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Credit: “Power Electronics: Converters, Application and
Design (2nd)” by Mohan, Undeland and Robbins (Wiley)
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1. The Hybrid Concept 1"

Solutions to build High Voltage/Current/Power PE Systems:

- Series and/or Parallel connected Low Voltage/Current fast sw. devices/PEBB

© Low risk technology (well known) ® Dynamic sharing of
voltage/current (derating = $$)

® Large dv/dt

© Mass production identical units
© Easy to build redundancy (N+1)

- Multilevel Power Converter Topologies
© Solved dynamic V/I sharing ® High risk technology

© Better synthesising of output ® More components (cap, diodes)

Voltage (smaller filters, less noise) ® More complex control (cap volt

© Low dv/dt balancing?)

- Hybrid Arrangements: Slow (High Power) + Fast (Low Power)

9
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“Tandem Converter”

Line Commutated Current Source Inverter + Voltage Source Inverter

CONTROLLED PRIMARY
RECTFIER CONVERTER
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AM. Trzynadlowski, N. Patriciu, F. Blaabjerg, J.K. Pedersen, “A hybrid, current-source/voltage-source power
inverter circuit”, IEEE Trans. on Power Electronics, Vol. 16, No. 6, pp. 866 — 871, Nov. 2001.

© Cheaper? ® More complex/Customized for app?

© More efficient? ® Protection?
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Hybrid PWM Voltage Source Rectifier

Main Bridge
(High Power, Low SW I'requency)
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Auxiliary Bridge
(Low Power, High SW Frequency)
Y. Sato, K. Kawamura, H. Morimoto, K. Nezu, “Hybrid PWM Rectifiers to Reduce Electromagnetic
Interference”, Proc. of IEEE Industry Applications Society IAS’02, Vol. 3, pp. 2141-2146, 2002.
© Cheaper (semicond, L) ? ® More complex

© More efficient (sw. loss) ? ® Circulate power ?
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Hybrid current harmonics filter

LC filter (bulk of reactive + harmonic current) + Voltage Source Inverter (change transfer fct)

xnufu‘ - VSI=OFF smnfk LA VSI=ON
Source 400-] \ ILOad . 400 ILOad .
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% ! Hai,oad -400 -400 H
soo- ey
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Jacobs, A. Fisher, D. Detjen, R.W. De Doncker, “An optimised hybrid power /\ f/m\ lgrid .
filter and kVA compensator”, Proc. of IEEE IAS,Vol.4, pp.2412-2418, 2001 -« \// \\/

© Cheaper (semicond, LC) ? ® More complex (trafo, control, protections)

© More efficient (sw. loss) ?
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2. Voltage Source Inverter Fed from Diode Rectifier via Electronic Inductor
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2. Electronic Inductor ,1"

Standard Implementation an of ASD:

PCC — ASD
Lac - Diode rectifier
ri & o - DC-link inductance (or AC side)
| N B i — Vsl E@D - DC-link capacitor
Coc - Voltage Source Inverter
% ASF ® Generates Harmonics (LdcT)
® Performance under Unbalance
Hybrid.............DC-link Inductor?
Idc =
_>
Pee const @ AP Constant DC-link Current Source:
g & o © quasi-square wave input current
~ — VS|
e | i — E@ © ripple free Vdc_inv (Idc_in = Idc_out)
Coc © Preserves performance independent
% ASF of power grid conditions & Cdc size
. w The Uniyersitg of
2. Electronic Inductor Nottingham
de D—H
R - R T oA hE AF 3
T B
ju— __C o
Cdc-in o | >“’
il | HHES

Low switching voltage (12% (balanced supply - 20% (unbalanced):
- Can use MOSFETs/Shottky diodes = low conduction losses

- Allow high switching frequency = small Ldc
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30 I{grida)
oLk hon .
o LI A% —— i~ F
oo \V“Mvw \\/ it S }.Tl.w} THD: “an 0, S Cdc-in=1uF;
-0 mooth fin 30 /o) Lin=0.2 ml-’l/ph (fo-in=8kHz);
s0 VI Ldc = 2x 40 pH, (f0-DC = 17.8kHz);
= 0 S E S N Cdc = 75 pF (film capacitor);
%o 7 Cdc_HB = 3300uF/100 V;
po P Smooth Vdc-INV stage fsw?ﬁ:i 100 khiz,
gggfd@*ﬂmvﬁcﬁu&\ A A A AR ALAAAANAANAANANAANA o ‘
= AR RAASAAAAAARARAAAAAAT B Loss 5% peak Viun
:iSUVVVVVUVW\W\V/\U/W 151"
Vdc_inv level ‘ e e s e
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Typical DC/AC Inverter Topologies

