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Modular Multilevel Converter

* Modular Multilevel Converter (MMC)
is a new member of multilevel
converter family, first proposed by
Marquardt and others (2001).

* Many people say that this converter
has immense potential for all
applications in power electronics.
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Drawback of Cascaded H-Bridge converter

* CHB requires many isolated sources. This is very challenging.

* MMC has only capacitors in the DC bus. It consists of full bridge or half
bridge cells, capacitors in the DC bus and bypass switch.

* MMC is commercially implemented for HVDC, motor drives, Statcom or
FACTS applications. It has potential for many more.

* Hundreds of cells can be connected in series e.g. for HVDC application.




MMC and its cells
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* Cells (or Submodules) can be made with half bridges or full

bridges.

* Each cell has a bypass mechanism, not shown.
* Cells are made up of capacitors.
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Features

= o o * Modular identical cells.
l I |
Caz caz]  [caz] T - ¢ Three upper arm and three lower arms.
| | | - :
cens| [cems| | cens” * Each arm can contain more than hundred
£ Cei“n ceiun Ce;ln CE”S.
T AC SIDE .
5% w3t R * Low voltage IGBTs are used in each cell.
~o) . . .
0 S * Fault tolerant operation is possible.
Lom Lim Lovm
= o j“ — * Easy scalability of voltage and current.
| I |
carz|  [caz] [car * The same converter can be used for DC-AC or
Celus Celll3 Celll3 AC-DC app|icati0n5.
Ce!ll n Ce!ll n Ce!ll n




Advantages of MMC

* Modular and simple converter cells.
* Easy bypass of faulty cells in case of a fault.
* Easy scalability of voltage and current.

* Very high quality of sine wave produced at the output, so the output filter
is not needed. The common mode voltage is also low. Very low dv/dt at the
output.

* The presence of the arm inductances also helps in limiting short circuit
current.

* Good transient response, in particular during faulty conditions.

* The DC side can be fed from multi-pulse rectifiers, or AFE. The AC side can
be fed from the grid.




Disadvantages of MMC

* Too many components, so control is complex. But the control strategy is
repetitive for all cells. Cost is more.

* Reliability is less, but availability is more.
 Amount of capacitance is much more compared with other topologies.

* Control is complicated for vector controlled drives, where full load current
is required at close to zero speed. But suitable for drives with fans or

pumps.




Cells as controllable voltage sources
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* With half bridges, the voltage produced has DC+AC components. With full bridges, the DC component in the
voltage may be removed.

. 30 Ty
e With many cells, the output becomes smooth. f‘"*»,
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 Cells working together in an arm can be thought of as controllable voltage

sources.
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Steady state operation

* Converter voltage equations:
e £ _ dlU _ _
® v @ ® > Vu (£) — L—= = v,0(t) = Vi sinwt
|ic * Neglecting mductor drop,
Al V,sinwt
E2_1_ L. i o E
A?;"" >’”‘“’B§ 3 I Vmsin(;g—IZO) ° E T UU (t) - Sln wt
ot aaf ' V,,,sianor-zm ] E _
= § 1 o * This means, vy (t) = P V., sin wt.
E2 L TiL o
S 5 * Similarly,
di
. ——-I-UL(t) L— lL —vAO(t) =V, sin wt

* This means, vL(t) = E + V. sin wt.




Steady state operation

* In order to change the output AC voltages, the
converter arm voltages can be modified as,

E .
Jic *v;(t) ==(1 —msinwt) where0 <m <1
U T W I,
A . V usin (01-120) =
0 A2 s c— ¥ ?%mzm; E 2
ey, : 3 ~ v/ (t) = Py (1 + msin wt)

O ® @0 * How are the waveforms for v (t) ?
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MMC operation (DC-AC or AC-DC)
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e Unidirectional voltage is needed; so half
bridges can be used.
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DC SIDE

MMC operation (DC-AC or AC-DC)
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* Bidirectional voltage is needed; so full bridges
must be used.
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MMC operation (DC-AC or AC-DC)
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 What happens when E=0 or a very small value?
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Arm voltage rating

* Converter voltage equations:
E .
® v @ S vy (t) = >~ Vmsinwt
E .
|ie e v (t) = ~+ U sinwt
Lz Al 9 . V,,,;i:wt E
i 3 O L fy < Zthen0<uv, <E.
L B A ) - 2 u
01 Al ' lﬁ,,sigt-zzm) ..
S * Similarly, 0 < v, < E.

E/2 —_ .
K

* Thus voltage rating of upper and lower arm is
the total DC link voltage.

* Voltage rating of each cell (and capacitor) is
E/N, where N is the number of submodules
In any arm.




Cell voltage rating

* \Voltage rating of each cell (and capacitor) is
E/N, where N is the number of submodules

| In any arm.
pa | Al ! Vysinot * Number of submodules is also related to
T Lom  f1pa4 © I
Alz ; ) it capacitor stored energy.
01 b . v, YinQZJt-Z T
A2 3 o 7g™ ¢ Alow value of N will increase the voltage
S T rating on each switch and capacitor ripple.

