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Multilevel inverters
DC/AC Converters



Advantages of multilevel inverters

* lower common mode voltage

* lower voltage stresses on power switches

* lower dv/dt ratio to modulate lower harmonic contents in output
voltage and current waveforms

* the harmonic components of line-to-line output voltages are reduced,

owing to its switching frequencies (Comparing with two-level inverter
topologies at the same power ratings)



Applications

* Induction motor drives (diode clamped )
* Active rectifiers

* Active filters

* Interface of RES

* Flexible AC transmission systems

e Static compensators



3 types of multilevel inverters (MLI)

* diode clamped MLI (DC-MLI)
* flying capacitor MLI (FC-MLI)
 cascaded H-Bridge MLI (CHB-MLI)



Avtiotpodelc taonc MoAlamAwy emutedwv
(Multilevel Voltage Source Inverters)
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Ot avtiotpodelc MoANAMAWY erumedwv e SLOO0UC TEPLOPLOLOU
( Diode-Clamped Multilevel Inverters, DCMI)
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AltakomTikol cuvbuaopol Kal avtiotolya mapayopeva entmeda Taonc yLo
™ daon-a tou aviotpodea DCMI TpLwv emumedwy
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OL avtiotpodelc DCMI
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SPWM otouc avtlotpodeLlc TTOANATIAWV

sTUEO WV

e Opota Aoyikn pe tnv SPWM duvo emumedwv
* Xpelaletal m-1 pepovta onpata
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H texvikn SPWM yLa tpudaoctkouc
avtiotpodelc DCMI
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Towpaolkoc avriotpodeac 3 emumedwv DCMI
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[Tpocopolwon UE TNV XpNON TOU AOYLOULKOU
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[ToALkn taon €€0dou avtotpodea Tplwv emuedwyv DCMI
ylo cuxvotnta pepovrtoc fc=10 KHz

Waveform Voltage Vab (Fc=10.000 Hz)
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[ToALkn taon €€0dou avtotpodea Tplwv emuedwyv DCMI
ylo cuxvotnta pepovrtoc fc=10 KHz

Voltage Vab (Fc=10.000Hz)
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AvaAvon Fourier moAlknc taonc e€0dou avTLoTPoPEQ TPLWV
eriutedwv DCMI

Fundamental (50Hz) = 762.8 , THD= 39.24%

Mag (% of Fundamental)




Pevpo ypappnc e€odou avIlotpodPeQ TPLWV
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AvaAuvon Fourier Tou pevpatoc e€odou
avTlotpodea TpLwv ermedwyv DCMI

FFT analysis

Fundamental (50Hz) = 182.5 , THD= 1.25%
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Xapaktnplotikn THD% pe tn ocuyvotnta
PEPOVTOC
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YUykpLon THD% 2-emutedwyv Kat 3-emutedwy

THDv as a function of ma
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oLpaotkoc Avtiotpodpeac DCMI
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oLpaotkoc Avtiotpodpeac DCMI
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Katookeun Avtlotpodea

* typical appearance
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AvaAuon Fourier otnv KUpAtopopdn
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Pevuo ecodou
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AvaAuon Fourier otnv Kupatopopdn
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Current Amplitude to Harmonic order (Fc=16 KHz)
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Voltage (V)
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AvaAuon Fourier otnv KUpatopopdn
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Voltage Amplitude to Harmonic order (Fc=16 KHz)
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Peupa e€odou

Three Phase R Yload (Fc=16 KHz)
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[padLkO TepBarlov eAEyxoU
(Aoylopko tne mhatpoppoc d-Space)
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2evaplo Aettoupylag k,=0.00001 k;=0.001

Modulation Index (ma)
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‘Eyxuon tpltnc approvIKNC

Teyvin TaAoddTNoNG AVTIGTPOPE Evepyog tun Bacikng appovikng (V) THD%

Atywg v ypnon Tpitng apLoVIKNG 46.7 41.3027

Me ) yprion TpiTnG ApLOVIKNG 62.11 68. 6079



YUUIEpAoOTO

* YYnAoc BaBuoc amodoong
e XapLNAOTEPN APOVLKH TTApaOpdwan

* UELWVOVTOL Ol ATIALTACELC YLOL LEYAAQL OE OYKO Kol KOOTOC PiATpa
e qUEAVOVTOC £TOL TNV TTUKVOTNTO LOXVUOG

* Me tn xpnon tng SPWM ol apUoVIKEC peTATOTIL{OVTOL OE TLUEC
dekadwv kHz

* Me tn xpnon tng bootstrap TEXVLKNC ETMUTUYXAVOULLE Ta. auBaipeta
SuvauLka



3-phase 5-level diode clamped
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3-phase 5-level diode clamped
A
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3-phase 5-level DC-MLI

