Resonance and Multilevel converters

Industrial Electrical Engineering and Automation
Lund University, Sweden




Conventional 2-level Converter

» Topology reference
 Two level output: £Vdc/2

+ High dv/dt (= ~)

w

« Few components
+ Easy to control

 EMC reducing implementation
required

One phase leg of a 2-level inverter

Load



Multilevel Converters

Introduction:

» Inverters with 3+ voltage levels are called multilevel
inverters

* m-1 capacitors split the DC voltage into m levels
(m-1 levels in the line voltage)

» The switches select the correct level

» The output only changes 1 level up/down at a time

dv _ Vgc/(m-1)
S e,

tSW

Example in figure:
Assume m = 5 which means 4 capacitors are used to
split up the DC voltage.

Then the output shown in the figure is:
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Simplified m-level inverter



3-level in(con)verter

W—“‘ﬂ\

31 and 53 are
complemeantary

S2 ang 5S4 are
complemeantary

53 J‘ 54 Ry
| 0 0 sy,
I § 9

0 | !'I rﬂ-'fﬁ'al



Example from Semikron

+ SEMITRANS 10 ML o

« ...for these type of inverters
SEMIKRON introduced the
SEMITRANS 10 MLI modules
where the NPC topology is split
to two halves. With current rating
of 1200A and the use of 1200V
medium power IGBT chips in
combination with SEMIKRON
CAL4F diodes SEMITRANS 10
MLI enables air cooled power Product range
blocks up to 750kW without Half-bridges 1200V / 1400A and 1700V 1000A/1400A

paralleling of modules. MLI'1200V/1200A

a)

https://www.semikron.com/zh/about-semikron/technical-articles/module-solutions-for-1500v-solar-inverters.html




Example: 3-level converter

. Two modulating waves:

iy One between upper and : : : : Modulalting wave anld potential nlaferences | : : ,
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. The rest is the same!

Cutput voltage
|

Cutput current
T

=10



Load Current

Modulating Wave and potential references
DC link current
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3-level converter

Two modulating waves:

— One between upper and mid
— One between mid and lower

The rest is the same!
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To Simulink
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Multilevel Inverters pros/cons

Benefits:

* Less total harmonic distortion

« Can run on lower switching
frequency

« Less component stress

« Lower component voltage rating

Drawbacks:
* Higher complexity
» Higher amount of components




Neutral Point Clamped Multilevel Converter (NPCMLC)

Principle: on

« The DC voltage is split into smaller levels by ol
the capacitors. p1zs

* Diodes are used to clamp each switch to one -

capacitor voltage level.
» Switch state determines output voltage T
Components:
* Number of capacitors: m-1 vl
* Number of clamping diodes: (m-1)(m-2) per
phase icié 1-
* Number of switches: 2(m-1) per phase
« All components must have voltage rating
higher than Vdc/(m-1)
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5-level Natural Point Clamped Converter



NPCMLC Control

« Available switch states
and corresponding
output for the NPCMLC

Switch state
OQutput | S1 | S2 | 83 | S4 | S1' | S2' | S3' | 84/
Vbocf2 | 1 |1 |1 | 1] 0 0 0 0
Vpcg/4 | 0| 1 | 1|1 1 0|l of o0
0 0 0 1 1 1 1 0 0
Vpa/al 6| 0]0]1 1 1 1 0
~Vpe/2| 0l 0|00 1 1 1 1
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NPCMLC pros/cons

Benefits:
« Easy to control.

S1

Drawbacks: — DL7% 52
« High amount of clamping diodes n
when number of voltage levels is
high. T Ptz 3t
« Capacitor unbalance occurs when
transferring real power. _—

ArA

i\ Load

L.

3-level Natural Point Clamped Converter



Capacitor Clamped Multilevel Converter (CCMLC)

Principle:

« Same basic principle as the NPCMLI

« Capacitors are used to clamp the device voltage to
one voltage level | e

* Has redundant switching states, which makes
capacitor balancing possible.

Components: al af oF .