CRNCHEEN® * A high value of N will increase the cost.




Arm currents

* Arm current has both DC and AC component.

* If we neglect the capacitor voltage ripple, then

* half of load current will flow through arms at fundamental frequency
* Arm currents will have DC to maintain power balance

* But a 2" harmonic voltage ripple appears on the capacitor voltage due to
single phase power flow. It causes second harmonic voltages to appear in
the arms. It causes additional harmonic currents.

e So the arm currents have,

 half of load current flowing through arms at fundamental frequency
* Arm currents will have DC to maintain power balance
* Higher harmonic currents due to capacitor voltage ripple




Arm currents at steady state

* Arm current expression:
. 1. .

* lU(t) — 5 Lioad (t) + leire (t)
. 1., .

* i, (t) = 5 toad (t) — icirc ()

* ljoad (t) = ImSin(a)t — QD)

* i.irc(t) has a DC component and higher harmonics (predominantly
fundamental and 2"4 harmonics).




Arm energy balancing at steady state

* We have to ensure that power flow through the cell is zero over a certain

period of time i.e. fo Veellleen At = 0 to maintain capacitor voltages
constant.

* This means arm energy should also be zero

: T T .
.e. Worm = fo Parm dt = fo Varmlarm dt = 0.

* The instantaneous power for upper arm is given as
py(t) = vy )iy (t)

— (g (1 — msin wt))(% iload (t) + ici‘rc(t))

= (g (1 —msin a)t))(i [ sin(wt — @) + icc ()




Arm energy balancing at steady state

E1l _ E E1l _ _ E ,
py(t) = == I, sin(wt — @) + =i jrc(t)—m—== 1L, sin wt sin(wt — @) — m= sin Wtigire(t)

2 2 2 2 2
E 1
=55 1m =L, sin(wt — @) + = > lcire(t)—M—= 57 m — I, (2sin wt sin(wt — @)) — mism Wiz (t)
—E11 (wt )+E (t)-m—=—-1, 2wt ) £ t t
55 Im sin(wt — @ 5 Leire m— 57 Im (cosp — cos(Zwt —@)) —m > sin wtizj-q(t)
E mEL, EI mE | mEIL
=3 loire(t) — 2 cos@ + Tsm(wt — @) — > — irc(t) sin wt + — cos(Qwt — ®)

The instantaneous arm power has both DC and AC components and can be written as

py(t) = py pc(t) + Py ac(t)




Arm energy balancing at steady state

mkEL,
8

El mkE mkEL,

pU_AC(t) = Tm sin(wt — @) — IZB icirc(t) sinwt +

E
pU_DC(t) — E icirc(t) — COSQ

cos(2wt — @)

In steady state, to ensure arm energy balance, the average DC power of each arm must
be equal to zero
py pc(t) =0

. : : : 1
This gives DC component of circulating current, i ;.(t) = Zmlmcosgo

The instantaneous power for lower arm is given as
pL(t) = v (t)i (t)
E . 1, .
— (E (1 + msin a)t))(g l10ad(t) — lcirc (1))




Arm energy balancing at steady state

pL(t) = (g (1 + msin (Ut))(% Ly, sin(wt — @) — igpc (1))

E mEI El mkE mEI
p(t) = — > [eirc(t) + 3 T cosp + Tmsin(a)t — @) — - ioirc(t) sin wt — = cos(Rwt — @)
The instantaneous arm power has both DC and AC components and can be written as
E mEI
pL pc(t) = — ) icirc(t) + 3 = cosg
El mE mE]
pr ac(t) = Tmsin(wt — Q) — - [oirc(t) sinwt — = cos(2wt — @)

In steady state, to ensure arm energy balance, the average DC power of lower arm must
be equal to zero
d pLpc(t) =0

This gives, i, (t) = %mlmcosgo




Relation between AC and DC side current

* Let the current drawn from DC source (E) be /. Then, El ; is
the power drawn (or power flows) from (into) DC side.

* Under no losses in the converter, it should be equal to AC

power. ® v® ® ™
Vi [ li
* Thus, El; = 3—=-=cos A
d ,\/— .\/— (p T A§LM {Iaad 3
3
* Hence, I = Zmlmcoscp o1 a Bg
* Thus I/, is three times the circulating current. Ideally /, is T |l
pure DC. ®uw ® @O

. ,1Another way of wrltlng the arm currentsiis: iy (t) =
" nsin(wt — @) + —




Arm energy balancing at steady state

AC power components of arm power will cause energy variation in each arm. The upper
arm energy can be written as

El mkE mkE]
Wy(t) = ijAC(t) dt = j (Tm sin(wt — @) — - icirc(t) sin wt + = cos(Rwt — go)) dt
. . Iq
Assuming  icirc(t) = 3
El mE | mEI
Wy(t) = j (Tm sin(wt — @) — 7§dsin wt + T cos(Qwt — (p)) dt