Applications

* Motor Drives
* Static VAR compensators
* High voltage grid interconnections

Capacitors

* Each of the three-phase outputs of inverter shares a common DC bus
voltage that has been divided into five levels over four DC bus
capacitors. (C1-C4)

* The voltage across each capacitor is Vdc/4.
* Nc=m-1 (m=levels)



3-phase 5-level DC-MLI

Switches

* A set of four switches is ON at any given period of time.

* the voltage stress on each switching device is limited to Vdc/4
through the clamping diodes.

e Switches=2(m-1)
* Free-willing diodes=2(m-1)



3-phase 5-level DC-MLI

Clamping Diodes

* The clamping diodes require different voltage ratings for reverse
voltage-blocking due to each triggered switch is only required to block
a voltage level of Vdc/(m -1). By assuming the switches from Sal to
Sa4 are triggered, D1 blocking diode needs to block a voltage at the
rate of 3Vdc/4 that is generated by three DC bus capacitors.

* If the inverter is designed such that each blocking diode has the same
voltage rating as the active switches, Dn will require n diodes in
series; consequently, the number of diodes required for each phase
would be (m-1) x (m-2). (the number of blocking diodes is
quadratically related to the number of levels in a diode-clamped
converter)



3-phase 5-level Flying Capacitor MLI




3-phase 5-level Flying Capacitor MLI
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Flying Capacitor MLI (FC-MLI)

* The FC-MLIs are based on balancing capacitors on phase buses and
generate multilevel output voltage waveforms clamped by capacitors
instead of diodes.

* In an m level structure, the FC-MLIs require (m-1) DC link capacitors
and (m-1)x(m-2)/2 auxiliary capacitors per phase.

* The auxiliary capacitors (Cal, Ca2, and Ca3) are pre-charged to the
voltage level of Vdc/4.

* Depending on what state is chosen the capacitors can charge or
discharge each other, making it possible to balance the charge in the
capacitors with control methods



3-phase 5-level Cascaded H-bridge MLI
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Cascaded H-Bridge MLI (CHB-MLI)




Cascaded H-Bridge MLI (CHB-MLI)

 CHB MLI has the least components for a given number of levels.

* They are used with fuel cells or photovoltaic arrays connecting with
the AC grid and for power factor correction.

* CHB-MLI consists of a series of H-bridge cells to synthesize a desired
voltage from several separate DC sources which may be obtained
from batteries or fuel cells and they must be isolated from each other.

* m=2n+1 (m=levels, n=bridges)

e Sw=3" (sw-switching states)

4V

sin(nwt
ﬂdc Z [cos(nf1) + cos(nf2)+.. + cos(nd5)] el
n=1,3,5

V(wt) =




Asymmetric hybrid MLI (DC-MLI & CHB-MLI)
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Asymmetric hybrid ML

* The asymmetric hybrid MLIs synthesize the output voltage waveforms
with reduced harmonic content.

* Conventional PWM strategies, which generate high order harmonic

components (due to the switching frequency) are not appropriate for
AH-MLlIs.

* DC-MLI & CHB-MLI requires a large LC output filter in motor drive
applications.

* FC-MLI & CHB-MLI obviates filtering requirements proportionally to
DC-MLI



Modulation and control for MLI

* Selective harmonic elimination PWM (SHE-PWM)

 Sinusoidal PWM (SPWM)
e Space Vector (SPWM)

MLI Control Schemes

l

High Switching Frequency

l

Fundamental Switching
Frequency

SHE-PWM SPWM SVM

SVM

SHE-PWM




Modulation and control for MLI

Classification depending upon Open-Closed Loop

MLI Control Schemes

A

y

l

SHE-PWM PWM OHS-PWM
Open Loop Closed Loop
Sigma Linear Hysterisis Optimized
SPWM SVM Delta CC CC CC

CC:Current
Control



Selective Harmonic Elimination PWM (SHE-
PWM)

SHE-PWM is the fundamental switching frequency scheme that is used
to eliminate specific order harmonics by placing notches in the output
waveform at proper locations.