* Number of DC-bus capacitors: m-1 T

* Number of clamping capacitors: (m-1)(m-2)/2 per cE
phase — | I ‘mllljllll..._

« Number of switches: 2(m-1) per phase N L Lm i I

» All components must have voltage rating higher than Lo & I
Vdc/(m-1) ' |




CCMLC Control

Switch state
Output | S1|S2|S3 |S4|S1’ | S2' | S3' | 5S4’
Voc/2 |1 |1 |1]l1lo0o]oflo]o
1 1 1 0 1 0 0 0
Vac/t o || i|lilolo ]| o] 1
1 0 1 1 0 0 1 0
1 1 0 0 1 1 0 0
0 0 1 1 0 0 1 1
1 0 1 0 1 0 1 0
0
¥ 0 0 1 0 1 1 0
0 1 0 1 0 1 0 1
0 1 13 0 1 0 0 1
1 0 0 0 1 1 1 0
Vaicia loelg|leolz|lelz|a]a
0 0 1 0 1 0 1 1
Nec2lo |G |o |||l 2]|a2]1

Redundant switch states used

for voltage balancing
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CCMLI pros/cons

Benefits:
« Redundant switch combinations makes voltage balancing

possible

Drawbacks:

* High amount of clamping capacitors when number of voltage
levels is high

« Capacitors are more expensive and bulky than diodes

« Balancing modulation is very complicated and requires high
switching frequency resulting in high switching losses




Modular Multilevel Inverter (MMI)

Principle:
 Modularized setup with submodules. g

« Each submodule have a capacitor charged to R
Vdc/(m-1). etz ' T

« The submodules can be inserted to make their
capacitor contribute to the output. C—

« Has redundant switching states, which makes
capacitor balancing possible.

Load

Components: =T

« Number of capacitors: 2(m-1) per phase +2 — Jlm” L

» Number of switches: 4(m-1) per phase

» 2 inductors per phase (to take up voltage difference
when switching occurs)

A= 1




MMI pros/cons

Benefits:

» Modularized setup

* Redundant switch combinations makes voltage balancing
possible

« The number of required components dose not grow quadratic
with number of levels.

Drawbacks:
« Complicated balancing modulation




Matrix Converter

Three VARYING levels IN.

Modulation to any number of
potentials OUT.

No intermediate Energy Storage.

Simple modulation
» Sort the three input levels in
[min med max] and "think 3-
level”.

Difficult Switching.
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Star C

Principle:

» A resonant voltage source (the 4Q
converter with LC load) supplies

three capacitors via three
bidirectional switches.

 The bidirectional switches use

positive OR negative half periods of
the resonance to charge/dis-charge

the capacitors.

* The load is connected to the
capacitors
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Typical output voltage waveform from the Star-C (red)
and voltage reference (blue).



Star C alternative version

© Mats Alakula
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a) Resonant version
b) Hard switched version

Power Electronics / Multi level Converters
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Star C pros/cons

Benefits:

« Low number of semiconductor switches
(compared to MLI:s)

* Very low output voltage derivatives

Drawbacks of series resonant Star C:

* May run in to problems if the load is
unsymmetrical

Drawbacks of inductive Star C:

* Higher switching losses as a result of hard
switching

I
i
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The non ideal converter



Blanking Time
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Blanking Time + Voltage Drops
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Simple Converter Loss Model

1

Ps(B)=vg(t)isg(?)

Vo Iz &
VDC
Vin /
P 4
Ptana‘ / |




Switching and Conduction losses

Energy losses: ES (Tsw)z jPS(r)dT:ES‘an {Tmt'}_'_ES,cond (va}+ES,oﬁ(va)
T.Tlr!-‘

t
Eson(Tnw)= [ps(D)dt=Vpc-Iy %

Ton
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£
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Reverse recovery Losses

If specified, use:

5
Es on Top)=—2Z—Vpely
Vocnfon

E
Es op Toy)= VD;}?’.;O_.VDC -1,
aton

For the freewheeling diode:

PD,{:ond {TSIV):VD(OH] 'I{J' 'DD I/}L‘*(on) =Vpo+Rp-Ip
1 - ri'J"l
Pow=Vpe Q- Sew Or ::E-Qn. where S:r—

rr2

If specified, use:

E
Pror =Ep o Tov) fow » B s {Tm):ﬁ'VDleﬂ
= i
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3-phase converter losses
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One half-bridge of a three-

phase voltage source converter.

Zonverter output voltage and current. The
current is displaced by an angle @ relative to the voltage.



