) (Ryr) (fo) (o)
1.25MVA 5kV 3.3kv 6 1kV 3.36mF 2.5mH 60mQ 1kHz 60Hz
» Converter with parameters provided above (identical to [14])
> Real industrial ABB PEC800 controller
> Master & Slave PECs (flexibility in reconfiguration)
> PECMI (v/i measurements) Master PEC
> Control HUB (SM signals aggregation and reference processing)
> COMBIO (Realays/Switches/Monitoring)
> More details in Part 4. MMC SM Slave PEC
> Identical gains kpy; = ko = 50
CHUB
RT-Box
Control structure identical to the real prototype
PECMI ———
COMBIO
(a) Front view (b) Rear view

E P F L PCIM Asia 2020

A HIL system used for result verification purposes
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HIL VERIFICATION - HORIZONTAL BALANCING

105% 105%

90%

Wy = 100% Wy = 105%

(a) Scenario 1

105% 105%

90% 90%

Wya = 105%

Wy = 105%

Wy = 100% Wy = 95%

(b) Scenario 2

105% 105%

90% 90%

Wyp = 95% Wy = 100%

(c) Scenario 3

A Unbalance scenarios used for results verification purpose

=P

[
I—

L

PCIM Asia 2020

V] — VSa,1 — VTa,2 — YSa,3 V] — ¥Sa,1 — YSa,2 — YSa,3 v — ¥Sa,1 — USa,2 — YSa,3
T T T T T T T T T T T T
0 PAAAA Generate unbalance, 400 — 400
~100 200 200
—200 |~
=300 |- ‘ ‘ ‘ 0 parnay s ‘ Gener‘ate unbalance — 0 panayT ‘ Gener‘ate unbalance -
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0 |AAAAM Generate unbalance 200 0 WAV Generate unbalance
~100 |- 100 |- —{ —100 |-
—200 |- 0 PAAAMN Generate unbalanee - —200 |-
I I I I I I I I I I I I
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400 T T T T 400 T T T T 400 T T T T

[A] — g1 —isp,2 — isp,1 [A] — 8,1 —isg2 — 45,3 [A] — 48,1 — isp2 — 45,3
100 & T T T T I 400 T T T T I 400 T T T T T -
200 - 200 - 200 H —
0 0 0
—200 —200 —200

20 i i i i 1 ~2F i i i 4 -2
[A] — Icn0,1 — Ieao,2 — Ieao,s [A] — Ica0,1 — Icao,2 — Icao,s
T T T T 10 T T T

0L i 10

O WA AR 0 0
—10 - ,

—10

-10 i i i i i I I I I I

80 100 120 140 160 180
Time [ms]

A Response under the unbalance scenario 1

200

80 100 120 140 160 180 200
Time [ms]

A Response under the unbalance scenario 2

November, 16-18, 2020

80 100 120 140 160 180 200
Time [ms]
A Response under the unbalance scenario 2
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HIL VERIFICATION - VERTICAL BALANCING

Waa =5%

Wan = 5%

(a) Scenario 1

Waa = 10%

Wap = —5%

(b) Scenario 2

Waa =5%

Wag = 5%

(c) Scenario 3

Wac = —-10%

A Unbalance scenarios used for results verification purpose

=P

I- I PCIM Asia 2020

—20 i i i

V] — YAa,1 — YAa,2 — VAa,3

0 pes====t"—> Generate unbalance |

%

vl — YAq,1 — YAa,2 — VAa,3 v] — VAa,1 — YAa,2 — VAa,3
50 & T T T T T I a0 T T T T 3 500 F T T T T |
Wwwm 300 150
o 150 —
ol | | | | | i 0 =5 Generate unpalance | 0 pm———s ‘ Gener‘ate unl‘)alance‘ -
v] — VAB,1 — VAB,2 — VA3 v] —VAB,1 — VAB.2 — VA3 v] — YAB,1 — YAB.2 — VAB.3
50 £ T T T T 50 £ T T T T 150 [ T T T T
300 -
0 %fw 0 S 150 |-
_s0 | | | | | 1 sl | / ‘ | | i 0 | Generate unbalance
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300 |2 T T T T T 50 & T T T T T |
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T
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T T
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20 i i i i

o

—20
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—20

140
Time [ms]

A Response under the unbalance scenario 1

November, 16
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A Response under the unbalance scenario 2
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SUMMARY

= J
> Control of average energies L
L L L
> Three decoupled layers of balancing ™| ™ T
> Total energy control ] VI*)C ] VISC ] VISC
> Horizontal balancing F
: ) 1 L L
> \Vertical balancing -~ I ‘ -~ ‘ -~ ‘
> Different options with regards to the choice of bal. methods
2L
> Chosen approach affects the energy balancing dynamics br
I 21 1
Input Output _]
o—| — L ~
MMC =< [t
1 p
S P 2|
. 0o
Pin ut 0 &
IS
K%
o— — ! | '
0 5 10 15 20 - T A

ZPbI' Time [ms]
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TUTORIAL SCHEDULE

Before the virtual coffee break After the virtual coffee break

Part 3) MMC power extension
> MMC scalability

» Branch paralleling

Part 1) Introduction and motivation
» MMC Applications
» MMC operating principles

. > Energy control
> Modeling and control

Part 4) MMC research platform

Part 2) MMC energy control
> MMC system level design

> Role of circulating currents MMC Sub dule devel
> ub-module development

» Branch energy control methods MMC RT-HIL devel
> - evelopment

> Performance benchmark

E P I- I PCIM Asia 2020 Power Electronics Laboratory



MMC POWER CAPACITY
EXTENSION

Boosting the power through branch paralleling...

c P I- I PCIM Asia 2020 Power Electronics Laboratory



MODULAR MULTILEVEL CONVERTER POWER SCALING

e
(+) it or,
&] ; E!: E] ; E’: = | [wor —i —2i =37
]
% 3 =4 &4
Lbr Z 2 OFs
g Fop, =~ Hop,
Vin & 1 or,
Z AD oeill
0
0 0.5 1 1.5 — N1
‘ T Voltage [p.u]
(_) L J' (, T (, A MMC power scaling [1],[2], [3] A MMC branch voltage scaling
ia i ic
SM Branch Le
A B C & > Existing SM design is assumed
A Conventional 3PH MMC > Linear S = f (V) change for a given current rating

