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Introduction

B Three-Phase Diode ———>
Front-End System
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Typical ASD System

B Passive Filtering Solution

After passive filtering (THD, = 40%)

AC or DC side passive filtering
Before passive filtering (THD; > 120%)
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P

Efficient

@ AC or DC side passive filtering (inductor): simple and effective to some extent. But they are bulky, costly, causes
resonance, worsen system dynamic, and etc.

@ Active harmonic mitigation solutions have been introduced to improve the input current quality. But most of them
are complex costly and reduce system efficiency.
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Typical ASD System

B Three-Phase Diode Rectifier Passive Filtering Challenges

Diode Rectifier Inverter
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0.6 40 _ ,
THD=29.5%
10 A/div, 2 ms/div 10 20 30 40 50 60 70 80 90 100 10 A/div. 2 ms/div ‘
Py (%)
(a) (b) (©)

Performance of three-phase diode rectification using dc-side passive filtering: (a) effect of loading condition, (b) corresponding power
factor A and input current THD at different power levels, (c) effect of dc-link inductor size.
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Typical ASD System

B Three-Phase Diode Rectifier Passive Filtering Challenges

Diode Rectifier Inverter
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Typical annual loading profile of adjustable speed drive applications: (a) water pump, (b) cooling tower.

W G
(gcai Rog,

@,

o @
Re guiv®

¥
uy
o
m

%

<

Harmonics in Grid-Connected Converters | Pooya Davari | 20 Oct, 2016



Electronic Inductor Concept
» Basicldea ———>

Harmonics in Grid-Connected Converters | Pooya Davari | 20 Oct, 2016



Electronic Inductor Technique

B Basic Concept

A= 0.95
THD, ~ 29%
. 1 120° :
la |/.%:
Idc I/l : '\ 2n
I 1 o~ | o Yot
30°, 2 i \/
. 4 100
ln = EldﬂCOS(TLOK) 90

80
70
60
50
40
30
20

® Emulating the behavior of an ideal infinite inductor

Amplitude (% of fund.)

® THD. and Power Factor (A) independent of the load profile.

® Controlling dc-link (u,,).

1 5 7 11 13 17 19 23 25 29 31 35 37

Harmonic No.



Electronic Inductor Technique

Po=100% 11hp,, ~29%
An=0.96

Passive filter

Passive Filter Lg =25 mH

THD,. = 47.5%
Ar=089

i Passive Filter |Ldac=2.5m ’
) 1%
W THD,0 ~ 29% Y~
: - \ d e Motor
El@ 20kHz ~ \lac = 1 mH

| kripplc ~ 23-6%

JH} Ik

10 A/div, 2 ms/div Diode Rectifier Inverter

40 @ Passive filter (Ly. = 2.5mH) _ | i KT} K% E}
35] 8 El (Ly = ImH @ 20 kHz) a ] : E ] ] i "
30 ’ ! i U
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Electronic Inductor (EI)

45 i o

@ Passive filter (Lg. = 25mH)

Amplitude (% of fund.)

® No major modification is imposed to the original system!

‘&gw GROU

Harmonics in Grid-Connected Converters | Pooya Davari | 20 Oct, 2016



W G
(,“E ﬂ?o{/

= ’l’o
«.:
A~
A
S &

Electronic Inductor Concept
e
%R yav®

B Load Profile

2772
Assuring_CCM > L, > D(l —D)'U,
Operatlon o, 1]]1H-f:§“

Independent performance
(10% to 100% 0)

THD,, = 29 %
A=095

b lur: S| & éCdC—L:i' RL[uudc

i L Ude : _'“—
i S vil « Icontroller _ r | _ , , _ ] ,
@ S SR (6) 5 Aldiv, 2 ms/div

Implementation of electronic inductor using a boost dc-dc converter topology in a three-phase diode rectifier: (a) circuit schematic,
(b) corresponding input current waveform (i,) at different power levels. (Simulation parameters: rms line-to-line voltage Uy .1ns=
400V, grid frequency f, = 50 Hz, grid impedance L, = 0.18 mH, R, = 0.1Q, rated power P, =7.5kW, Uy, =700V, £, = 40 kHz, dc-link
capacitance Cy, = 470 pF and dc-link inductance Ly, = 2 mH.)
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Experimental Setup

*
r

7.5 KW

Output terminals

DC-link and output
capacitors

+— Diode rectifier System Specifications

Cac
e Ug,LL,rms f g Lg’ Rg P omax Udc fsw deO Cdc
(100%)
400V 50 Hz 0.18mH 7.5 kW 700 Vdc 20 kHz 1 mH 470 pF
,0.10Q

Power switches

(S and D) Employed components
Module Part-Number
7l b 7 z 2
N x L j Controller Three-phase diode rectifier SKD30
= S IGBT-diode SK60GALI125
7 /(/ ) Y\ it dtivas IGBT gate drive Skyper 32-pro
\(((d\n\ || L Controller TMS320F28335
UL Boost inductor (Lg.)




