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Rectifier Circuits m

Passive Rectifier Circuit Active 2-Level Rectifier Circuit
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e Widely used in Industry e Industry Standard
e Simple and Robust e Input Current Quality THD; < 5%
e High Efficiency e High Power Factor
e Poor Input Current Quality e Controlled Output Voltage
THD;=48% e Active Switches have to Process full
e Power Factor of 0.9...0.95 Output Power = Reduced Efficiency
e No Active Output Voltage Control e Existing Passive Rectifier Bridges

cannot be Extended to the Active 2-
Level Rectifier Topology.
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Third Harmonic Injection
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“Flying” Converter Cell — Basic Concept
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e Extension of Existing Diode Bridge by S —— | ~—— ~~——
Inserting a “Flying” Converter Cell 0 Io
Injects Current into : < N~ IARVE V& V28 VA
— One Phase of the Diode-Bridge (in3). o
_ it - _ P < /AL /AN AL /N
Positive / negative Bus-Bar (Igp, Icn). - N7 YN YT
= -200
e No Active Control of Output Voltage. _ 200
— Output Voltage is Defined by Mains. :;202\/\/\/\/\/\/‘
e Constant Output Voltage: R P
— Output Capacitor Cy can be Considerably Large.
— No High-Frequency Common Mode Voltage at the DC-Link!
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“Flying” Converter Cell — Topology m

e “Flying” Converter Cell: 3 Converter Stages with Common DC-Link:
— FCC DC-Voltage: 2 x 400V at V. =400V Mains Voltage.

— 650V - MOSFETSs can be applied.
— FCC Handles only 5.8% P,, Each Half-Bridge: 16.7% Reactive Power.

e Filter Capacitors Cr are Required due to Current Ripple.
e Bidirectional Switches S;;, for Current Injection into Single Phase.

e Diodes Dy, Dy. Prevent Bidirectional Switches from Damage in Case
of Commutation Error.
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Control of the Converter

e

e Required Controllers:
— Current Controller to Achieve Sinusoidal Input Currents.
— Control of Total FCC DC-Voltage.
— Balancing of FCC DC-Voltages.

e Required Measurement Signals:
— Currents: ipos, Ineg, IL
— Voltages: Vni...VN3, VMmN Veps Vens Vrec
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Model for Current Controller

Model of Converter

e Average mode current control. —(O—
. <«—— 'pos
e System equations: "pos e
dic o) Dh3+I ;Cp cp=
5cp'f-"cp + UMN,avg — Upos = L dl;[ N s
) W3 Lps h3
o iy e p@ma asvive
(l - 0113) (_Ucn) + UMN,avg — Umid = —L (;;3 |_‘ ﬁ ¢
2 mi C
d? Dpa- Ven cn=
(1 - 6{:n) (_U(:n) + UMN,avg — Uneg = —L d(;ll % l
: . . -« Ineg
e Ideais to control ipes and ineg ()
e i_is disturbance input. on € (0. §] Gna(pn) > 03 in2(on), ina (o)

e Current iz is defined by: icp = ien + n3
e Using ipes =iL —icp and Applying Laplace Transformation:

SLipOS — SLE.L - 6ch;: - VMN,avg + Upos

e Feed-Forward Signal: e Simple Model:
N Upos — VMN,avg L@L Gi(s) = %POS(S) - __°
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Structure of Current Controller m

e Structure of Current Controller:

‘ Vpos'l’KdN
Ipos
Voo ko
pos pcs.é »| Ki(s)
v L
P 5 4 Upos — VMN,avg (a9
g iL sL R V. V.
- G C
1+sT)
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+ —
Ineg

e Generation of Reference Currents using equivalent Conductance:

%k Pin
N A 72
e Measurement of Power Transferred to Load: Nl,rms = "N2,rms © "N3,rms
e At the Input: p(t) = UNl(f)iNl(t) + UNQ(t)iNQ(t) + UNg(t)iNg(t)

e After Rectifier Diodes:  p(t) = Vyec(t)irn(t)
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Modulation

Carrier Signals in Phase
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e Higher FCC Mid-Point Voltage.
e Reduced Current Ripple:
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e Reduced FCC Mid-Point Voltage.
e Increased Current Ripple:

Vo (M- 3) (1- M)

A"’c% pkpk —

Tl
| Ved (1- M%)
A'Z-h:;‘pkpk - f )
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Control of FCC DC-Voltage m

e Control of Total FCC DC-Voltage by Voltage Controller:
— Without Disturbing Mains Current.

e Balancing of FCC DC-Voltages by Dedicated Controller.
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e Control by Increasing/Reducing the Input Power:
— Remaining Power is Transferred into FCC Capacitors.
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Balancing of DC-Voltages m

e Different Mid-Point Voltages vyn Show Different Currents in V, and Vo,

e Mid-Point Voltage Variations are Used for Balancing.

e Without Disturbing Input Currents.

1 N\, 27 | N 27 | N o
;i 05 NN e Rectangular Shaped Mid-
Lo LN AL NN point Voltage
z 05 K Variations.
-1
L0 e Capacitors are Charged /
e w0 Discharged
N ' ' ; ' r =" Depending on the Offset
vc,fff Voff.
Vh3
YNi
— G Vh3ZC %13 o Three-Level Bridge-Leg

Controls the Midpoint-
Voltage.
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Bidirectional Switches for Current Injection m

e Back-to-back Connected IGBTs are Used.