> Current capacity T = new characteristics
> Series connection of SMs

» Extremely flexible in terms of voltage scaling

» Convenient if application voltage is freely selected

4 SMdesigned at PEL
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MODULAR MULTILEVEL CONVERTER POWER SCALING

(5) 2 1 [
L iL
Vin e/n Cr eas/?g the »
GMM
' [fo
RN ZI ZI 4 ZI
( ) ia Sl(\l }IB Branch e eg
A B C

4 Conventional 3PH MMC

> Series connection of SMs

» Extremely flexible in terms of voltage scaling

M1

OP,

1 ()%
AD

Apparent power [p.u]
L\

0

f [#eor, —i =2 =30

Fop, =

0 0.5 1 1.5
D Voltage [p.u]
GC/{J/ at f’)(e

0
& MMC powe, P Sratiy, l/-ﬂ
o/f

- I 496
> Existing SM design is assw. Cre
9 9 Wirgg
> Linear S = f (V) change for a giver

#or #op,

4 MMC branch voltage scaling

> Current capacity T = new characteristics

S i
S CU/‘/-e nt

» Convenient if application voltage is freely selected

E P F L PCIM Asia 2020

4 SMdesigned at PEL

November, 16-18, 2020
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COMMON MMC CURRENT CAPACITY INCREASE METHODS

;Additional terminal

/ / — t

PM, PM,, - =~ SM,, Voe| | MMC, /\/
-\_/SI\/[l [ —
- OT ! Grid/Drive

a~ A~ : 1~ —-——; H |_ i
VSM LO' Vsm -
| L] ~ MMC,,
A Paralleling semiconductor modules [4], [5] A Paralleling SMs [6],[7] A Paralleling converters [8], [9], [10]
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COMMON MMC CURRENT CAPACITY INCREASE METHODS

;Additional terminal
LS 4
PM, PM,, - =—SM,, Vel | MMC, |- /\/
~—SM, [ -
T — SN CT | Grid/Drive
1~ T~ : /™~ —L-——; 1 |_ H
{:} Vsm o Vsm !
| L ~ NIMCM —

A Paralleling semiconductor modules [4], [5] A Paralleling SMs [6],[7] A Paralleling converters [8], [9], [10]

NN
(@ @ &

(‘l (‘I (‘I

L 1
Electrolytic IGBT Terminals
capacifor module

A Exemplary cell design; Current capacity - 3104
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COMMON MMC CURRENT CAPACITY INCREASE METHODS

;Additional terminal
S t
PI\/[1 PMM o *T\-/SMM VDC MMCl [ /\/
~—SM X | i —
L R OT Grid/Drive
1~ T~ : /™~ —L-——; 1 |_ H
/ } Vsm o Vsm -
| - N MMC,,

A Paralleling semiconductor modules [4], [5] A Paralleling SMs [6], [7] 4 Paralleling converters [8], [9], [10]

A Exemplary cell design; Current capacity - 21 .4
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COMMON MMC CURRENT CAPACITY INCREASE METHODS

;Additional terminal
S t
PI\/[1 PMM o *T\-/SMM VDC MMCl [ /\/
~—SM X | i —
L R OT Grid/Drive
1~ T~ : /™~ —L-——; 1 |_ H
/ } Vsm o Vsm -
| - N MMC,,

A Paralleling semiconductor modules [4], [5] A Paralleling SMs [6], [7] 4 Paralleling converters [8], [9], [10]

A Exemplary cell design; Current capacity - I g

> Special design considerations
> Cell frame size does not change
> Possible heat sink oversizing?
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COMMON MMC CURRENT CAPACITY INCREASE METHODS

;Additional terminal
PM1 PM.\\ < = 'T\"SMM — /\/
~—SM, -
1 r— i : Grid/Drive
.~ T~ : T~ —L-—‘—? . i
Vsm o Vem I
| L ~ MMC,,
4 Paralleling semiconductor modules [4], [5] A Paralleling SMs [6], [7] A

Paralleling converters [8], [9], [10]

Additional

Inductor
termi
A Exemplary cell design; Current capacity - I qeq A Cell designed for paralleling
> Special design considerations > Additional inductor is needed
> Cell frame size does not change > Additional terminal for the capacitors
> Possible heat sink oversizing? > Special gate driver structure
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COMMON MMC CURRENT CAPACITY INCREASE METHODS

;Additional terminal
PM1 PM.\\ < = 'T\"SMM
-~ SM,
L L —
< = ; T~ —L-——;
)l } Vom o VSIM
| L N
A Paralleling semiconductor modules [4], [5] A Paralleling SMs [6],[7]

Additional

vt Inductor

A Exemplary cell design; Current capacity - I qeq A Cell designed for paralleling
> Special design considerations > Additional inductor is needed
> Cell frame size does not change > Additional terminal for the capacitors
> Possible heat sink oversizing? > Special gate driver structure

E P I- I PCIM Asia 2020 November, 16-18, 2020

A AY

Grid/Drive

A Paralleling converters [8], [9], [10]

> Well known principle
> Problem is shifted to the control domain

Paralleled MMC branches=> System simplification

[—
R
I 1
L
N
L
o br
branch,,

A Paralleling branches [2], [3], [11]
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COMMON MMC CURRENT CAPACITY INCREASE METHODS

;Additional terminal
LS 4
PM, PM,, - =—SM,, Vel | MMC, |- /\/
~—SM, [ -
T — SN CT | Grid/Drive
1~ T~ : /™~ —L-——; 1 |_ H
{:} Vsm o Vsm !
| L ~ NIMCM —

A Paralleling semiconductor modules [4], [5] A Paralleling SMs [6],[7] A Paralleling converters [8], [9], [10]

> Well known principle
> Problem is shifted to the control domain

Paralleled MMC branches=> System simplification

[—
R
Additional Inductor - 1
A Exemplary cell design; Current capacity - I qeq A Cell designed for paralleling L
N
> Special design considerations > Additional inductor is needed I
. ) . br

> Cell frame size does not change > Additional terminal for the capacitors %
> Possible heat sink oversizing? > Special gate driver structure branchM

A Paralleling branches [2], [3], [11]

If the branches are paralleled, there is no need to go through a new design process to accomplish the MMC power extension
E P F L PCIM Asia 2020 November, 16-18, 2020 Power Electronics Laboratory | 4 of 14



MODELING

) i

Branch

A B

+
+

‘ Vor,1 Vbr,2

i
Vpr br,1
‘ Lbr, 1 Lbr, 2

Rbr.l Rbr,z

VorMl

Ipr,2

Lbr,M

A Branch equivalent circuit

E P F L PCIM Asia 2020

1< 1
Vors = Z Vor; and —
i=1

Zbr

RbrM

Sub-Branch

balancing among
the Sub-Branches?