Experimental Results

B Original Drive (Passive Filter)
THD, = 48.7%,A=0.89 L=2.5mH
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B EI (flat current modulation)

THD, = 28%, A = 0.95 L = 1mH, f,, = 20 kHz

TELEDYNE LECROY
Evorywheroyoulook”
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\/ Al 7N N
Van300V/div 1 %m* 10ms/div

i/, ll.

THDi =28%  %600mA/div
A= 0.95

FFT of t}i}e grid current (7,) 200Hz/div

P, = SKW Udc— 700V

THD, = 28%, A= 0.94 L =1mH, f,, = 20 kHz
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Improving Efficiency

B Adjustable Switching ———>
Frequency Scheme
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Proposed Solutions

B Adjustable Switching Frequency

THD =~ 29 % W THD;a = 29 %
A~ 095 A= 0.95

P, = 100%

| Po = 30%

—J_w——

5 A/div, 2 ms/div

5 A/div, 2 ms/div

A]I_ . pk—pl;\

C: D(1-D)’U; I,

sW HB = kripple]I b HB =
de‘ 190 M!..pﬂ'{—pk
45 , 0 60
fr _fl ] 35 \\ -~ - //k ”pplp(/o) 50 =~
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-fsw.max _j.;w.nnn (kHZ) 15 \'? T~ - - - 30 (:.a
5 Fon — 20 =
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Po (%)

ripple™ L ripple ’ r .ftw
\ 2 La’c‘.f:s‘w]l, f;vn /

[1] P. Davari, Y. Yang, F. Zare, and F. Blaabjerg, “Energy Saving in Three-Phase Diode Rectifiers using Adjustable Switching Frequency Modulation Scheme,”
EPE-2016.




Proposed Solutions

B Adjustable Switching Frequency

ﬁ THD;, ~ 29 %
| =095
P, = 100%
J Po= 700/% F
LA P, = 50%] }’_
P, = 30 -
] 0
P, = 10%
5 A/div, 2 ms/div
THD;, = 29 %
=095
Using ASFM strategy
improves efficiency from
315W losses to 173W losses
(95.8% vs 97.7%) WM
P, = 10%

5 A/div, 2 ms/div
System Specs:

Grid phase voltage Vabe 230 Vrms
Grid frequency fe 50 Hz
Grid impedance Ly R, 0.18 mH, 0.1 Q
DC-link inductor Lycp Lgc 2.5mH, 2 mH

DC-link capacitor Cyc 470 pF
DC-link voltage Ugep Uge ~534V,700V
Rate power P, max (100%) 7.5 kW

Three-phase rectification with:
— — — Passive filtering

— — - Fixed switching-El, IGBT

with Xflux core @ 35 kHz

------- Proposed ASFS-El, IGBT

with Xflux core @ 10 kHz

Ploss,lotal

F)D,cnnd (W)

Pcesr

0.75

1.5

2.25

<O Fixed switching-El, IGBT

7 . Effeciency

sw : Switching loss

D : Boost diode

gate : Gate-driver

cond : Conduction loss

T : Power switch (Transistor)

C,ESR : DC-Link Capacitor

Effective Series Resistor

W)

(W)

with Xflux core @ 35 kHz

<C- Proposed ASFS-EI, IGBT

with Xflux core @ 10-35kHz

3 3.75
P, (kW)

4.5 5.25



Proposed Solutions

B Using WBG Devices

Three-phase rectification with:

Three-phase rectification with: n : Effeciency
— — - Passive filtering sw : Switching loss — — — Passive filtering
D : Boost diode

— — - Fixed switching-El, IGBT gate : Gate-driver — — - Fixed switching-El, SiC

with Xflux core @ 35 kHz cond : Conduction loss with Xflux core @ 35 kHz
------- Proposed ASFS-EI, IGBT T - Power switch (Transistor) ------- Fixed switching-El, SiC with

with Xflux core @ 10 kHz C,ESR : DC-Link Capacitor KoolMu core @ 100 kHz

Effective Series Resistor
Ploss total (W) Ploss total (W)