Loss estimation

Switching losses:

_ 1 f Eemnt Emra Vo, 22 Bt B
P, —— B, e L | VT R t— el sw (17 sin(@yr—@ )dr= ; N I
Tisw— T I‘n( _ﬁ”]‘f I( )d Vd,,_-n 5 T _r 0 @* - Vdcﬂ'fn de :f?ﬂt
i 1 f 2~2 Eaﬁ ¥ 2+/2 Eprr
Pri o0 Y e =W 0NEF 4+ K f— P - N
Di sw— T }i;( off )d _{( on oﬁ}‘f P Vdcﬂ . dedi fsw - Pd{‘ﬂ =3 e Ll s

Conduction losses:

— 2 1 4-/2 YU cos(@)
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A

- —\z'”’ 1 4.2 > | Ucos(@)
Ppi cond ( == VDDI_'_ RD(on)I Vpoli+ ar “Rpomydi g et




Example :

V t0=0.95; % [V]

V do=1.65; % [V]

R t on=0.5/300; % [Ohm]
R d on=0; % [Ohm]

E d rr=0.0485; % [J]

E on=26e-3; % [J]

E off =55.5¢-3; % [J]

V dc n=600; % [V]
I n=450; % [A]

Udc = 600; % [V]
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Converter Efficiency for different f_, & cos(¢)
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Modulation - Control of voltage time area

(Y Vg
N
Tes=l i Rl v, when s =1
u Ve =
.| 90 t % v, when s=0
e
= = ( ) u, whens =1
~ u=s-\v,-v,)=s-u, =
W, Vh ¢ Owhen s =0

Flectric Drives



Output voltage
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Control with both flanks

U | Ay
T
U
Y+ o V-
— I
0 7 T/2 T T
T/2 T/2 Ty
Yo = juk dt Yy = J.uk dt_YO_juk dt
0 T, 0
T/2
NTT )= Yy + ) -
y_ = juk dt
T/2

Flectric Drives
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To Simulink !

Visualize
r =

u

mod

|
=

3 phase 3 level inverter

3 phase 2 level modulator

vector to abc

2
—
2
r¥
Fphase grid! ’—’ i
L

i
Hie
-
3-phase emf
3
v
Visualize
Grid
>
3
mod
v
a
3 u
v ect, b 4
2 ] Matrix modulator
c e
" matrix converter
vector to abc
i
3-phase grid1
»{theta

3-phase emf

© Mats Alakula L5 — 3-phase modulation



Balancing the capacitor clamped inverter

TABLE 1
SWITCHING STATES OF A FIVE-LEVEL FLYING-C APACITOR INVERTER LEG
State | sc, | scs | sc2 | 863 | Output | AVez | AVey | AVe | Level
@ a 7 2] Q 0 0 0 0 0
01 0 2] 4] { HE 0 0 - 1 ==
02 0 0 i 0 “WE 0 - + 1
03 | 0|0l 71| | %E | 0 - 0 | z de
4 0 ! 0 2] W“E - + 0 1
05 [#] b ol { “E - + - 2
o6 %} ! 1 4] “E 0 =+, 2
07 0 d i 4 *E - 0 0 3
98 | 7 | 0| 0l 0] %E | + [ 0 | 0 | 1 - =
? | 7| 0] 0|1 %E [ + | 0] - 2 ‘ u b
%1 i ] i o “E + - + 2
0B 7 4] / { %E + - 0 3
ac 7 ! 0 8] “E 0 + 0 2
o0 | 1 | /o | 1| %E |0 | + | - | 3 e
0E i 2 J 0 #E 0 0 + 3
(73 7 ! ! ! E 0 0 0 4
Switching states AV, =Flying capacitors T
voltage evolutions
AV 1+ =Positive evolution - =Negative evolution 0= Without cvolution
Available switch states and
corresponding voltage evolution
(from “Flying Capacitor Multilevel Inverters and DTC
Motor Drive Applications” by M. Escalante, J. Vannier, One p hase leg Of a 5-vi

A. Arzand¢) . .
capacitor clamped inverter




Simulation work to do

* Add the motor model
» Balancing modulation for the Modular
Multilevel Inverter

-s«:Balancing cit for the Diode Clamped A
I E

%
c1 Q\{I : d
JA% B¢ V

nverter il |
i\ djus gk T i m.mdu.e\ q

miulations to specifica t
15 % C

c2 =D1"

I : .