Vors

Loe
Ry

1 1 1
+—— et

Zbr,l Zbr,2 Zbr,M

horizontal balancing

A Equivalent circuit of the converter operating with parallel (sub)branches

> Equivalent circuit = Conventional MMC

» All state of the art control considerations still hold

> New layers of control to be added?
> Unequal SBR parameters
> SBRenergy balance

> SBRcurrent balance

> Voltage quality improvement due to paralleling

Power Electronics Laboratory
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MODELING

Ipc

) i

horizontal balancing

Sub-Branch

Branch

balancing among
the Sub-Branches?

Ia
A B m\\a( X0 ..uT the converter operating with parallel (sub)branches
A\
A MMC with paralleled (sub)branches e\N‘(\a‘S
S <0
Ipy (Ob\em
7'\ “G-\(\gp > Equivalent circuit = Conventional MMC
‘ <b Vor. ‘” e(Q\J Vorz > All state of the art control considerations still hold
lbr 1
T ‘(‘(\es - > New layers of control to be added?
o orM or > U | SBR parameters
— nequal
Rors th M Ry
> SBRenergy balance
A Branch equivalent circuit > SBRcurrent balance
1 M 1 1 1 1 > Voltage quality improvement due to paralleling
Vphrs = _vahi and — = + +--t
M= Zoe Zbrl Zbr2 Zpem

E P F L PCIM Asia 2020 November, 16-18, 2020
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CONTROL - SBR BALANCING

‘ Vbr,1 Vor,2 Vbr,M

Vpr ibr,l ibr,z
‘ Ly Ly 2 Ly m

Rbr,l Rbr,z Rbr,M

Zbr,l F o F Zbr,M = ibr,l F o # ibr,M |

A Equivalent circuit of the branch

d (. ip, . iy, _
Lbra(lbr,i - Mr ) +Rbr(lbr,i - Mr = Vbrz — Vbr,i
\w—/
Alpy i
Should v,; be chosen like: Vi = Vs + AV
d . .
Lor 7 Alor,i + Ror Alri = = AV
> Equal current sharing obtained by means of Avy,;

» Total branch voltage must not be corrupted!

M
Zizl Avy; =0

M] Air s M]

4 SBR current balancing controller

E P F L PCIM Asia 2020

Energy vs. current sharing = an important aspect to consider!

Power
Current sharing YES NO NO
Voltage sharing NO YES NO
Power sharing NO NO YES
L &
O/[aé’e C‘)“e

A Power extension triangle
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CONTROL - SBR BALANCING

ibr
+ +
‘ Vbr,1 Vor,2
i
Vpr br,1

Lpr 1 Lprz
Rbr,l Rbr,z

Zbr,l F o F Zbr,M = ibr,l F o # ibr,M |

A Equivalent circuit of the branch

d (. ip, . ip, _
Lbra(lbr,i - Mr ) +Rbr(lbr,i - Mr = Vbrz ~ Vbr,i
\w—/
Alpy i
Should v,; be chosen like: Vi = Vs + AV
d . .
Lor 7 Alor,i + Ror Alri = = AV
> Equal current sharing obtained by means of Avy,;

» Total branch voltage must not be corrupted!

M
Zizl Avy; =0

M] Air s M]

4 SBR current balancing controller

E P F L PCIM Asia 2020

Energy vs. current sharing = an important aspect to consider!

Power
Current sharing YES NO NO
Voltage sharing NO YES NO
Power sharing NO NO YES
L &
O/[aé’e C‘)“e

A Power extension triangle

Current balancing is not enough!

SBR powers are different = capacitor energy (voltage) divergence

ovember, 16-18, 2020
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CONTROL - SBR BALANCING

5
v [kV]
2.5
valkV]
0
120
pla] %0
in[A]
-40
0 5 10 15 20

Time [ms]

A Typical voltage/current waveforms of an SBR

(Sub)branch power equation

Ppr = Vsprlspr

_ yDCyDC | T~ -~
- Vsbr Isbr + Vsbrlsbr

Taylor series expansion

— phom DC AC
Popr = Psbr + APsbr + APsbr
~—— ——"

1
~3 Ve Algﬁ dependson ALp,

E P F L PCIM Asia 2020

SBR energy
balancing

intentional
unbalances

SBR current
balancing

4 SBRenergy controller

i [ﬁ +/{Aibr,i[—1 [M]
Ubr,i AVG % Hap Avbr,i
M
identical voltages ‘bﬁL Z Av i =0
oy = ler =1

+

w5 5| [salDonalpons

+
1

= Thr,1 Tbr,2 or M+

I
I

|:| br—

4 The branch voltage components represented through the superposition principle

November, 16-18, 2020

JAV I

AIblr.Z AIbr.M
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CONTROL - SBR BALANCING

SBR energy
5 .
[kV] balancing
Vo
2.5 . .
vy [kV] W [M] APDC intentional
br¥,i br,i bal
0 { unbalances
120
— SBR current
. 80 AlF
ip[A] br;¢ balancing
in[A]
o Aiy, o o
_ A\ ——A,
0 5 10 15 ) b,
Time [ms]
A Typical voltage/current waveforms of an SBR

(Sub)branch power equation

Ppr = Vsprlspr

_ yDCyDC | T~ -~
- Vsbr Isbr + Vsbrlsbr

D] [smalDanaDanalD

The M+ JAVANSY JAVIN Al \

e\
Taylor series expansion a P\dd\\\o(\

Py, =P+ APRC APXC
———

sbr sbr

1
~3 Ve Algﬁ dependson ALp,

4 The branch voltage components represented through the superposition principle
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CONTROL - SBR BALANCING

