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Efficient integration of renewable energy sources

for green airports

Active thermal control methods
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Introduction

Introduction
Reliability in Power Electronics

e Safety: Growing capacity » Significant impact after failures
@ Cost of energy = (Installation + O&M)/Operating time
@ Improve reliability of PE » Reduce the cost of energy

International Workshop on Electric Technologies for Green Airports, April 2021



voduar comverters - [\lOdUlar Converters

Basic Concept
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vodular comverters [\l Ular Converters

Some Examples

Smart Transformer
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Modular Converters Wind Power Energy ConverSion

System with Modular Converters
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Diode Rectifier|3-Cell Boost converter 2 x 2-Level-VSI

Vensys 60/1200 wind turbine electric schematic

Rated power: 1.2 MW
Rotor diameter: 62 m
Offshore model: no

Swept area: 3,020 m?
Specific area: 2.52 m?3/kW
Number of blades: 3

Power control: Pitch

Rated wind speed: 13,5 m/s
Cut-off wind speed: 25 m/s

International Workshop on Electric Technologies for Green Airports, April 2021

Output

Wind power
conversion
system




woduar converters - Conventional PWM Operation of

Interleaved Modular Converters

N A =] © | ' ==
60 \ / \ /\ / \ o |

59 (- \// \\/ \// -

0 {

: A\ NI | A [—ul| | —aH
/ N / \ / N / \ 40

) N 4 \/ 2

- ] =] | ] ==
;\7//\\ //\ //\\ / -

NN A N N A
! 0 O 20 i i i 7 S iz A

Input currents [A] Output currents [A]

Interleaving conventional phase displacement is 360°/N (N is the number of DC-DC modules)
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voduar comverters - [\lOdUlar Converters

Pros & Cons

MODULAR CONVERTERS FEATURES

@ Inherent fault tolerant capability

@ Output waveforms enhanced quality

@ Reduced output filters

@ Reduced maintenance cost by fast PEBB replacement

@ Standarization in the PEBB design

@ Reduction in the design and manufacturing costs using
the same PEBB firmware for different applications

€3 Higher initial CAPEX and OPEX
€3 More complex hardware/software design including
the controllers and the modulation methods
€3 Large number of sensors, power converters and drivers

€3 Bigger size than non-modular converters p
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Active Thermal Control (ATC) in
Modular Power Converters

Active Thermal Control
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Is the power equalization, inherently obtained by applying
the interleaved operation, always optimal ?
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Active Thermal Control (ATC) in
Modular Power Converters

Active Thermal Control

differently aged cells

Power Routing
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M. Liserre, M. Andresen, L. Costa and G. Buticchi, "Power Routing in Modular Smart Transformers: Active Thermal
Control Through Uneven Loading of Cells," in IEEE Industrial Electronics Magazine, vol. 10, no. 3, pp. 43-53, Sept. 2016.
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Active Thermal Control (ATC) in

Active Thermal Control

Modular Power Converters
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Franquelo, "Power Routing: A New Paradigm for Maintenance Scheduling," in /IEEE Industrial Electronics
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Lifetime Extension of Power T
Semiconductors in by applying ATC W ¢

Active Thermal Control
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But... is this ATC method via power routing |
for free? Does it present any drawback?? 55
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Solar PV system with Modular
Converters. Multi-string PV

Active Thermal Control
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Interleaving conventional phase displacement is 360°/N (N is the number of DC-DC modules)
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ATC in Interleaved DC/DC

Active Thermal Control

Converters. Solar PV case

@ Conventional interleaved operation with balanced operation
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Remark: f,=4 kHz, three interleaved DC/DC modules
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ATC in Interleaved DC/DC

Active Thermal Control

Converters. Solar PV case

@ Inthe solar PV case, the power routing is imposed by the sun
radiation. Let’s consider different sun radiation for each PV string...
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ATC in Interleaved DC/DC
Converters. Solar PV case

Active Thermal Control

@ Unbalanced operation using the conventional interleaved angles
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Remark: f,=4 kHz, three interleaved DC/DC modules
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Thermal Issues in Power Capacitors

Active Thermal Control

@ A widely used lifetime model for capacitors  observations

B Limited to electrical and thermal stresses
B Other critical stressors, like humidity and