Y
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- Fewer IGBTs/Diodes - An extra IGBT/Diode/HF inductor/capacitor

. - Incr n ionl
- Smallest conduction losses creased conduction losses

- Switching losses = high - Switching voltage = adjustable (high Mi)

- limit max voltage seen by VSI switches

- Buck stage=switches variable current
- More devices for bidirectional
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Duty-cycles calculation

(T s
d,=my, -sm(g—e j

dg =my -sin (9*) 011 _____________________________ """"'--.‘,,:::_100
dy=1-d, —d, my =N2-V,,[E
Duty-cycles vs. angle within sector (mu=1)
1.00
010
0.80 dv d; .
Use modulated DC-link Voltage
0.60 ~ y ) .
v, =N3-V_ -[sm(G )+s1n(7c/3—9 )]
0.40
0.20 d Switching is needed in only one leg:
I e I 101—100—101 = phase C

0.00 10.00 20.00 30.00 40.00 50.00 60.00
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560
540
520 |-
500
480

DC-link voltage

Vph_Aa Vout fit
"

mode Vdc

400

Phase-to-neutral voltage

and its filtered value 200 [
-400

Line-to-line voltage 200 ||

and its filtered value | — I O (S
-400 | | I || ]| IO | (|||,
500 L
Pout Pcond Pswitch
o . Sinusoidal PWM  546kW  65.1W  57.6W (1.06 %)
Distribution of SVM 2 ZVV 553kW  65.8W  69.8W (1.26 %)
power losses SVM 1 ZVV 554kW  65.9W  44.2W (0.80 %)

SVM modulat. V,, ~ 5.34kW = 66.2W | 16.0W (0.30 %)
Device param. for loss estimation: 1200 V/25A IGBTs and diode
Vepo=1.65V, ryger= 79 mQ; V. = 1.3V, rymrp=42 mQ; ¢, = 0.5us, £ = 0.22 us.

O
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3. Two-stage VSI L"

- No extra passive components needed

Touck! °‘| @ °‘| EEX °‘| @ - Fully bidirectional

- Full DC-link voltage

A
C—D L >A\ = - VSI switches at zero voltage
_CH
g

— u  to/from ZV state
i -
_TAn . Tsn |Tcn

Thouck TAp TAn TBp TBn TCp Tcn

N
T o_{ Switched
mode Vdc

— — Zero Voltage State
Zero_state Thbuck = OFF
A_state .
B_ state - ' ' TAp=T An=TBp=TBn=Tcp=Tcn= OFF
C_state -
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V 4. (low-pass filtered)
\Idc
. . ,1 -
‘u“v“vnquAwAwﬂqﬂ Mﬁ. IYH‘{HWM‘IWHRTIQTW W Vnunwﬁ\]ff\wﬂﬁqﬂ‘
= I MMJHHHHHHAM MMJ“. ...M
out uwwwq Y HWH{L{WVWLJWM

DC-link voltage seen by VSI, output current and filtered and actual output line-to-
line voltages of a buck-VSI.
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Semiconductor Losses

High modulation index (M=1) "5 Low modulation index (M 0.5)

24 77777777777777777777777777777777777777777777777777777777
kW ‘—O—Standard —8— buck-VS! ‘ 22.14,

0 1 2 3 4 5

I,= 790Apk (Pou=1.2 MVA) I,,= 400Apk
PlossVSIzploss—ZVSI @1430 Hz PlossVSI=Ploss-2VSI @300 Hz

More efficient at higher sw. frequency (dependent also on parameters of sw.devices)

The University of

Nottingham

Content ﬂ'

1. Introduction to the Hybrid Concept applied to Power Electronic Converters
Voltage Source Inverter Fed from Diode Rectifier via Electronic Inductor
Two-stage Voltage Source Inverters

