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Agenda
- VFD Components
- Line side concerns
- PFE converters
- AFE converters
- Load side concerns .
5 MV VFD Topelogleg. T TRy A, S S e
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What are the components

of a medium voltage
MED? Smm aiiit it oy At
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What are the components of a MV VFD?

= ' Y
I 7. )_-?- L ; -T—j r - I :
1 ® B B 8 .
! O : C'l' '3’_} Cd'|' | )_’3 C'|' l |
7 ) L [ _) [ I
—@—L Optional L> I o Optional |- i I
b g il

Supply |menb}dc Transformer Rectifier dc Filter ! | Inverter MotorSI0b]. nioior )
: filter I filter [y |
Converter Inverter Application

Line side Motor side side

F.T-N
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What are some of the line
side concerns? |
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VFD line side concerns

| Converts AC to constant DC voltage

+ Affects the performance on the utility side

F Pulse count

*6,12,18,24...

| DC-Link

* Filters ripple and it serves as reactive power
energy storage

F Application main concerns

* Do not produce harmonics into the system — meet
IEEE 519 requirements at VFD input

* Do not degrade the system power factor >.95 lag
» Avoid LC resonance

E-T-N
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—— ] Optional

Line-side
filter

Transformer Rectifier dc Filter

Number of Current Source

Input
harmonics

pulses (CS)

Inrush current
mitigations

Voltage Source

Power factor

Number of

ulses
Integrated or P

remote

Type of

Efficiency capacitors

Component's
ratings

System

Pre-charge,

Heat losses SoftMag

HECE
- CGEE

resonance




Passive Front End

Converters .
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Converter Passive Front End (PFE) — 6 - pulse rectifier

4 Van v Vi Vi Vv Vo Vo v

i

l > (It

- : al 0o g 4 1 & daml 11
4®—-—D—'P"
6 pulse diode rectifier - voltage

Vi . 10

- *+ L.‘c h 'r,f; (plll) i
'—‘ :}—-—H 0.5 —% -
A A

ol 0282} | Low load

0 i
v, , D High THD

(a)7,=02pu

$D4 f Dy ful (Sﬁo) iariﬂ\'ﬂ A
, 1.0 v - v
_ ) . s N ~ Rated load
rectifier circuit N YAy YA
204 2 3 Fl
(byZ,=1pu

6 pulse diode rectifier —input current
E-T-N
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Converter PFE — 18 - pulse series connected rectifier

Marginal IEEE 519 compliance depending on system impedance

, 0.60
lq o (pw | =
Ly i, > O 030 [
=44
- F - - .
ly=1l, iz i & =20° -0.30
Al :| -0.60

@7‘,‘&_—1‘;@ @M * Cd_°° y 18 pulse diode rectifier — input current (secondary)
- d

1.50

5 =0° :I . /’\ Pg=i+ il +i. /\’\'\_\

L i . N yd Y
®_-_,;;:“¢- % s \ / L S
& =-20° S 10 N S

0 b4 271 37 47

18 pulse diode . o . :
18 pulse diode rectifier — input current (primary)
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Converter PFE — 24 - pulse series connected rectifier

Fully compliant with IEEE 519 (p) e o
i, 0.30 / Aﬁ Y ;/ L%hﬁ\
> :J_' 0 T\ a [ i

i A . A\
= & | A\ 7 i\
-0.30 \ i :
el TN
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iy=i +i.+i +i, 0.60
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Converter PFE — 18 - pulse separate-type rectifier

» Used in Cascaded H-bride inverter topology
» Slightly better THD with marginally lower pf

d
i ’ L 0.80

Lﬂ_ 'ia * E:'d J_ +1Vd o (pu) . ‘;I;“

. e o o A 0.40 3 ﬂ V\X\)\'\

L=t izt i 5 = —20° -_|-- D 0 L2 2Ty - —

TR DR SR N S R B 7 R
1 L, Iz g +4 o 0.80

>
Q_ﬁ

Vg A 1.50

: . Ly - p s
—v D /*\\{‘I:I-i-h-l-f— /\\
0.75 A a a a

8 =0° T
i-
] f N ———
@w * a T V7| a ]‘50 N N
y = 20° —= D o x EIR 3n 4n
18 pulse separate - 18 pulse diode rectifier
type rectifier Input current (primary & secondary)
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Active Front End