Solving the above equation, the upper arm energy variation obtained is

mEI] mEI
d(cos wt) + 16a)m

EL,
Wy(t) = ———cos(wt — @) +

In(2wt — 1
m ” sin(2wt — @) + ¢

Where c1 is the integration constant




Arm energy balancing at steady state

The value of ¢1 can be obtained by assuming at t =0, W, (t) = Wy,

EL, mEIl; mEIL,
1=W — — '
C vo + ™ cos(p) ” + Tew sin(¢)

Putting the value of c1, the upper arm energy obtained is

El mEl; mEI El mE| mEI
Wy (t) = Wy +4—$cos(<p) — 6a)d + 16a)m sin(p) — 4—5 cos(wt — @) + 6a)d(COS wt) + 16a)m sin(2wt — @)
Similarly, the lower arm energy can be written as:
Wt—J tdt—j(EI (wt ) mE la t mE I Lwt ))
L(t) = | pr,(t)dt = 2 sin(wt — @ > 351na) 3 cos(2w ©
- El, mEl; mEI, El, mEl mEI,
W (t) = Wi+ ™ cos(p) — T = sin(¢) ™ = cos(wt — @) + ” cos wt Tew = sin(Qwt — @)




Lower arm energy

E2_L_

E2 L

+
@’) vy @ (’9
Jic
Al 9 V,sinwt
?La”" {'Ia d % ; @
A 7 V,sin (wt-120)
L,, B ~)
A2 ) V,sin{wt-240)
3 5 &
L
+
R

From the circuit diagram and the sign convention used, the
arm energy variation expression in the lower arm should be
negative of the arm energy variation expression in the
upper arm.

WL () El El, mEI
mclg MELy, |
= —W,———=
- 0~ 7 cos(@) +E16w e Es;n(w)
m m
+ 4—Ztcos(wt — @) — 2 cos wt + —2sin(2wt — @)




Upper and lower arm energy expressions

The upper arm energy obtained earlier is

El mEIl; mEI El mEI mEI

Wy (t) = Wye + 4—:)1cos(<p) — 6a)d + 16a)m sin(¢p) — 4—(Zlcos(a)t — @)+ 6wd(COS wt)|+ 16a)m sin(2wt — @)
El mEI] mEI El mE] mEI

W, (t) = =Wy, —4—$cos(go) + 6a)d + 16wm sin(¢ )|+ 4—(Zlcos(a)t — Q) — 2 cos wt|+ 16a)m sin(2wt — @)

* We note that the fundamental component in the upper and lower arms are equal.

However their sum cancel each other indicating that energy exchange takes place at

fundamental frequency between upper and lower arms. It does not go out of the arms.




Phase energy balancing at steady state

Each phase energy variation can be written as

W(t) = Wy(t) + W,(6)

2mEL, 2mEI,

w(t) = " sin(g) + T sin(Quwt — @)  (Assuming Wyo= Wy,)

W(t) = Wy(t) + AW (t)

 We also note that there is a constant term and a 2nd harmonic term in phase energy
expression.

* The constant term indicates the energy stored in the capacitors in the phase.

* The 2nd harmonic component indicates the energy that is exchanged among the three
phases.

* If we add the 2nd harmonic component of three phases, then the sum comes out be
zZero.




Energy Deviation

Summarizing:

* The DC and AC power in each arm should cancel to ensure that capacitors are
balanced.

e Each arm energy deviation consists of two components: one fundamental
frequency component and other second harmonic component.

 The fundamental frequency component causes energy exchange between the
upper and lower arm of the same leg.

 The second harmonic component causes energy exchange between phases, it
does not flow into DC or AC side.




Parameters Values

6 MW

Power Rating
DC bus voltage
Number of cells

Arm inductance (Larm)

Cell capacitance (C)
Fundamental Frequency

Switching Frequency

Load (R,L)

40KV

4

3mH

12mF
50 Hz
1Khz

100Q), 20mH

ref upper arm

"4

f lower arm

re

"4

0.8
0.6
0.4
0.2

0.8
0.6
0.4
0.2

/N

-

~

A\

/

N\

N\

/

\

5.005
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/

\

/
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N\

/

N
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5

5.005

5.01

5.015
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5.035
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Waveforms of MMC

x10
o | e Simulation is shown with 4 cells
%g 3 - v‘ in each arm. Upper and lower
S | | arm voltages are identical. They
9
Sl _ have a DC and an AC component.
: | |
x10*
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Waveforms of MMC
PRSESESESESLSL

Vload(V)

-100
100
200 | ! !
S 7N 77N
N 100
g N
s 3
] 3 0r T
£-100 X >< =
- N N -100 - -
-200 -200 \"/
5 5.005 5.01 5.015 5.02 5.025 5.03 5.035 5.04 : : :
5 5005  5.01 5015 502 5025 503 5035 504
Time(sec)

 Arm currents have a DC and an AC component.

* The line voltages and currents are perfectly balanced and have only AC

component.
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1.002
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a oV
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\f / \/ Vc4
0.999 '
5 5005 501 5015 502 5025 503 5035 5.0
Time(sec)
* Capacitor voltages are balanced.
A0
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