—n = . 1 mechanical stress are missed
V (ﬁ (Th _To ))
LC — LO - 6
Vo

@ The capacitor temperature can be estimated taking into account the
capacitor power losses Py

Th — Rtth + Ta — ATh + Ta

R, — capacitor termal resistance

> P, — capacitor losses
_ 2 -
P; = E Ic,hRESR,h T, — ambient temperature
h=0 ., — h™™ harmonic of the capacitor current

Resg.n — h™ harmonic value of ESR
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Variable-angle
interleaved PWM

IDEA

To Modify the typical interleaved operation of modular converters
by changing the phase-displacement angles of the PWM method
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Output current harmonic description

Variable-angle
interleaved PWM

in modular dc/dc converters

@ The method is developed taking into account the actual current
waveforms without any simplification

(1) , a tan(no
S —F: iz(t)7t i(t) te,n(t) = cos(nwt [ nk — bnk ( k)]
ol A0/ \/1 + tan n C)k)
vy(t) 3 / e \\\ vo(t)|
u(t) ] S N T [ bk + ank tan(naog)
— - )/ W
B \if \/1 + tan(noyg)?
Y YN EL(t) ! f(t)
g | 9 [
ClR y -
—___V SO‘ == % | n = J_aepir (I1, + mt) cos(nwt)dt
id
21,
= —sin(nw(1 — D))
nm
0.5DT (1-D)T
/ \/ \ S s (IL + mt) sin(nwt)dt
2
T
(1-D)T = 7:7217') [sm(nr(l — D))
(] j\l + nm(1 — D) cos(nm(1l — D))}

International Workshop on Electric Technologies for Green Airports, April 2021




Cost function definition to determine

Variable-angle

nedeaved P the proper interleaved PWM angles
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@ In order to extend the output capacitor lifetime, a cost function can
be defined (this considers ESR constant with the frequency):

m m
2
p=3 12, =3 |H,|
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Variable-angle interleaved PWM method;*

o1

Variable-angle

interleaved PWM Obtained results

Parameter Balanced Unbalanced
Switching frequency (kH z) 5 5
Inductance (mH) 3.6 3.6
Output voltage V, (V) 300 300
PV array average voltage Vpy (V) 160 [160, 150, 155]
PV array average current Ipyp (A) 10 (10, 5, 8]
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Variable-angle

interleaved PWM Obtained results

360F

Operational conditions

Balanced conditions
Unbalanced case, conventional angles
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Unbalanced case, angles from iterative method with m=3
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Variable-angle
interleaved PWM

Obtained results
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Variable-angle
interleaved PWM

Capacitor current (A)

Capacitor current (A)
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And... it is for free!!!
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@ Modular Converters are a very attractive solution for many
power applications looking for fault-tolerant capability, high
availability and high operability

@ ATC via Power Routing applied to modular converters is an
effective method to manage the power devices and capacitors

remaining useful lifetime

@ However, parallel-connected modular converters with
unequal power sharing among the modules present lifetime
reduction of output capacitors

@ Variable-angle PWM methods mitigate this drawback ...

FOR FREE!
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Reliability of Power
Electronics Systems

An Industry Perspective
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Transformers
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L. INTRODUCTION

The development of the smart-grid paradigm with the im-
pulse of renewable energy sources is leading to revolutionary
Chinges in/ e/ coceyy ccatel [ le sy ocw e
devices technologics, advanced converter topolog
ulation and control lc\hmu\:s have been developed [11-[6].
In addition, year by year new applications with challenging
requircments’ appear requiring cfficient solutions with the
highest performance. It can be affirmed that power electronics

power systems. In this case, the total output current of the
power converter is coming from the modules allowing to use
reduced rated power devices and facilitating the hardware
converter design including also the cooling system. This is the
case of medium and high power systems such as, for instance,
the Vensys 62/1200 wind power sysiem shown in Fig. 1 [13].
In this system, three parallel-connected de/de boost converters
share the high power of the system permitting t0 use reduced
current rate power devices.

Parallel de/de converters are traditionally operated using the
interleaved PWM technique. a very well-known method [14].