Converters .
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What are the components of a medium voltage VFD? —
Converter Active Front End (AFE)

LCL-Filter DC-Link
Active Front End " Inverter
Motor
N-Sie —Im _lm _| L —K} —K} ﬁ Side
o - e}
O L 8]
o L p——o~O

WK T 4434@4

=aal AFE Converter

*Not a topology but a type of converter circuit

+ Diodes are replaced by transistors (active devices) to control low
order harmonics

* Makes use of LCL passive filter to reduce high order input
harmonics caused by switching frequency of transistors

=l ‘Friendly” AFE topologies

*Voltage Source
*Neutral Point Clamped (NPC) — 3L, 5L
* Modular Multilevel Converter (M2C)
* Current Source
*LCI
«2L-CSl

B Advantages —Why AFE?

*Dynamic braking or power regeneration
*Large fans
*Downbhill conveyors
*Elevators
*Cranes
*Centrifuges
*Wind tunnels
«Low THD levels (<50 harmonic)

*Excellent power factor control (i.e. active VAR compensation
applications)

=l Disadvantages

L CL filter may cause resonance issues with electrical system
i.e. generators, transformers, capacitor banks, etc.

*Not adaptable to electrical system changes
*Higher cost
*Lower efficiency
Larger footprint due to filter
*“Complex” controls

ol R K W

Powering Business Worldwide
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\What are some of the
load side concerns? |
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VED Motor side concerns

| Converts constant DC to PWM
waveform

* Affects the performance on the motor side

’ Output levels

» 2-3, 3-5, 4-7, 5-9, 9-17...

’Application main concerns

* Do not damage the motor (standard and
inverter duty)

 dv/dt and wave reflections

* Low common-mode voltage stress
* LC resonance

* Limited motor harmonics

E-T-N

Powering Business Worldwide

Number of levels

Components rating

© 2021 Eaton. All rights reserved.

-
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R

Optional

Motor-side

Inverter
filter

Topology Motor type
Efficiency
dv/dt

Cable length

Heat losses

Control method

Output harmonics
Integrated or remote

16



MG-1 Motor voltage stress ratings

Il Part 30 - Standard duty motor
eV, voltage stress ratings
* Motors with base rating voltage V, 4q <
600V
* Vpeak S 1kV
* Rise time 2 2 us

Voltage

Steady-state voltage

90;20:%. --------------------------------- Part 31 - Inverter duty motor
'Y — :
| voltage stress ratings

* Motors with base rating voltage V4 <
600V

¢ vpeak =31* Vrated
* Rise time 21 us

AV

10% %

* Motors with base rating voltage V ,ioq >
- - 600V
At e eV, S2.04*V .,
Rise time pea rate
* Rise time 21 us

Typical voltage response at motor terminals
Where: V., is a single amplitude zero-to-peak line-to-line voltage.

E-T-N
- 17
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Inverter topologies for MV
VFDs .
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MV VFD Topologies

MV VFDs

]

VFD currently available in the MV VFD market

Direct Drives

Special applications

Indirect (DC
Link)

Majority in the market

Cyclocoverter Voltage Source

25Hz high power I Voltage output I

Current Source

Current output

e -
Multilevel ! 1 1
Inverter i : |_PWM-CSI : L LCI
: | ] 3Le;/§L|%Lgrent | Synchanst)ht/ﬁv motors
! I i '
! Cascaded i Distributed
! H- Bridge ; [Voltage Source
! | ]
L imimimimem e =
1
3L-NPC 5L-SNPC 5L-ANPC M2C
! — I 1
E.-T-

Powering Business Worldwide
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urrent Source Inverter
PWM-CSI .