Vde

Load
g

=

Sub-module
w
odule

Sub-modull

-Vdef4

C4 — -Vde/2 ==

I

Sub-module

= -Vde/2

One phase leg of the 5-Ivl diode One phase leg of the 5-1vi
clamped inverter modular inverter




Capacitor Clamped MLI

+  Vde/2
- Kapacitanser 1 serie o
- Mata alla kapacitans AL
varden
- Look-up Table 1 el

Spice

-Vdc/4

- -Vdc/2

Cc2




CCMLI - Balansering

Capacitors voltage states Switching state
LS3| LIB|LS2| LI2 [LS1 | LI | Level1 | Leve2 | Level 3

00 0] 0] 00 (@) | (@) | @D
0 0 0 0 ] 1 02 06 OE
State | scy | scz | s¢z2 | s&1 | Output | AVes| AVey | AVe; | Level g g g 10 :) g gl 82 gg
[ 0 7] 0 0 0 0 0 0 0 0 0 i) 1 0 ] 04 ocC OF
w2yl ioME D0 - ] [0 0 [T [1 [0 o oc oD

01011 Y4 B +

T f Z g g —1 é 00| 1|00 [0 02 03 0B
o7 5T 71515 B . = ] I 0] 0 1 0| 0] 1 02 0A 0E
73 i 7 i 7 %"E - T - 2 0 0 1 0 1 0 01 03 0B
06 o T 71T 7% % E = o = 3 0 1 0 0| 0] O 08 09 0B
o7 o1 71 717 WE = 0 0 3 0 1 0 0| 0| 1 08 0A 0E
98 | 7 [0 0] 0] wE | + [0 0 |1 Al lalaliler W ] u»
09 7 7] 0 ] %E ¥ 0 - 2 0 1 0 1 0 0 08 oC oD
H s st sr 11713 0| 10101 o8 ac OF
08 | 1 o /1 %E | + | - [0 |3 oj1 /0111 ]0] o8 09 0D
oC 7 N 0 0 % E 0 &+ 0 2 0 1 1 0 0 0 08 03 0B
oD 7 7 0 7 %E 0 T = 3 0 1 1 0 0 1 02 0A 0B
0E | i | 1 | 11 0] %E 0 0 + | 3 oj1|]1jo0j1,0 08 [ 0B
OF il ] 1 l E 0 0 0 4 1 0 0 0 0 0 04 06 07
Switching states AV, =Flying capacitors 1 0 0 0of{ 0|1 04 06 07
voltage evolutions 1 0 0 0 1 0 01 05 07
AV @+ =DPositive evolution - =Negative evolution 0= Without cvolution 1 0 0 1 0 a 04 oc 07
' 1 0 0 1 0 1 04 06 07
1 0 0 1 1 0 04 05 oD
1 0 1 0 0 0 02 03 07
1 0 1 0] 0O 1 02 06 07
1 0 1 0 1 0 01 03 07




Modular MLI

Sub-module

- Balansera en fas som 1 vee-
CCMLI

- Balansera tre faser —
Se modular.pdf

Sub-module

Sub-module

Sub-module

Load

GHCH

Sub-module

Sub-module

Sub-module
Vdgf2 ==

Sub-module

]
LR il T (Ve L T O




Natural Point Clamped MLI

+  vde/2

- 3-level version (simulering)

- Fler nivder => Balanserings ST oA @

problem
de,
- Balansera med extra krets s 1 %
€2 =D1'K b2
Zx
S4
in D3 .4\
hE %7 ] Load
7 st
BERYTE
C3=F

-vdc/4

C4 -

1T

= -Vde/2




NPCMLI - Balansering
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Two quadrant DC converters : |l

44



The generic 3-phase load

i, R L +Ke“\_
,;‘:'—N\/\
. \_/
, Ha + ey —
Ip R L /b\
.;:l—fm
h . N
A R L + e, —
— = I}, f\ 9) . i,
¥ U, NI uazR-la+L-—t+ea
2 le
Ze 3 Juy =Ry +L- 2 e
3 b b dt b
> i
+ g-e 3 -(uC:R i +L §+ec
i=R erL-ﬂ é
dt

© Mats Alakula L5 — 3-phase modulation



Vectors in 3-phase systems
p

: di
qlt;b \/g(ua:R-ia+L-i+eaj
27 3 dt
e 3 2 iZ di
Ze 3 fup =Ry +L- 29 e
\ : ) 3 (b b 5 T

i=Ri+0-%05
i i .
¢ Effekt-invarians

P)=uy iy +up iy +ue i, =uy i, +upg-ip

© Mats Alakila L5 — 3-phase modulation



Symmetric emf

i, R L +/e“\_
.;‘:l—m -
N
+ ug, e, T 4
ib R L /b\
.;‘:l—/\/\/\ o
. + e —
i R L :
- [ ] YT Q
T . N/
e, =e Coia) t)
2r
1€p =€-Co§ W1 ———
. 4
€. =€e-CoO§y W1 ———