Vgrid —=

o — Higher-level 'grid | Grid current | Vs () Vors () Vori
§ control control +\2/ +
— + +
Avl*)r,i
— Horizontal
Total branch Was balancing Ve Z) SBR energy
energies — ; + ( balancing
WABC Vertical T
P balancing
5 T
. ABC by
Total energy | Veo . Woriz ,
- control Individual
Vie SBR energies
Higher Control Layers

4 Converter control layers

Modulation

> Additional control layer (conventional MMC control is retained as can be seen on the left-hand side)
» Decoupling from the higher control levels ensured by means of Zf\il AV =0

> Independent on the number of paralleled SBRs (the same approach for both odd and even M)
» Power scalability depending solely upon the control system limitations

E P F L PCIM Asia 2020

November, 16-18, 2020
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SIMULATION RESULTS

ated power nput voltage 0. of cells, ell rated voltage ell capacitance 0. of parallele S inductance resistance . frequency
Rated | | No. of cells/SBR  Cell rated vol Cell i No. of lleled SBR SBRind SBRrresi Sw. f
(P) (Vin) (V) (Veen) (Coen) (M) (Lor) (Ryr) (sw)
Left 1MW 5kvV 5 1kV 0.83mF 2 5mH 60mQ 999Hz
Right 1.5MW 5kvV 5 1kV 0.83mF 3 7.5mH 60mQ 999Hz
2400 H " 2400 - L e — .
Grid . O Grid . L e e _:Z:
voltages [V] 00 OOt 0 e voltages [V] LT e 1 e — v
-2400 ‘ -2400 ' ' '
270 410 e —
Grid 0 \M\M‘me\»\v\‘\www Grid . """"\\\\\\\\\\\\\w\\\\\wuwwuwu‘\‘wuww\w (I _,-i‘;
currents [A] Mo currents [A] QU i — i
-270 -410 1
200 330
DC link 100 DC link
current [A] 0 current [A] 0
-100 -200
210 310
Upper branch i Upper branch
currents [A] 0 AR currents [A] 0
-130 -190
210 310
Lower branch mv‘”wh‘h“““‘N‘\“W““\“““‘ Lower branch
currents [A] 0 dn currents [A] 0
-140 -190
Upper SBR 1100 1 Upper SBR 1100
1t v] 9% 1t vl 990 f
voltages [V] 590 voltages [V] 590
Lower SBR 1100 Lower SBR 1100 | 8 »
voltages [V] 1000 voltages [V] ggg ’ :..;
d
1 3

1 15
Time [s]

15
Time [s]

A Simulation resultsincase M = 2

EPFL oo

November, 16-18, 2020

A Simulation resultsincase M = 3
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SIMULATION RESULTS

— a1 — A
— Ipa2 — lnA2

110
Leg A
Upper SBR
currents [A] 0
-40
1.1
Leg A
Upper SBR 1
voltages [kV] 0.0

078 0.79 08 0.81 2.24

4 Leg A upper and lower SBR currents (top) along with SBR voltages (bottom) in case M = 2

2.25  2.26 2.79 2.8 2.81 282
Time [s]

/oy /oy
110 - i ]
— a1 — a1
I{Jeg o SBR — lpaz — Inaz
CLII)I‘II)'Z:ItS [A] 0 — lpa3 — Inas
-40 LA WAL

11} £
Leg A ¥
Upper SBR 1f 5
voltages [kV] \F7 = 7
0.9
/
0.78 0.79 0.8 0.81 2.24

4 Leg A upper and lower SBR currents (top) along with SBR voltages (bottom) in case M = 3

2.25  2.26
Time [s]
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SIMULATION RESULTS

WonslP] ) L]
W, .
nA,2 [P u] 0.9
2.2 SBR balancmg OFF
Wbrz [p u] 2 Y Y o iy
1.8 intentional
' 1 10 unbalance
inaal
Inaz2 [A
-40
Time [s]

4 Leg Alower (left) and upper (right) SBR currents and energiesin case M = 2

WnA.l[p‘u] 1.1 W
an\,z[p-u] 1 oo

Whas[p-u] 0.9

32T SBR balancing OFF
Wirs [D-U] 3 Hubhvbebehishoitiermabiinitishipbhpiabehighihoh
2.8
ina1[A]110
inaz[A]
in.\fs[/\] 0
-40 EL } } H
1.8 2 2.2 2.4 2.6 2.8 3
Time [s]

4 Leg Alower (left) and upper (right) SBR currents and energiesin case M = 3

EPFL oo

W,
W,

PA1 [p
PA,2 [p-

.u] 1.1
1
wog

2.2

Wirslpul 2

W,
W,

1.8

. 110

Ipa1 [A]

ipA,z [A] 0
-40

pAl[P~u] 1.1
pAZ[p u] 1

pAS[p u] 0.

3.2

Wirslpul 3

2.8
i [A]110
ipA,z[A]

i as[A] O
PAEH 40

November, 16-18,2020

SBR balancmg OFF
intentional
unbalance —
2 2.5 3
Time [s]

SBR balancing OFF

Il

mtentlonal
unbe}}ance

1.8 2 22 24 26

Time [s]

2.8 3
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SIMULATION RESULTS

There are two relevant questions one might ask: . .
SBR energy balancing

» How aggressive is the SBR energy balancing controller?

» Should current rating of the SMs be increased owing to the presence of SBR energy balancing?
2

ALy =AWz - Haw -

Vie ]

ibr,i ]

H
|

Energy  Controller  several
error TF kv
A SBRenergy control (recap)

> Al Y ; <10% fbr (Modest response!)

> Zl 1 AI;“

Zi:l Avé‘ri = 0 = no interference with higher control loops

51 0.22A—, T T
Als4[A] SBR energy /
Al o[A] balancing OFF \
1 1

1.5 2

Time [s]  controller
reactivation

v

controller ON

i 5.1 T
M4 A] [
Apr 2[A] SBR energy
Alpps[A] - balancing OFF
1 1

1.5 2
Time [s] controller

controller ON reactivation

A References provided by the SBR energy balancing controller (M = 3)
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SIMULATION RESULTS

There are two relevant questions one might ask: . .
SBR energy balancing

» How aggressive is the SBR energy balancing controller?