% - - - # e . s —8
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Current Source Inverters — PWM-CSI Topology

Ly

No Isolation i i
Transformer

Custom
Motor

E-T-N

Powering Business Worldwide
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CSI Topology

*Fist type of MV VFDs available in the market utilizing SCRs
+Output filter always necessary
*Available configurations

*“Transformer-less” — LCL filter input

*Isolation transformer and 6, 12, or 18 pulse AFE rectifier

Advantages

*Long input and output cables — low dv/dtrise time

*Excellent power factor with isolation transformer + AFE SGCTs
*Low component count

*4-quadrant operation

Disadvantages

*Filter must be evaluated if system impedance changes

*Design relies on upstream protection to interrupt faults downstream
inverter

*Lower efficiency due to current switching

+Limited dynamic performance when compared to VSI

+Large K ratings required to filter harmonics

*Common mode problems with “transformer-less” design

© 2021 Eaton. All rights reserved.
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Current Source Inverters — Common mode voltage

Ly
No Isolation i i Custom
Transformer ) Motor
Istatur
(mé _ gM) Vem
L, J_ l
Cy I ; ; I Cyr
PWM CSR PWM CSI
Tek [T 10.0kS's 27 Acts
I T 1

VA -B

2.1 pu/div

l stator
1.4 pu/div
lgc
0.7 pu/div

1—

Cht 500mV Ch2 200V M250ms Ch3

200 mv

E-T-N
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ov

Common Mode

Voltage

Ce

Stator Winding Bearing

[

Stator

Tek [ 0.0 kSs

5 Acgs

"A',.‘.,‘...,AAA.,.A..,...A

Common mode voltage V.., Emmm

+If not mitigated by DC choke or
isolation transformer common mode
voltage on motor neutral can cause
insulation damage over time.

lll Example of CSI VFD
waveforms with no DC choke

Vaa
2.1 pu/div
V,,, —*
cm
2.1 pu/div
. _ i
lem i !
0.7 pu/div 500mV Ch2 s00mV  M250ms Ch3 OV

Ch3 100V

© 2021 Eaton. All rights reserved.

*Phase voltage V,
*Contains V| _y and V,, (superimposed)

22
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Voltage Source Inverter
Neutral Point Clamp .

-
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. F o 8 3% £ o oA . M e v NPT s R

F.T-N

Powering Business Worldwide © 2021 Eaton. All rights reserved.




Voltage Source Inverters — 2 Level Topology

Input Rectifier : DC Bus
(Diode Bridge) | (Flliter)

ETLH

1
1
)
1
|
1

Output Inverter
(IGBTs)

L

==

A,

U
I
I
— |
I
I
1

2 Level inverter for LV applications

=1 2 Level Inverter ———

+*Original VFD topology — building block of all
other topologies

*2 Level L-N/ 3 Level L-L

*Not practical for MV VFD applications
*High step changes — Full DC bus voltage
*Not compatible with standard duty motors

Lo 7] 7] ]
£ SI S; S
L L, ;
A A
Vg Caq== B l:”
V, = 5883V C1 -
For 4.16kV VFD ) J
= 5, S, S
N o= 1 1

LOAD

High dv/dt &
Wave reflection issues

E-T-N
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Voltage Source Inverters — 3L-NPC Topology

XFMR = é‘g‘g DC LINK J_

B era— NPC Topology —
—'&1:?'.,3_ {225 ,5"‘: . * x X
A =l . o F kb

woe B |

j e T 1T * 2 level inverter foundation
ﬁjﬂ '75}“;: g ®» ¥ F X Wlth _

3 Tl . - E ke * Artificial neutral created to

n o | increase number of output
sl 5 s . ¢ steps

Il EDR - » Clamping diodes used to

foolos = P PP “clamp” neutral voltage

R1EA i g war * Neutral can be grounded
= RN to mitigate common mode

B -SSP o currents

Tl » 2 DC link capacitors

B N P dividing DC bus voltage

S * 3L-N- 0, +E, -E

* 5L-L- -2E, -E, 0, +E, +2E

'y
EF.T-N 2
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Voltage Source Inverters — NPC Topology

3 Level Neutral Point Clamped Output

/\\ \\ /'\/'\L\/\/\' ImoTor
W e i A e Wl W
E . - : i o
e 11Tl | : TV e Tkt THTT s DY
2E e =l i
EIFLD’ e T Y s Y T RV
ZEE ] ;"r' %LUIHI'I‘HUMMWH LR ]LM
| | |
| !
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Voltage Source Inverters — NPC Topology