(54)  METHOD FOR CONVERTING ELECTRICAL POWER, COMPUTER PROGRAM AND

ELECTRICAL POWER CONVERTER

(57)  Method for converting electrical power from a
primary elecirical supply network nto a secondary elec-

Wheren the angje cortrol mode comprises synchronized
o interleaved angles between the converter Circuls,

werter,
Wwherein the electrical power converter comprises 3 piu

fied curing runtime of the power conventer characterized

rically paraliel arrangement towards the primary andior
secondary electrical supply network, wharein the power

inthatthe
mined based upon at least one strain parameter of at
Joast one energy siorage component connected 1o the

cowvericrs we operdiol wing ndepondest MPFT seacpes is playing an essential role to meet these new requircments  In fact, the interleaved operation is very popular in a wide- conversion cf he cormverier nan
and dercrmivingt e swichig s spplying 4 puise walth U] range of power applications [15}-{18]. Interleaved operation gle control mode conirolled by a management unit,
pcecy (f Reliability and availability are curcntly very important consists in applying the same duty cycle in cach comverter
1. oL INTUELLAYING ThChmA 0k features in industry and academia in last decades [8]. A very leading (o a inherent power sharing between the power 3
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modules. Thercfore, the conventional interleaved operation of
parallel connected power modules leads to a natural equal-
ization of power losses and consequently equally distributed
cumulative aging among the modules.

In addition, in the conventional interlcaved operation, each
power module has its own PWM modulator but the power
devices switching pulses generated by each modulator have

time displacement between consecutive modules. This fact
allows to reduce the output waveform ripples increasing the
power conversion system performance. This feature is very
well-known for instance in the case of switched power supplies
with interleaved defde converters [19).

However, the inherent aging cqualization of interleaved
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Abstract—Modular converters such as the multilevel cas-  Index Terms—Harmonic analysis, multilevel converters,
caded H-bridge (CHB) are an attractive option for multiple pulsewidth modulation.
applications mainly because of inherent modularity and
fault-tolerant operation. This article is focused on the CHB
converter operating with unbalanced conditions (different 1. INTRODUGTION
de voltages and/or modulation indexes). Under these cir-
cumstances, applying the conventional control and mod- OWADAYS, multilevel converters are actually a mature
plation stralagles; he oufput woitage harmonic specirum technology. In fact, multilevel converters are being ap-
is degraded. In this article, a generalized variable-angle ves. flexible
e Pl Tt (o W otmaneye  Plied 0 muliple .\pplu.\lm mch a5 motor drives, fexible
for CHB converters with a large number of power modules tonamejusta
(23) is presented. The method considers all possible cells' few [11. Among the r\hung mulnlud converters, the cascaded
combinations to form groups and assigns the role of each H-bridge (CHB) converter is a very attractive topology. The
cell in the group. This cell role defines the identifier of the CHB converter was introduced by McMurray in carly 1970s [
cellin the variable-angle PS-PWM technique. In the steady  ,q it j5 composed of the serial connection of several, and
state, in each group of cells, the harmonic distortion of the g 4

HE equency £, identical. power cells, as shown in Fi The CHB topology
is eliminated, while the distortion at 4. is also diminished. is able to obtain a very high output voltage with an excellent
Experimental results show how the proposed technique waveform qua makes it a well-suited converter for
achieves superior harmonic performance without introduc-  medium- ons [(31-{12]

h
nd high-voltage high-power appl

inclex Tarms—Harmonic. artysis, Pulss width moduls-
tom, Malticeel converiers.

1 WTROOUCTION
The e of muitileve] coveriers bae beceme 3 sty ®
the lae derades for 3 wide varkty of power applicatioes

e anty msenmiiy: warnad y

e Spnrd G e Venmane Moty subo TECEe

B H. Sextn ¥ waes e Ly N 3.310.2 134 bure e
Fvewch Furd (s movter

W G Mgl s o P Deparrnent o Ehoied 0 e
Vo Ergmong. Pl @ S, 019 Sl Gy fe ok

Vg
R Mmes e e Lo e i B Enmesmy
(NPt (it e e, S, 49952 it ot S

E Y - S

g 1° Thvocdll mubilevel cascadod Hbekdgn comwenter
(CHI): Topotogy aed comweetionsd PS- WM medalation s
i

e cascmbod H bkdie comvertes (CHB), whikh was propescd
by McMuay in 1971 3L CHE is composed by the scrial
comnxtion of H beidies as shown i Fig. | whese & theee ol
CHB is represenod. The basic: powes cell is wuslly the H
Midie, loweves i the Blerutuee oher power cells Bhe NPC
o Ttype can b fumend (4] T his way, this gl is able
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A CHE Comverter Descrption and Gpesaon