» Should current rating of the SMs be increased owing to the presence of SBR energy balancing?
2

ALy =AWz - Haw -

Vie ]

ibr,i ]

H
|

Energy  Controller  several
error TF kv
A SBRenergy control (recap)

> Al Y ; <10% fbr (Modest response!)

> Zl 1 AI;“

Zi:l Avé‘ri = 0 = no interference with higher control loops

51 0.22A—, T T
Als4[A] SBR energy /
Al o[A] balancing OFF \
1 1

1.5 2

Time [s]  controller
reactivation

v

controller ON

No need for SM current rating upgrade!

i 5.1 T
M4 A] [
Apr 2[A] SBR energy
Alpps[A] - balancing OFF
1 1

1.5 2
Time [s] controller

controller ON reactivation

A References provided by the SBR energy balancing controller (M = 3)
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SUMMARY

> The challenge is shifted to the control domain

> State of the art control methods + Additional loops

=P

MMC power extension as a main motivation

Simple and cheap (no need for major redesign of the converter parts)

Possible AC voltage quality improvement

-
I—

I PCIM Asia 2020

Total branch
energies

Vgrid —| i
o Higher-level | 84 | Grid current
P control control
ABC
Wiy

ABC
Wps
Total energy
control
Voe

Higher Control Layers

Leg

Modulation

SBR energy
balancing

——
Individual
SBR energies

Power Electronics Laboratory | 13 ¢



BIBLIOGRAPHY

[1] Miodrag Basic, Pedro CO Silva, and Drazen Dujic. “High Power Electronics Innovation Perspectives for Pumped Storage Power Plants.” (2018).

[2] S. Milovanovié and D. Duijié. “On Facilitating the Modular Multilevel Converter Power Scalability Through Branch Paralleling.” 2019 IEEE Energy Conversion Congress and Exposition (ECCE). Sept. 2019.
[3] Stefan Milovanovic. “MMC-based conversion for MVDC applications.” (2020), p. 268. URL: http: //infoscience.epfl.ch/record/277121.

[4] Andreas Volke, Jost Wendt, and Michael Hornkamp. IGBT modules: technologies, driver and application. Infineon, 2012.

[5] R.Hermann et al. “Parallel Connection of Integrated Gate Commutated Thyristors (IGCTs) and Diodes” 24.9 (Sept. 2009), pp. 2159-2170.

[6] R. Grinberg et al. “Study of overcurrent protection for modular multilevel converter.” 2014 IEEE Energy Conversion Congress and Exposition (ECCE). Sept. 2014, pp. 3401-3407.

71 M. M. Steurer et al. “Multifunctional Megawatt-Scale Medium Voltage DC Test Bed Based on Modular Multilevel Converter Technology.” 2.4 (Dec. 2016), pp. 597-606.

[8] Josep Pou et al. “Current balancing strategy for interleaved voltage source inverters.” EPE Journal 211(2011), pp. 29-34.

[9] J.Pou et al. “Control strategy to balance operation of parallel connected legs of modular multilevel converters.” 2013 IEEE International Symposium on Industrial Electronics. 2013, pp. 1-7.

[10]  F.Gao etal.“Control of Parallel-Connected Modular Multilevel Converters.” IEEE Transactions on Power Electronics 30.1(2015), pp. 372-386.

[1] S. Milovanovic and D. Duijic. “On Power Scalability of Modular Multilevel Converters: Increasing Current Ratings Through Branch Paralleling.” IEEE Power Electronics Magazine 7.2 (2020), pp. 53-63.

E P I- I PCIM Asia 2020 November, 1

Power Electronics Laboratory | 14 of 1


http://infoscience.epfl.ch/record/277121




MODULAR MULTILEVEL CONVERTERS
- OPERATING PRINCIPLES AND
APPLICATIONS

- PART 4

Prof. Drazen Duijié, Dr. Stefan Milovanovi¢

Ecole Polytechnique Fédérale de Lausanne (EPFL)
Power Electronics Laboratory (PEL)

Switzerland

cPFL



TUTORIAL SCHEDULE

Before the virtual coffee break After the virtual coffee break

Part 3) MMC power extension
> MMC scalability

» Branch paralleling

Part 1) Introduction and motivation
» MMC Applications
» MMC operating principles

. > Energy control
> Modeling and control

Part 4) MMC research platform

Part 2) MMC energy control
> MMC system level design

> Role of circulating currents MMC Sub dule devel
> ub-module development

» Branch energy control methods MMC RT-HIL devel
> - evelopment

> Performance benchmark

E P I- I PCIM Asia 2020 Power Electronics Laboratory



MMC RESEARCH PLATFORM

High power university lab prototype and versatile HIL system

c P I- I PCIM Asia 2020 Power Electronics Laboratory



ONGOING MMC RELATED ACTIVITIES

Pump Hydro Storage Research Platform
> MMC based AC/AC converter

> Interface between SG and local AC grid

Flexible DC Source (FlexDCS)
> MMC Based DC Source rated at 0.5 MVA

> Reconfiguration unit allows series/parallel operation

> Four quadrant operation

uoneInguoddI

AC grid

A Flexible DC Source Topology [1]

E P F L PCIM Asia 2020

4 MMC-Based AC/AC Converter for Pump Hydro Applications

> Flexible voltage source in arange 10 kV DC

> Flexible current source in arange £100 ADC

400V LVAC

6KV MVAC link T
! i
£ *
1= 10KV MVDC link ]
oo MRk
= w ‘
1= ' 1
= 5 1 4 2 3 !
(4Q Robicon 3 ) ) ) ) (BB
. — == |, o —
4Q Grid Simulator PHSP Electric Part - DUT PHSP Hydraulic Part - Emulation

6)