Due to pre-defined calculations are required, SHE-PWM is not an
appropriate solution for closed loop implementation and dynamic
operation in MLIs.

4V

sin(nwt
ndc Z [cos(nB1) + cos(n62)+.. + cos(nd5)] el
n=1,3,5

V(wt) =




Selective Harmonic Elimination PWM (SHE-
PWM)

Example: Output voltage Fourier expansion of an 11-level inverter

4V 4. sin(nwt)

V(wt) =

Z [cos(nB1) + cos(nB2)+..+ cos(nbds)]

n=1,3,5... .
n: harmonic order

The required switching angles to eliminate 5th, 7th, 11th, and 13th harmonic orders can be
calculated:

cos(6,)+cos(0,) + -+ + cos(fs) =5-m,

cos(56,)+cos(56,) + -+ cos(56:) = 0

cos(76,)+cos(76,) + -+ cos(76s) =0
cos(116;)+cos(116,) + -+ + cos(116:) =0
cos(136,)+cos(1360,) + -+ + cos(1365) = 0



Selective Harmonic Elimination PWM (SHE-
PWM)

* The switching angles of 81, 02, ..., 65 can be determined to minimize
voltage THD ratio.

* ma defines the modulation index of modulator.

* The values are obtained using Newton—Raphson Iterations, since
parameters are nonlinear.

* The switching angles can be obtained at the values of 81 =6.57°, 02 =
18.94°, 03 =27.18°, 04 =45.14° and 65 = 62.24° by assuming ma
equal to 0.8 and solving with Newton—Raphson Iteration.



Open Loop-Sinusoidal PWM (SPWM)

* |s most used for the control
of MLI in industrial
applications.

* A sinusoidal reference
voltage waveform is
compared with a triangular
carrier waveform to
generate gate signals for the
switches of inverter.
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Open Loop-Sinusoidal PWM (SPWM)

The vertical carrier distribution techniques are defined as Phase Dissipation (PD),
Phase Op;)osition Dissipation (POD), and Alternative Phase Opposition Dissipation

(APOD), while horizontal arrangement is known as phase shifted (PS) control
technique.
mi mi mi ni

PD POD APOD PS



Open Loop-Space Vector PWM (SVM-left)&
Sigma Delta PWM (SDM-right)
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Closed loop PWM control techniques

The hysteresis modulation is a feedback current control method where
the load current tracks the reference current within a hysteresis band
in nonlinear load application of an MLI.




Closed loop PWM control techniques

* The controller generates the sinusoidal reference current of desired
magnitude and frequency that is compared with the actual line current.

* If the current exceeds the ugper limit of the hysteresis band, the next
higher voltage level should be selected to attempt to force the current
error towards zero.

* However, the new inverter voltage level may not be sufficient to return the
current error to zero and inverter should switch to next higher voltage level
until the correct voltage level is selected.

* The current gets back into the hysteresis band, and the actual current is
forced to track the reference current within the hysteresis band.

e 3 types: double offset band three level, double band three level, and time-
based three level hysteresis controllers.



Closed loop PWM control techniques

Linear current controllers are classified as ramp comparison controller, stationary
vector controller, and synchronous vector controller.

In the three-phase isolated neutral-load topology, the three-phase current should
have a sum of zero. Two linear compensators are required and the three-phase
inverter reference voltage signals can be established algebraically using two-to-

three-phase conversion ab/abc blocks.

Current Coordinate
Compensator Transformation

la + I/ Va u[l -
. PWM
p - Load

Modulator

Iy + I
_..,( >__|.. ( Vb | ab¢c |— >




Comparison of the topologies and control
techniques

Topology Control scheme
SHE-PWM SPWM SVM

DC-MLI L~ e L

FC-MLI L e X

CHB-MLI X e L

H-MLI X VL X

AH-MLI X e L
Topology Application

Motor drive Active filters PV, fuel cells STAT COM
DC-MLI e L L L
FC-MLI L L X X
CHB-MLI e e L~ L~
H-MLI L L L L
AH-MLI e »” L~ »”