The conventionsl way 1o operse the CHIL is 10 apply
e coeentioeal phasc-shutad pube-wiah medatwos (1%-
IWM) mehod tach power coll s wsially apersted by 3

wrers ane _r\. in a cuended range of power appiicasons
tike pumps, fans, powe easoss and also in
mawable energy imegrtion (2], [3]. Among this famiy. 2
opular mlsievel topology is the cascaded H-teidge comerer
(CHE) which is shown in Fig. 1 and particulirized for 2
thmee.ceil CHE. This wopology was proposed for fint time iz
. s by McMurray [4]. CHB is compoed by the
series comection of several Hbeidges a5 shows in Fig. 1
Traditiomally, the basic power cell is the Hbridge, howew:
it is possible 1o find in e litertume oher power auis Il
NFC o T-ype [S). Among other advantages, this topolozy
s very poputar because is able o achiewe very high sominal
catput voltages with 2 arpe member of volge kevels providing
a high modularity aad satira fault dolerast. capability. This
fact makes the CHE comverer a pood candidae 1o buid the
Smart Transforser (ST) [61. 7). The high quatity of the cusput
woltage and cument make €e CHE one of m t wed
lyunxu for medium and high-voltage o |8
ey sdeatios Lrbaspes b oporsts & CHB

comerir in the lisratiee. from optimized pelees fike wlective
barmonic msgation [9] 1o modslation based on multi-carriens
10} However, CHE has most frqueatty been operaied wing
the well-ksows phase shified PWM (PS-PWM) tchmique
¥aach power coll is operaied using a comventional unpolar
PWM echsique a [, kz. Ia order to implemest the PS.

betwers trizngutar carriers of two subseqeat power axlis. This
phase dispiacr ment is westly defined a5 an asgle which is
cqui 180+ (r radisns) divided by de samber of eells
available @ cach phase, descked by N [11] s crder 1o
idstrate this dva, the PS-PWM modulaios concepe as wel
5 the wmipolar madulation techmigue are e peesied in Fg. 1

As i is wellknows, PS-PWM modulation peeests some
abwntages when it is applied 1o 2 CHB comerier As an
example, the autpul vokage presents high equivalest wvikching
frqueacy hecae of PS-PWM multiplicative effect. These-
fome, assuming 2 switching fequeacy of cach power @8
equil 1o f,. the CHB ougput voluge featurs 2 harmosic
bebavior thit is cquvaient t that prodzoed by 2 comverier
with 2 switching frogue:
of cells iz the CHE). In adfon, it 8w provides & power
equiization between modules [12] becase of the woltage
meferences e ogeal for all cells. Themfore, 2 natural power
loses, emperaen ad aging dssnbubon & achieved. PS-
PWM operation for 2 CHE i shawn in Fg 2 for two complete
periods until ¢ — 40ms with 150 volts as dc capaciter voltages
aad 2 modulaion index equad 1o 0.5

Power comverier failur: s mnty cased by the cumatative
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ing any significant disadvantage.
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‘These applications are usually in the kilovolt range (achieving
values up to tens of kilovolts). This nominal voltage rating and
the maximum voltage rating of the power switches in the cells
are used to define the total number of power modules that form
the CHB converter [13], [14],

‘There are multiple options to operate the CHB convert-
ers. They are traditionally operated using the phase-shifted
pulsewidih modulation (PS-PWM) strategy [15]. To implement
the PS-PWM method. each power cell is operated apply
a well-known unipolar PWM strategy with carrier frequency
Je. In order to obtain high performance. the PS-PWM method
defines a time-shift displacement between adjacent power cells”
carriers. The time shiftof the rth power cell is defined as an angle
equal o

0, z - 1) i y

c= -1y [}

where N denotes the number of cells per phase. The phase angle

setis defined with respect to the first el as shown in Fig. 1 [16]
The benefits of the PS-PWM technique applied to CHB

converters have been well known since decades. The PS-PWM

FWM method i is necessary to apply 3 phase displacement  other words, the mitraios of Sermal cycles kads o e

(e-mal: samir kouro@iece. org). method provides an inherent power equalization between mod-
Color versions of one or more of the figures i this artcle are available

oniine at hips/iseexplore isee.org ules, and therefore, the power losses and power devices’ junction
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