Pgate (W) P Ldc (VV)

Pgate(W) PLac (W)

P THD, P THD,
TVS;V 60 (%)l (\T/\/S;v 160, 130] 100] 70, 40, 10 (%)l
Pp.sw Pp.sw (W
D.sw ( Kripple (%) Dsw (W) Kripple (%)

@ PcEesr(w) (b) Pcesr(w)
Ly =2 mH Ly =1mH
Applying SiC power devices reduces the size of magnetic components and losses (131 W vs 173 W)
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%, ( & Harmonics in Grid-Connected Converters | Pooya Davari | 20 Oct, 2016

o @
Re guiv®



Proposed Solutions
B Pulse Pattern ——>

Modulation
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Proposed Solutions

B Pulse Pattern Modulation
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[1] P. Davari, F. Zare, and F. Blaabjerg, “Pulse pattern modulated strategy for harmonic current components reduction in three-phase ac-dc converters,” IEEE
Trans. Ind. Appl, vol. 52, no. 4, pp. 3182-3192, July-Aug. 2016.
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Proposed Solutions

B Pulse Pattern Modulation

A .Van I, = — [14.1 cos(n30) + 14, cos(nay) — 1.5 cos(na,)]
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N S o - displaced current levels
lief 1 1 L oom — .
T Pt | wt

_ 4
== [14¢1 €0s(30) + 14, cos(ay) — I 4.2 cos(as)]

4
I, = = [1401 cos(k30) + 1., cos(kay) — 4., cos(kay)] =0

L, = — [140.1 cos(m30) + 1., cos(may) — [ 4., cos(may)] = 0

[1] P. Davari, F. Zare, and F. Blaabjerg, “Pulse pattern modulated strategy for harmonic current components reduction in three-phase ac-dc converters,” IEEE
Trans. Ind. Appl, vol. 52, no. 4, pp. 3182-3192, July-Aug. 2016.



Proposed Solutions

B Pulse Pattern Modulation

Optimization
Constraint

‘Obj, =M, —[i =L,

NAY
i,

N

F, =2 w -(Obj, —L )

Obj <L

n

n

Objective Function Weighting Factor

where n = 6k+1 with kbeing 1, 2, 3, ....

T
a <o <o < <o <o +—
0 1 2 m 0 3

@ Instead of fully nullifying the distortions, the harmonics could be reduced to acceptable levels
by adding suitable constraints (L,).

® Here, F,p; is formed based on a squared error with more flexibility by adding constant weight
values (w,) to each squared error function

[1] P. Davari, F. Zare, and F. Blaabjerg, “Pulse pattern modulated strategy for harmonic current components reduction in three-phase ac-dc converters,” IEEE
Trans. Ind. Appl, vol. 52, no. 4, pp. 3182-3192, July-Aug. 2016.



Experimental Setup

Measurement unit

Output terminals

DC-link and output
capacitors
(Cao),

Power switches
(S and D)

Gate-driver

Boost inductor (L)

i 4 Modulation 4—-4—(”lr PLL Uahe
Employed components
Module Part-Number
Three-phase diode rectitier SKD30
IGBT-diode SK60GALI125
IGBT gate drive Skyper 32-pro
Controller TMS320F28335
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Experimental Setup

B Synthesis of the modulation signal

IaA
2B
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Experimental Results

B Harmonic Elimination [7t and 13t%]

I A TELEDYNE LECROY
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B Harmonic Elimination [5t, 13th]

AR ﬁ.mmmm
YWl Rt m..

Va,, 300V/div $10A/div 10ms/div 10ms/div

l]‘l 7th 1 lth 3Ih
{ \ g 37.5% i
| | = THDi =47.7%  $600mA/div
| | - 23.4% A= 0.89
——il i
s | |
) ‘) e | \‘ ) U7 FFT of the grid current (i,)
‘} 4T A>| J‘I f \\ 4% s ) 200Hz/div
B L /“__J\ L. [ A . L\ ~L/ N U/ \m A "
-~ — : Y e N/ N N N S —~ M Yo SE— |

P,=5kW U, =700V
ldc, = 1, Idc, = 0.653, a,= 70°

Harmonic Mitigation
Strategy

Harmonic Distribution and THD; (%)

ia (O, (1) ()i (1) (A1), (1) i,(13)/i,(1)  THD;
th th i
7th and 13. harmonic 31.2 23 95 1 34
cancellation
th th i
st 13 h.armonlc 4.7 375 23.4 4 47.7
cancellation
Conventional method 20 14 8.7 7.3 28.6
(square wave)




Proposed Solutions
B Multi-drive ——>
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Multi-Drive Configuration

B Basic Concept

In many applications it is a common practice to employ parallel connected drive units. In this situation the
application demand is met using multiple modestly sized motor units rather than one single large unit.

