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1.  Theory of operation 25min
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1 Introduction

1. Introduction
1.  Why 'High frequency power conversion' ?

2. History
2.  Theory of operation

3.  Aspects on ESP operation and efficiency

4, Discussion
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wWhy High frequency power supplies ?

No. of SIRs by Application & corresponding SIR emissions

Baseline - Emission with conventional T/Rs = 100%

100%

90% -
80% -

70% A

60% -
40% A

30% -

Relative emission (%)

20% -
10% -

0%

SIR emission
range

Coal Soda RecovaWESP Cement Waste Biomass Glass Others

No. SIRs 360 155 108 99 57 130

No. ESPs 38 59 43 37 25 77

(15.000 MWe)
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52 59  Total: 1020 SIR
18 21 at 318 plants
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History, Early High frequency ESP power

supplies, Prototypes

60kV, 200mA, (80kHz) -89
(smps, mosfet)

Field tested on: Coal fired
boilers,

Bio mass

80KV, 250mA, (25kHz)
91

(resonant, IGBT)

Field tested on: Coal fired
boilers,

Bio mass

Soda recovery
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Electrostatic precipitation

Power plant Operation

Discharge electrodes # Collected dust

Clean gas

gl

Dust-laden
gas -l

@

.\(_.
Dust particles ” I

Collecting electrodes

Implementation Load characteristic Model

Rectifier circuit

ﬂ 1000 41 [mA]

Supporting insulator

Gas flow

|~

ULkV]

Earthed

Discharge electrodes
"spiral wires"

Collecting electrodes
"Plate curtains”
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An ESP power supply comparison

Mains
frequency
power supply

High
frequency
power supply

" .
= o Gl

160 kg 200 kg + 800 kg
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Power processing

Mains frequency power processing

50/60 Hz

— AC HV DC
A T II DC .
a

CONTROL|

High frequency power processing

25 kHz

AC HV DC
AC | ) ) ]I AC
bC || DC [L
CONTROL
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2 Theory of operation

1. Introduction
2.  Theory of operation
1. Basic circuits
2 The ESP as an electric load
3. Key components
4 System properties

. Aspects on ESP operation and efficiency

1. Discussion
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High frequency power converter

INFLIT SWITCHIMG  TRARMS- COUTPUT QOuUTPUT
RECTIFIER HNETWORK FCORKER  RECTIFIER FILTER

ac —1] ¢ ,{ JI ]“[ A ] '|J= CC

— O D

/L CONTROL £

HiS)

«Switch mode power converters, SPC
*Resonant mode power converters, RPC

eQuasi resonant power converters
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High frequency power conversion,

general
Pro j
e Ener er cycle
gy Per ey P=fW = W= L
eSize f
eControl
e Induction _ d¢  A-dB
e Transformer dt dt
Con
e Switching losses Pw=T1T-W, , W, = ju-idt
: Tsw
eHigh frequency
conduction losses 1 _K

0.1mm at 100kHz
e Skin effect \/T
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Load characteristics, ESP

e Capacitve load
- 20-200nF, T>1ms

« Voltage source characteristic, voltage

Stiff
o Sparkover
- T~1us
* Wide operating range
- O<I<ly
- 0<U<U,
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Power supply for ESP

Demands

e Current source characteristics (voltage stiff load)
e Short-circuit proof (spark overs)

e High efficiency

e Wide load range (0-100%)

e \V/oltage-source driven (Mains)

e Capacitive output filter (ESP capacitance)
e Handle transformer parasitic components

e Minimize the number of components on the high-
voltage side
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Basic SPC-circuits

Qus 20us 4lus alus &hus 10003
a W2 e W3

Time
Boost (Step up) M=1/(1-d)
L 200Y 4-=-==-==== == e mmnemnee Apmmmmmemeeeee gmemmmn e mmmmmmeemene +
YL, [ . e e, e
: l Bt H‘-‘K—E_r.-‘“ i
D R 100y + 5 5 5 5 5 5 5 5 ] 5 5 5 5 5 5 5 5 .i_
g / C H : ' !
| I Z
Q) e B —+ - -u----|----n| ------ e R T+
n W[2) w W3
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Cascaded SPC circulits

Buck-boost
(Flyback) /S . =
[~]
M=d/(1-d 1 L
(1-d) i L -

4.6

Boost-buck
(Cuk)

L1 '1|3|1 |2

M=d/(1-d) L 7%
g G2

L~

!
|
|

A

4.7
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Prototype 1, comments

Buck-converter

Resonant-switch converter

Non-ideal transformer

PCL
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SPC circuits, evaluation

Pro

e Simple circuitry
e Few components
e Easy to analyze

con

e Hard switching

e Not tolerant to parasitic
elements

e High losses
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RPC, Load-resonant converters

General

Source LC-tank Load

\ 4
\ 4

4.8

Series-loaded, SLR Parallel-loaded,
PLR

LOAD

L L= L = LOAD

4.9
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| oad-resonant converters

92
=
Py

@% [] R
0 oy T
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Load resonant converters

Locssn
Saaa
lé_l_]

o

|—I
}_<E§
%
DS
I
1=

« SLR and PLR can utilise transformer parasitics in the
operation

° SLR can utili elo d ca C|ta ce In the output filter
%ﬁ_ﬁ ISt € pr errerc] P

topology
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SLR, Control

‘!
T Tank impedance
vs frequency

«Control of LC-tank impedance

*Frequency modulation

«Control of voltage-source
amplitude

*Phase-shift modulation
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SLR, frequency modulation

Il

]|
1
| I

Model 0<d<1/2 normalized frequency
Mode2 1/2<d<1 d="fs/fo
Mode3 d>1
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SLR, Circuit diagram

.