- Using 1200V IGBTs-

e Switches are Turned on only Twice a Period:
— Can be Optimized for Low Conduction Losses.

e Four Step Commutation Sequence is Required.

Switching Scheme

1 W - —-.‘:_NZ P ‘"“V\NB /

e KX
: NS
EES S EE

0 : 60 : 120 : 180 : 240 : 300 : 360

N/ PN pk

Sla

S1b
SZa
S
SSa

w1 T L) )

e Switching Instants are Essential
for High Input Current Quality.

e Analog Comparators in Combination
with a CPLD.

e Complex Multi-Device Commutation:
- Rectifier Diodes
- Bidirectional Switches
- Filter Capacitors
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Simulation Results m

e System Parameters:
VLL:4OO V, fN:5O Hz, P0:10 kW, IN’rmS:14.5 A,
fS:].O kHZ, Lh3:|_cp:|_cn:3 mH

icp(A)  Currents(A) Voltages (V)

e Average Midpoint Voltage is Controlled to
Zero.

icn (A)

i
0 30 20 30 40
t(ms)
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Constructed Laboratory Prototype m

Specifications:

ViL 400 Vims

N 50/60 Hz

fs 10 kHz
ch,Vcn 2 X 400Vpc
P, 10 kW

ch, Lcn, Lh3 26 mH

FCC: 300 mm x 200 mm X 97 mm

e Scaled Demonstrator for Higher Power Ratings (e.g. 200 kW).
- Rather Small Switching Frequency of 10 kHz is Chosen.
- Small Switching Frequency is a Challenge for Controllers.

e Coupled Three-Phase Choke is Used.

e Prototype is not Optimized (Efficiency, Power Density, etc.)
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Calculated System Losses m

50
Py =202W
40 n=98.0%
§ 30}
ol 20}
10+
PV,D PV,LD( Pv,cp Pv,cn Pv,h3 PV,L PV,BS PV,F
0
bﬂ ﬂd% fld d Ch W\}‘C F
pio® D afb gb A o" p“%,xdfs ™

e Losses are Dominated by Diode-Bridge and DC-choke (Handle 95% of
Po).

e FCC Losses are Mainly at 3-Level Bridge-Leg and 3-Phase Choke:
- Primarily Switching Losses, Reduction by Application of SiC Diodes.
= Reduction of Choke-Losses by Better Material in 3-Phase Choke.
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Experimental Results | m

Transition
Diode Mode = to Active Current Shaping Continuous Operation

-+

[ N N N N - — |_;_|_|_| L1 I_I_I_;_I 1 I__I_I_I_;_I_,_ __;_I_I_I_I_:__ _I_I_;_I_I | I_I_I_I_; 1 I_;_I_I_I L1 I_I_I_;_I 1

CH1 20A CH3 20A M 10ms CH1 20A CH3 20A M 5ms
CH2 20A CH4 400V CH2 20A CH4 400V

Po=10kW, THD;=2.3%,
2=0.998

No Nameable Distortions in Current Shapes.
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Experimental Results Il

Startup of Operation Balancing
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- balancing | balancing
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CH1 40V CH3 20A M 20ms CH1 20V CH3 20A M 500ms
CH2 40V CH4 20A CH2 20V

Po=10kW, V=400V, Po=10kW, V| =400V,
fn=50Hz fn=50Hz
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Experimental Results Il m

Measured Efficiency:

1.00 .
Neale—— — 97 5%
oo Hmeas
§ 0.06 Measured Efficiency is Slightly Smaller:
S 0.
S — Higher Losses in 3-Phase Choke.
0.94
0.92 E— T
0O 1 2 3 4 5 6 7 8 9 10
P, (kW)
Measured Power Factor / Input Current Quality:
1.00
L 096"
% 0.92 - e Very Good Input Current Quality:
E 0.88 - — Also at Partial Load.
=
< 0.84 -
0.80

0 1 2 3 4 5 6 7 8 9 10
P, (kW)
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Experimental Results, Partial Load m

Operating at P, = 10 kW Operating at P, = 2.6 kW

pos © . T o © Ipos

CH1 10A CH3 10A M 2ms CH1 5A CH3 10A M 2ms
CH2 10A CH2 10A

e DC-choke Current gets Slightly Negative at Light-Load Condition.
e Results in a Circulating Current; Reduces Efficiency at Light Load.
e FCC can be Turned OFF at Light Load Condition.
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Conclusion m

e Operating Principle of “Flying” Converter Cell is Verified:

— Allows Extension of Existing Diode Bridge to Low Harmonic Input
Stage

— Under Retention of the DC-Choke and the Large Output Capacitor.
— Applications Where Controlled DC-Link Voltage is not Required.

e Good System Performance:

— Processes Only a Small Amount of Output Power = Efficiency of
97.5%.

— No Intrinsic Input Current Distortion = Very Good THDi also at Light
Load.

e Suitable Control of Rectifier System is proposed
— Three controllers are required.

— Implemented in a DSP and Small CPLD.

e No High-Frequency Common Mode Voltage at the DC-Link.
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Schneider -
Thank you!
Questions?
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