PHSP RT-HIL Emulation

>

Pumped Hydro Storage Plants - Research Platform

November 16-18, 2020 Power Electronics Laboratory | 3 of 26



MMC - CONVERTER LAYOUT

MMC demonstrator ratings are:
> 500kVA
> 10kVye <= 400V, or 6.6 kV ¢

> 16 low voltage cells per branch = 32 cells per phase (cabinet) = 96 cells in total
> Industrial central controller and communication (ABB AC PEC 800)

control  phase-leg 1 phase-leg 2 phase-leg 3 GIMC trafo
cabinet cabinet cabinet cabinet cabinet
400V, . -
z i
=
Yd11y0 *
-
T
GND

A DC/3-AC MMC Converter Layout [2]

E P F L PCIM Asia 2020

November 16-18, 2020

400V,

branch
phase-leg
multi-windings
transformer
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MMC - SUBMODULE OPTIMIZATION

Submodule Semiconductor losses

> 12kV /50 A full-bridge IGBT module > Virtual Submodule concept has been utilized [3]

> Ceepp = 225mF > Closed-loop waveforms are approached by analytical waveforms

1D LUT W
2

upper IGBT

. v & B UGBT.u
Thermal design “ T ey
‘cells. T
> Celllevel: detailed FEM ot
= . ]
Ly .
> Cabinet level: simplified FEM " i Ibiodeu
;—l er IGBT
ok - {1 Uepry
iIGBTJ

IDiode

analytical expressions modulation virtual submodule
., P Popy [0 Pepy — Pry
Panrs Pty [ Py I P D P s\ I Siched model
60 T T T T
)
@
= 40 = £
3 3 ]
g0 g E
(2]
0
M2 0 M2 T Uom2 0 M2 m ;-T2 0 T2 M
¢ [rad] o [rad] ¢ [rad]
. . A PS-PWM, DC circ A PS-PWM, DC+2™ circ 4 Time benchmark
A CFD simulations
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INSULATION COORDINATION (1)

System partitioning

Standards

> UL840 for cell PCB (< 1kV)
» |IEC61800-5-1(AC motor drives)

> Pollution degree 2: “Normally, only non-conductive pollution occurs. Occasionally,
however, a temporary conductivity caused by condensation is to be expected,
when the PDS is out of operation.”

> Overvoltage category II: “Equipment not permanently connected to the fixed
installation. Examples are appliances, portable tools and other plug-connected
equipment.”’

> Box at dc- cell's potential (floating)

> Box corner radius: 3mm

| > MKHP (high CTI material) drawer holding 4 cells

2. @833E+0AS5
1. GU4SEEAS
1, BBSTE+DAS
1, GETOE+EAS
1, 5252E+805

control  phase-leg 1 phase-leg 2 phase-leg 3 GIMC trafo
cabinet cabinet cabinet cabinet cabinet
4 ;
N =
LB || | (IO
T e
\TTTTTTU T 400,
[ T
L || B0 | [EE0
EHEL | BELD | B0 branch
SEL | BELD) | B2 phase-leg
i e
= = ! o
GND
Zones definition [4] Zone 2
XL Xh Xr
hand e ;‘—’\
i X
L LA
L LI Com
]
LIS . =
L mZone 2
M Zone 3
W Zone 4

Zone1 (ins. coord. inside a SM’s enclosure) system voltage: 1kV ¢
Zone 2 (ins. coord. branch)

> Horizontal system voltage: 1kV,.
> Vertical system voltage: 36 kV .

Zone 3 (ins. coord. branch - cabinet (at GND)) system voltage: 6.6 kV ¢

Zone 4 (ins. coord. for LV circuits) system voltage: 0.4 kV

E P F L PCIM Asia 2020

1. 3895E 4805
1, 2567E+BAS
1. 1119E+BA5
9, 7318E+0@Y4
8, SU42E+0EY
&, GSEREEAY
5. SE9TE+EAY
Y. 1814E+EAY
2. 7938E+BAY
1. YBE2E+BAY
1, B5B5E+0A2

A E-field FEM simulations for drawer design

November 16-18, 2020
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INSULATION COORDINATION (I1)

v MV MMC converter laboratory prototype layout compliant with:

> UL840 (for cell)
> |EC 61800-5-1

V' Complete AC dielectric withstand tests on real prototype [4]

4 AC dielectric withstand test result

A Cabinet of one phase-leg (32 cells) in Faraday cage during insulation coordination testing A Drawer holding 4 cell (MKHP material)

E P :: L PCIM Asia 2020 NovermberieTs
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MMC - CONVERTER LAYOUT

MMC demonstrator ratings are:
> 500KkVA (2 x 250 kVA)
> £10kVge ¢ 2x33KkVye
> 8low voltage cells per branch = 16 cells per MMC phase = 58 cells in total - per MMC
> Industrial central controller and communication (ABB AC PEC 800)

terminal phase-leg 1 phase-leg 2 phase-leg 3 inductor
cabinet cabinet cabinet cabinet cabinet
T MMC1
0 — branch
>‘:’ 3.3kVac
&= | # —— phase-leg
H . ‘ ___ branch
&) E | inductors
a € o
> E (A
2| & = 400V ac
= |4 &
Yo g ;
H < I
I MMC2
2 — branch
) .| 3.3kVac —— phase-leg
H e ‘
branch
| inductors

A Flexible DC Source Converter Layout
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MMC MECHANICS

4 MMC CAD development 4 MMC coupled air-core branch inductors

Heater Honeveomb burT 7 Controller 17 Logger

l
b

\ir flow sensor

A MMC Submodule thermal heat-run test setup [5]
4 MMC - Actual mechanical assembly
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MMC SUB-MODULE

Low voltage based sub-module including cell controller
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MMC SUB-MODULE - STRUCTURE

Key Features
> Low voltage power components
» Full-bridge sub-module structure
> Sub-module rated voltage - 625 V
> Sub-module insulation coordination - 900 V
» Two interconnected PCBs: Power PCB and Control PCB

4 MMC Sub-module Structure: Yellow parts - Control PCB

4 Developed MMC FB sub-module based on the 1.2kV IGBTs

E P I- I PCIM Asia 2020 Power Electronics Laboratory



MMC SUB-MODULE - POWER PCB

> Power processing part

> Semikron full-bridge IGBT module 1.2 kV/50 A

» Bank of electrolytic capacitors Cg,,= 2.256 mF

> Protection devices: Bypass thyristor, relay and OVD
> Current and voltage measurements