N PCC
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foc T I i I o o
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® Generating staircase total input current by proper combination
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Multi-Drive Configuration

B Phase-shifted Flat Current Control

- e

A

2yt ,_——‘—'——l,. “iibamery xfundamental
Idc"’é . .

35 -
g
8 30 THD
c 9
g
5% 25
£ = 5th
5 2 Lowest THD, =
1] £ 20 9
B§ 20 pemaal 15.85%
2 © -~ -
g3 S e ’
2% 15 4= - - ~ M 7t ”, "
== ~ - \‘ 1 \y th &
% 10 4 13" NNy ‘(11 L
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0 Nl wh T’ bt

0 10 20 30 40 50 60

Firing angle ar(°)

[1] Y. Yang, P. Davari, F. Zare, and F. Blaabjerg, “A dc-link modulation scheme with phase-shifted current control for harmonic cancellation in multi-drive

applications,” IEEE Trans. Power Electron., vol. 31, no. 3, pp. 1837-1840, Mar. 2016.

Power Factor (PF)

SCR

A B

A

A 4

A

Diode Rectifier

0.96 -
-------------------- : PF = 0.928
1
0.92 PF=0952 ! !
)
! 1
i |
0.88 - i :
! ]
[ I
i :
0.84 4 i !
! ]
! I
i |
0.8 . y y - ’ ,
0 10 20 30 40 50
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Multi-Drive Configuration

B Pulse pattern current modulation

I 3
VARTE

lac T

EE=)

5

SCR current

[1] P. Davari, Y. Yang, F. Zare, and F. Blaabjerg, “A multi-pulse pattern modulation scheme for harmonic mitigation in three-phase multi-motor drives,” [EEE .
Emerg. Sel. Top. Power Electron., vol. 4, no. 1, pp. 174-185, Mar. 2016.

“wt

iode rectifier current

\_

(0 The new current modulation technique )

is applied to each DC-DC converter in
order to further improve the current
quality. However, it requires PLL for
synchronization purpose.

J

[2] P. Davari, Y. Yang, F. Zare, and F. Blaabjerg, “Predictive pulse pattern current modulation scheme for harmonic reduction in three-phase multi-drive
systems”, IEEE Trans. Ind. Electron, vol. 63, no. 9, pp. 5932-5942, Sept. 2016.
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B Pulse pattern current modulation (o;# 0°)
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Multi-Drive Configuration

H Implemented Setu
P P Parameters of the multi-rectifier system

PCC Viec s Ls

e | v ? i ﬂ;‘. ] [?'-“. ~ % %RU Symbol PARAMETER Value
( ) 7 -Zg me - = Vgrabe Grid phase voltage 230 Vs
Grid P P G PT Ve : Grid frequency 50 Hz
a—| Driver d Moduation Jewt  Zy (Lg, Ry) Grid impedance 0.1 mH, 0.01Q
, une | Signal jea | DC link inductor 2mH
_ Vs Cue DC link capacitor 470 pF
Ve la q v J[:]I} Coi: %R,_Z V, Output voltage 700 Vg,
y LT 3 Vo) Ko I Pl controller (Boost converter) 0.01,0.1
[P 1> [Pl je-CeVey K, te, PLL parameters 0.8,0.2s, 1.41
i . Mcgiigl:z:ilon wt HB HyStereSiS Band 2A
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Multi-Drive Configuration

B Experimental Results (phase shift control)
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Multi-Drive Configuration

B Experimental Results (current modulation)

PCC DR
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Multi-Drive Configuration

Bl Extending number of the units (phase shift control)
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Multi-Drive Configuration

Bl Extending number of the units (current modulation)
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Multi-Drive Configuration

Bl Experimental Setup

i pec THD,=83%  %=092
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Conclusion

B The EI technique can significantly improve the THD;, A and stable DC link

B The proposed pulse pattern modulation can eliminate low order harmonics
B With multi-drive configuration, the EI technique can further reduce the THD,

B The EI technique can maintain the system performance under non-ideal
operation conditions (e.g., unbalanced grid)

B The efficiency of EI technique can be significantly improved by employing
WBG devices, alternative topologies and smart control techniques

&EW Rot,
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