3380 Y ——| | é

: AZ& JZE(BE Ly 80K 50 md
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SLR, frequency modulation

0

Model 0<d<1/2
Mode2 1/2<d<1
Mode3 d>1 Mode3
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SLR modes of operation, FM

Mode 1

— Easy to control
o |~f

— Soft turn-off
« ZVS, ZCS

Mode 2
- e PRO

— Continuous conduction
— Soft turn-off
e ZVS, ZCS

Mode 3 . PRO

— Continuous conduction
e |Lowest RMS current
(1.11< k< 1,15)
— Soft turn-on

e« ZVS, ZCS
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o PRO °

CON
— Discontinuous conduction

* High RMS current (k > 1,57)
* High component stress
* High losses

CON
— Hard turn-on

» Diode reverse recovery
* High losses

CON

— Hard turn-off
» Capacitive snubber
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Control loop, FM-control

500 r
450 r
400 F
350 r

Vo

M 300 |
250
200
150
100

50 |
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IGBT, On-state voltage vs di/dt

IGBT1

IGBT2 [ [/ [T
~N A

VA
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Reliability

e Integrated system
e |ess material

e Bridge-leg conf

e Environment .
e Availability Tirimes

General

Burn in Useful Life Wear out

Failure Rate

Measured o Fleet MTBF 30 years

e Failures concentrated to
specific plants

MTBFE — Operatllng _ 1
No of failures A

Comments e Installation
e Trained technicians
e Components

rcue. swannan -0 - @dMlalntenance
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3 Aspects on ESP operation and efficiency

1. Introduction

2.  Theory of operation

4.  Aspects on ESP operation and efficiency

1.

a &~ w0 N

Corona current

ESP voltage

Holding forces /rapping /reentrainment
Spark recovery

Back-corona/Intermittent Enrergisation

5. Discussion
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Aspects on ESP operation and efficiency

Corona current

Peak kV
ESP 4
ST spacowriewtf
KV SIR d ' :
. ' SIR peak kV

B AVATATATAY
A\

20
Conventionjal TR alley kv
0 1
i
!
! ESP
S | : . ¥ Current
I > —p! mA

Conventional T/R ° With SIR
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Aspects on ESP operation and efficiency

Voltage

Due to the non-linear current — _
voltage dependency, SRl P ok P
g p y P f" {q'; ."_r.\.._ Jﬁl-! | ,,—.ll:PI::
— n By
| = I0 (U _ Uonset) , U> Uo , I \J_b ' o] commnton
n>1 (2) NN T
will the high frequency power "
supply give a higher average L
voltage compared to the mains S
¢ . a
f nc ' rth :
FSAUSTICY RO, CRERWETET K0T the cst T F o
we Current Voltka\llge ...... / . : L . oo
1: 1= 1A (50%), 0.1A (50%) / | (’) i
U (1A) = 60KV, I/ i |
U(0,1A)=32.6kV // valleyky|
=>  Upnyo=46.3KV, i
| ,yg=0.55A . ro o
C ional T/RW/j mA
2. 1= 0.55A (100%), enventional TRAh SIR
PCUG, Sgv \LAL7 /| 88
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Aspects on ESP operation and efficiency

Corona current, ESP Voltage

® More mA for same peak Voltage means better particle
charging

® More mA means higher holding forces, means less risk
of reentrainment.

of the collector area
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Aspects on ESP operation and efficiency

Rapping/reentrainment

® Higher holding forces, means that greater care has to be
taken during rapping to really clean the electrodes.

Dust build up due to inadequate
rapping in a Soda recovery recovery
boiler ESP.

The corona centres can be clearly
seen resulting in a reduced Voltage
clearance.

Power Control
rapping vs
Normal rapping
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Aspects on ESP operation and efficiency
Spark recovery

® Transistor control means faster
response to spark overs. Current
fed to the bus section can be
turned off, within micro-seconds.

® Superior bandwith of the control
loop (faster) enables improved
spark recovery.

e | !
| |
w1
\| -
’ I ALY
u
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Aspects on ESP operation and efficiency

Back-corona/Intermittent Energisation

Intermittent Energisation

SR
Pulsing with SIR is totally independent
of mains frequency !! ON
DC current ON
ON
SIR o
OFF || OFF| OFF| | OFF _
on ] "
DC current
Conv ‘
- AT A T
for 50 Hz [10 + n(20)] ms ms
~10ms | for 60 Hz [8,7 +n(17,4)] ms
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» The more exact control

paired with the higher
frequency offers the
chance for a more detailed
approach for back-corona
control. The corona
control can be executed
faster with higher precision
with exact control of pulse
duration, pulse amplitude
and puls cycle for full
flexibility in addressing

Bacikw@arwridl ALSTOM



Aspects on ESP operation and efficiency

Back-corona/Intermittent Energisation

EPOQ operation

Dust concentration

Positive contribution
] Negative contribution

<=

High

Corona Onset Voltage

rntegratior'w‘“ ti

time m
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