» Hybrid balancing circuitry

» Hardware reconfiguration (HR)

4 MMC Sub-module Structure: Yellow parts - Control PCB

4 Overview of the Power PCB
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MMC SUB-MODULE - CONTROL PCB

v

>

yvy

Flyback based auxiliary power supply

+5V Output, used as a control feedback
+80V Protection supply

+15V Gate drivers supplies

+15V Self-supply output

» DSP based main SM Controller

>

>
>
>

Communication with upper level control
Voltage and current measurements
Monitoring the SM condition
Decentralized modulation

> Gate drivers
> Protection logic

>
>

>

Protection activation from upper level control
Protection activation from DSP
Protection activation by overvoltage detection

» Fiber-optical communication link

4 QOverview of the Control PCB

E P F L PCIM Asia 2020

4 MMC Sub-module Structure: Yellow parts- Control PCB
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AUXILIARY SUB-MODULE POWER SUPPLY (I)

Possible concepts
» Externally supplied
> Single wire loop
> Siebel
> Inductive power transfer
> Internally supplied

> Tapped inductor Buck
> Flyback

Choice [6]
> Flyback with 6 isolated secondaries
> 1x 5V, 4 W for the controller supply (V.sy). This
output is tightly regulated in closed-loop.
4x 15V, 15 W for the IGBT gate drivers (Vgpi.4)
1x 80V, 15 W for 15 s operation when activated
for the protection circuit (Vo)

v

A\

+8.. 14 +
Vo4
9..15
6 +
Vorot
7

Veen

Visy

E P F L PCIM Asia 2020

Planar trafo design
» PCB windings (isolation requirements!)

> Planar ferrite cores with custom gapping
(COSMO ferrites)

Matlab design tool
> Account for flux fringing [7]

> BH curve for CF297

> Jiles-Atherton parametrization

0.4 —

B[T]

0 | | |

0.2 —

4000 ! ! —

pr ]

2000 |

0 500 1000
H [A/m]

800 T T T T 1

feasible designs

Np,min [
L
8
T
|

lag [mm]
I
|

X
|

4804 220 4225 357_\” 68%°

FEM
> Validate Matlab design

» 3D model for accurate leakage flux

T
)
5 5 —
0 = L T
01 02 03 04 05 06 07 08 09 1
Ip (4]
Power Electronics Laboratory | 13 of 26



AUXILIARY SUB-MODULE POWER SUPPLY (1)

Transformer assembly AC dielectric withstand test

> 14 copper layers PCB > Way below threshold level of 10pC

> Custom gapped ferrite E+l core

Tests
Vel
P f
/ Ve
cell
- g -
Vewn V, 5y gets energized Vewn VM{S& Vow UVLO turn-off
e 5
P N Vo /threshold
Voo UVLO turn-on s
threshold bD .
loss of regula-|
e . .
Visy /tmg capabilit;
. -
VGDL'& V‘S\Y
V e
Vi prot
s Startup 4 Steady-state operation 4 Shut-down (slow dv/dt from Delta power-supply

used to emulate the cell)

EPFL PCIM Asia 2020 November 16-18
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MMC SUB-MODULE POWER TESTS

Extensive testing has been done:
> Power tests
» Thermal heat-runs
> Over current tests

> Loss of power supply

v

DC link over voltage
> Terminal over voltage

> Short-circuit tests

4 Developed MMC FB sub-module

E P F L PCIM Asia 2020

AC current [A]

time [s

A MMC SM over current test

time s

4 MMC SM over voltage test

10 AC current 4]

— P voltage [V
. v

052 054 050 058 05 062 064
time ]

A Power supply under voltage detection

November 16-18, 2020

0]

200)

60 M‘
™

00

B

100

A Short circuit test (Desat detection)

time s

DC valtage [V]
— AC voltage [V]

o[ Ac e

>

100)

S0l

0|

00)

200)

0l

— oo ]
e o1 om0z om  05 0% o4
time [s]
Gate Driver failure
AC voltage V]
o 5 o 5T o o
time Js|

A AC terminals over voltage detection

Power Electronics Laboratory | 15 of 26



MMC DIGITAL TWIN

RT-Box based distributed HIL system

E P I- I PCIM Asia 2020 Power Electronics Laboratory



MMC - RT-HIL SYSTEM (1)

A Submodule layout

SM Control!

} FOL

[ —7
Interfacing the RT Box

4 SM control board adapted for HIL testing

E P F L PCIM Asia 2020

A RT Boxes used to host up to eight MMC control cards

November 16-18, 2020

Submodule

> Full-Bridge IGBT module

> Capacitor bank

> Protection circuitry

> Balancing circuit

> Auxiliary power supply

ABB controller

» 2 x PEC 800 (Master/Slave config.)
> PECMI(measurements)

> COMBIO (relays, switches, etc.)

> HUB (data gateway)

A Application (Grid) RT Box

Power Electronics Laboratory | 16 of 26



MMC - RT-HIL SYSTEM (1)

Submodule
> Full-Bridge IGBT module
> Capacitor bank
> Protection circuitry
> Balancing circuit
> Auxiliary power ~ sg-j,\\‘\c1

ABB contr-" “9900

9 P\L?O\N U0 (Master/Slave config.)

ﬁq\?:‘ PECMI (measurements)
?\'( 60* > COMBIO (relays, switches, etc.)

. “\e
A Submodule layout de\ed \ > HUB (data gateway)
. O
X\ S
e auo?
SM Control! O\I\l
el
. 2
oty
|\ (0
3 3\9‘(\0
\“d\(\g
eX
(oo
-\
Intcrfacm" the RT Box
4 SM control board adapted for HIL testing A RT Boxes used to host up to eight MMC control cards A Application (Grid) RT Box

E P I- I PCIM Asia 2020 Power Electronics Laboratory



MMC - RT-HIL SYSTEM (1)

zi g MMC branch voltage
v,

o——= MMC Branch

4 Modular Multilevel Converter

4 Channels available on the RT Box

o No. of channels/ Voltage
Description
connectors range

Analog Inputs 16 —10V...10V
Analog Output 16 —10V...10V

Digital Inputs _ 3.3Vor5V
Digital Outputs 32 3.3Vor5V

SFP Connectors 4 N.A.