© Mats Alakula L5 — 3-phase modulation



Example, grid voltage vector

ol

© Mats Alakula

ﬁ\ W | N

W | N

e

-é-(cos(a)-t)+j-sin(a)t-t)):E-eja)t

27 Ar
oy )
e,+e,-e ° +e.-e =

+(cos(a)-t)-co{%}rsil‘(w-t)-si{%))

cos(a)-t)~(1+%+%)+j-sin(a)t -z)-G+—)

L5 — 3-phase modulation

cos(a).t)+c0{a).t _2?”).(_%+j§]+co{w.t _4?)(

o)+ sty of 2 sty 2 (42




Rotating reference frame

()

-t

T
-t ——
2

BA

Use the integral of
The grid back emf q ~
vector: 5 i

t t | . P

‘,;=I§-dt =.[E-e]w'tdt ==
0 0 J @
: o
= —ef 2

Q

© Mats Alakula L5 — 3-phase modulation
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Voltage equation in the (d,q)-frame

a’:R-7+L-d—’+j-m-L-Z+é
dt

© Mats Alakula L5 — 3-phase modulation



Active power ...

i=R-i+L-—+j-w-L-i+é
dt

— %

Lo di - - .
p(t):Re{Ei-i }zRe{R-i-i*+L-—’-i*+j-a)-L-i-i*+é-i*}=

dt
; di
:Rifl +Ri§ +Ldl—did +L—qiq +eyl,
\ N dt dt =
1 B3 3
Resistive Energizing Power absorbed
losses inductances by the grid back emf
Stationarity:
- 3 |5
p(#)=E- ‘Z ‘°COS(¢) =B \/;  phase|" €0S(@) = ‘/g'E'I’W,P/?W cos(@)

© Mats Alakula L5 — 3-phase modulation



3-phase converters — 8 switch states

(OOO) (100) (1,1,0) 0,1,0)

l NESEgRENEN R R aENE
L r] o} el
(LLI) (0,L,1) (001) (1,0,1)

!
o P ey
[ [ [
i(0,1,0) i1(1,1,0)

i(1,0,0) = Udc = —ii(0,L1)

275

_ 2
ii(0,1,1) 1(0,1,0) = 3Udc J 3 =—ii(1,0,1)

A4m
D) J—
7(0.0.)= U e 3 = ii(1,1,0)

i1(0,0,0) = 0 = @(1,1,1)

ii(0,0,1) i#(1,0,1)

© Mats Alakula L5 — 3-phase modulation



3-phase converters - sinusoidal references

i =u -/ =u"-(cos@t)+ j-sin(@r))=u, +j-ul*3

* | 1
l/tb =$uﬂ ——61/!
S 1
“ BT

© Mats Alakula

u: =\/g~u*cos(a)t)
u, —\/Z-u*cos(a)t—z—ﬂ)
"3 3

* 2 * 47
U, = Eu cos(a)t—?)
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3-phase converters modulation

© Mats Alakula

Simplest with sinusoidal references...

400

200(

d

-200

(==
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-400
0

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018

... but the DC link voltage is badly utilized.
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3-phase converters — symmetrization

3 phase potentials, only 2 vector components. One degree of
freedom to be used for other purposes.

%k % %k
Vaz = Uy — V5
%k %k %
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3-phase symmetrized modulation

% ok % . % % %
«  max(u,,up,u,)+min(u,,up,u,

V., =
z

T T T T T T T T T
400

200|

-200|

-400
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Maximum phase voltage with sinusoidal modulation : Udc/2

Maximum phase-to phase voltage with symmetrized modulation : Udc -> Phase
voltage Udc/sqrt(3), 1.e. 2/sqrt(3)=1.15 times larger than with sinusoidal
modulation.
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3-phase minimum switching modulation

* % % U . ® % %
)— de —mm(ua,ub,uc)j

-200 |

-400

| | | | | | |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

One phase is not switching for 2 60 degree intervals ...
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Modulation sequence vs. ripple

ii(1,1,0)

7(00,0)  a(10,0) o A
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Modulation sequence vs. ripple

By
q
di ii—é
d L
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