0 Heat Pipe
Condenser

Gate Driver
Board Diode Module
Power Supply
f IGBT Module
\o Gate Driver
werpole Board
Dust Cover
IGBT Module
Powerpole ,
Output Phase "'-—.l
\ Terminal ;l
Powerpole
Outer Cover
SC9000 EP Inverter Phase Assembly iy
Terminal

Neutral Point Clamp Inverter

E-T-N
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Voltage Source Inverters — Series Cell NPC Topology

S inintn 1 it S ool e m Series Cell NPC
e =
[ —_- )
o= L | 1 T Rl :_"}“ : « 24 Pulse Isolation Transformer
| t L —t !
e ¥ T C « Per phase
lebd o | T R | | * 24-pulse rectifier
| b e S —— et e
I Jli’az?nﬁtsszpme‘ ﬂ': i_'-EO*E DULE (SEE PAGE 12} —:’é : : ° 3L NPC Inver“ter‘
ki |
:E’””DI‘[:| I il L N | ! * Increased number of levels
} o AT i K PE] L «5L-L-N
L i : L
T Slerttea {3 | I IET I | eOL-L-L
| . | 7 | .
f e i i J ; J— : : « No remote transformer option
Iiz?nrl_:_ F FAGE 17) I i :ER_UJELE_ SEE PAGE 177 H
g8 | W = SRS L « Output reactor usually provided as
ErreE 0k @ ol : I standard
llle il ki l l 7 ‘ 17 ”
01 Rt | :[ A -] BN I * Not AFE “friendly
(€T3 E':—Eﬂ ! T T | [ « Individual converters per phase
eS| i ! 03 « Isolation transformer must be integral
| I i = e _
| gﬁf"« o s == to the VFD
5 5y m Pp=3 e 1%
___________ 1

E-T-N
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Voltage Source Inverters — NPC Topology

Advantages o

» Great power density inverters
* Improved output quality
* Less component count
* 6.5kV or 3.3kV transistors
* Lower heat losses
* Greater efficiency
* No common mode voltage/currents due to isolation

transformer . .'
* Flexible footprint via remote transformer e
* AFE friendly topology " - LY

Disadvantages 'Ig

* No cell redundancy

* Output filtering may be required
» Cable distance
* Motor type

E-T-N
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Voltage Source Inverter
Cascaded H-Bridge .

"

- - e i
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Voltage Source Inverters — CHB Topology

oo

& =Lr M) i « Multiple units of low voltage single-
5 \0° r T  Tnverter phase H-bridge power cells connected
% T -Il< ‘ \ in series
5=(° r i * 6-pulse rectifier
Y E T g[ « 2 level H-bridge
d=( * Isolation transformer with multiple
()"‘“k) A% %M secondary windings

8 =3p
' L
ey T . 1
x| 4 T o
5 430° T N r= o | i
t] i |
12-pulse separate diode rectifier CHB inverter 2-level H-bridge power cell

E-T-N
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Voltage Source Inverters — CHB Topology

E-T-N

Powering Business Worldwide

18-pulse 7-level
CHB inverter

 Voltage Outputs
« 3E
- 2E

© 2021 Eaton.

All rights reserved.

24-pulse 9-level
CHB inverter

 Voltage Outputs
« 4E
- 3E
- 2E

32



Voltage Source Inverters — CHB Topology

F
S|

E-T-N
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Voltage Source Inverters — CHB Topology

Cascade H-Bridge (Equal DC Voltage)

*Numbers may be different depending on manufacturer
E-T-N
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34



Voltage Source Inverters — CHB Topology

Advantages

* Cell redundancy available
* Low input and output harmonics
» Low voltage steps => low dv/dt

 Output filter not required except for long cable
distances

Disadvantages

* Less power density when compared to NPC
+ Electrolytic capacitor
+ High component count
* Higher losses
* Lower efficiency
* Not AFE friendly topology
* Individual converters per cell
» Expensive isolation transformer
* Isolation transformer must be integral to the VFD

E-T-N
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