Limitation in the number of Dis
One RT Box hosts up to 8 SMs!

E P F L PCIM Asia 2020

RT Box

Interface board
—_—— ——

COMBI IO |[«——

[ & Application [«—f Di
( T PECMI |
=
(8] 8
Branch An - ~——
1.8 Master —|—
[T PEC ]
| 8 ]
Branch Bn [/ —
1..8
[1T
- 8 (8]
Branch Cn |~ —
‘ ‘T L.8 Control
HUB
8 8
Branch Ap [ -
1.8
L [‘ [T ——— POF - UART
] 8
Branch Bp [ - ——— Ethernet
[TTIIT - e
L 8] 8 —— POF - ML
Branch Cp [/ — ——— POF - MLDL
1..8 .
— Electrical
[TTTTTT
LIl l]]
Ethernet
switch
PC
A Wiring communication scheme of a system comprising one MMC serving an arbitrary application
Power Electronics Laboratory | 17 of 26
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MMC - RT-HIL SYSTEM (ll)

System summary
> 6 RT-Boxes - one per Branch of the MMC \‘ To_Controller
» 1RT-Box - Application (AC and DC side) ol Adiustment I:I = From_Controller
ACS 800 PEC - ABB Industrial controll e J
> - ndustrial controller
> ABB other peripheral control boards
> Integrated into IT cabinet Adjusted
¢ f control-boards
Q&
O(‘"\
w“‘e&
Interface
board
‘ T Branch RT Box
Modelling
RT Box

4 Application (Grid) RT Box A Transformation of MMC cell into digital twin equivalent system

Power Electronics Laboratory | 18 of 26
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MMC - RT-HIL SYSTEM (IV)

RT Box Interface board
N |—> COMBIIO [«—
Application [« [:<
T |—> PECMI [«
8] 5]
Branch An [« —
1..8 Master le—|—
T PEC |7
8] ] 1
Branch Bn [« — 7
1.8 Slave !
[T PEC
L 8] 8
Branch Cn [« — 4—1 ¢
11T 1.8 —3| Control
2 HUB
Branch A g % :
ranch Ap [« - Controller
[TTTT
8] 8] ——— POF - UART
Branch Bp [«5 - s ——— Ethernet
[TIIIT .
8] 8] —— POF - ML
Branch Cp [« - ——— POF - MLDL
‘ ‘ ‘ ' ’ IT Electrical
Ethernet
switch
Front Rear
D >
PC

4 Digital Twin - Realized RT-HIL system for control verification purpose: (left) front view; (middle) wiring scheme; (right) back view.
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MMC - RT-HIL SYSTEM (V)

MMC RT-HIL extended version
> 4 RT-HIL cabinets - one per MMC
> 48 cells per one RT-HIL cabinet

> Various reconfigurations are possible

A RT Box hosting application

A RT Box hosting eight MMC sub-modules 4 Digital Twins - Four RT-HIL systems allowing for various topological reconfigurations

E P F L PCIM Asia 2020
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CONTROL SW TESTING

Results recorded from the HIL platform
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RECORDED WAVEFORMS (1)

5]
i
A Simulated converter param. =i
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ar T
power (S*) kS
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5kV .. W ]
voltage (Vpc) £
Grid 52
3.3kV
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T
SM 3 = 6000 o @ €) @{,’ﬁi N = e
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m
resistance (Ry,) 25 2000 ;5 2000 |- ! ! o
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PWM carrier T T b o B
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frequency (fowm) ﬁ i | :
Fudamental sz 200 iz w00 8
. 60Hz ' r——— 58 e S ——
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Charging 2100 = -
i - -
resistors (R.y,) iz ; B
£ .
ES
of 0 Z%
a3 ’7, . 2=
5 s000 | 1 1 1 1 1 i B
— 200 & T T T T T i - -
PES PE
£l £
9f  ° of
ag — Az — i
S _a00 | I I I I e g a0 [ | | e
o 1 2 3 4 5 6 7 0.35 0.4 0.45 0.5
Time [s] Time [s]
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RECORDED WAVEFORMS (Il)

A Simulated converter param.

Rated IMVar
power (S*)
Output
utpu 5KV
voltage (Vpc)
Grid 3.3kV
voltage (v)
No. of SMs 6
per branch (N)
SM
_ 3.36mF
capacitance (Cyp,)
B h
. rancl 2.5mH
inductance (Ly,)
Brach
) 60mQ
resistance (Ry,)
PWM carrier
1kHz
frequency (fpwm)
Fudamental
u 60Hz
frequency (f,)
hargi
Charging 2100
resistors (R,)

=P

I- L PCIM Asia 2020

. 1
EN
ekl
22
B
s
G
3
3
£y
£
g5
o
ol 4
TR
= 150 1
gy TR “ — vena
“:? u’y’ml T ‘ M“' \’ ‘ T ‘HVM | — venn
G
S —1s0 [ i i [ ——
— T T T T
2 L =
.{.‘:‘ 6000
T8 5750 |-
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I
- T
Lz 2000
e 0
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L= 2000
)
) o
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- g —2000 — UpB1 — VpB2
- f
L2 2000
“y 0
g g — UnCl1 — VnC2
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= 25
2
§f 0
R
H
T T T T
x 250 B
z O gt e gy
25 —250 |- 3
g |
. T T T i
B L 4
Er
gi o
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| | | I
o0 10 20 30 40 50

Time [ms]

A Converter operation at no load (Pp¢ = 0)
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A Converter operation at full load (Ppc = 1MW)
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RECORDED WAVEFORMS (lll)

N — T T T — 6000
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RECORDED WAVEFORMS (lll)
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SUMMARY

MMC research platform
» Electrical and mechanical design
> Insulation coordination
» Control development
> Testing independently HW and SW
> RT-HIL modeling and development
> Achieving flexibility for various applications

> Supporting future research activities
A PEL developed MMC sub-module

4 MMC - Actual mechanical assembly 4 Digital Twins - Four RT-HIL systems allowing for various topological reconfigurations

E P F L PCIM Asia 2020 November 16
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