Hybrid Cycloconverters

Single Stage vs Two Stage Matrix Converters

Hybrid Matrix Converter Arrangements

S A

Conclusions




The University of

Nottingham

00 S¥Fder £FF by 5 4
|

4. Hybrid Cycloconverters l-'

THYl| ——F7=> VTHY2

Loy Ly
P VCYCLO

Vi =V -cos(al) o =cos [VTHYI—pk [V -sin (270 £, t)]

e Output frequency is limited to 40% of input frequency
e High harmonic content in the Output Voltage (more pulses)

e Large number of thyristors (especially for high no. pulses)
@ e Large circulating current (DC+low order harmonics)
e Poor input power factor (including inter-harmonics)

e Large Inter-phase reactor (IPR) to reduce the circulating current
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1. Intergroup blanking (cycloconverter without circulating current)

= block all thyristors in a rectifier group that is not delivering load current
Disadvantages: Output voltage = more harmonics (3xfin)

2. Inter-phase reactor (cycloconverter with circulating current)
= Introduction of an intergroup reactor.

Disadvantages: 1. IPR is large/expensive

2. Poor control reduces the Power Factor on the input

-
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Circulating Current by using IPR method:
600.0 - ] 60.0
400.0 4 VD 50.0 | 1
| cir
200.0 40.0
= 0.0 4 ‘ “ “\ = 30.0 4
-200.0 [ ‘ 20.0 -
S aLauniaud
6000 - T T T T T T T T T 1 @O T T T T T T T T T 1
0.0 50.0m 0.1 0.15 02 0.25 0.3 0.35 0.4 0.45 0.5 0.0 50.0m 0.1 0.15 02 0.25 0.3 0.35 04 0.45 05
t(s) t(s)
TRCHY T:: - mag: 19.276
1250 FFT(V ) oo | FFT(I,;)
100.0 | 125 |
= 750 | & 100
7.5
50.0 4
5.0
25.0 4 2.5 ‘ |
0.0 T T T T T T T T T 1 0'07\'||||“\|| '\IIIIII\ == T lllwllll T T T 1
0.0 100.0 200.0 300.0 400.0 500.0 600.0 700.0 800.0 900.0 1.0k 00 50.0 100.0 1500 200.0 250.0 300.0 350.0 400.0 450.0 500.0
f(Hz) f(Hz)

Al = Vo /wL =—=> 8A =135V/(150Hzx6.28xL) —=> L =17.9mH

Now the interphase reactor consists of two 10mH coupled inductances
with a coupling coefficient of 0.9 that gives 18mH mutual inductance,
which is very close to the value calculated above.
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Solution: The cancellation of the low frequency differential mode voltage
component between the outputs of the two thyristor bridge halves

IDC_ref RN

B t N
Vout= (Vcm-Veapl) (Vem+Veap2) Vom
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e, Vina %Vinf;u Iin\émc
i gy T{Feay T
Flae , 3L
Cdc—HB—
out a : outc
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Control objectives
1. Provide a ripple free voltage at the middle point of the split dc-link ===
2. Control accurately the circulating current ™=
3. Maintain the average capacitor voltage constant s

ittt
: Icir_ref + PI Ctl‘l Ql
: - PWM |—
Leir
: . e [l
: DM control T
| Va2, IIS&HII timer

| T

: = | 7 T T 7777777777777777777777777 ‘
: - 3 clock Ar\y\'el"age ‘Capfncitori
= ! Voltage control :
; CM control r i _ ;
—————————————————— K ! PI ctrl

O rarys K1 VTHYL ref /\+ Vout_ref +

Z i Vcapfre

- w OffsetTHy

o f{{ ] — |
THY2 VTHY2 ref, =
K2 el 5
o/
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20.0

The Circulating Current _ :: _
and its FFT: - |
zz (il Ll Ll 00l Lt w L il .

P 7
00 500 1000 1500 2000 2500 300.0 3IS0.0 400.0 450
f(Hz)

i \
00 500 1000 1500 2000 250.0 3I00.0 350.0 400.0 450.0 500.0

f(Hz)

Improved significantly! Only 2A DC with 1A ripple!

50.0

=0 Icir 6.0 -
40.0
. 5.0 - 1.
= =0.0 cire
M 4.0
20.0
10.0 W U\ﬂ = 804
0.0 4 T T T T T =6
0.0 50.0m o1 0.15 o= o2 1.0
20.0 4 e (a)
T “mag: 19.276 48 = | | | | | 1 1 1 1 |
175 41 0o so.om ©.1 0.15 o.2 o0.258 0.3 0.35 0.4 0.45 0.5
15.0 t(s)
2.5
N =& 5 FFT(IClr) mag: 1.9966
= 10.0 4 2.0 g7 FFT(ICirC)
7.5
1.5
5.0 —
=
-5 | | ol
0.0 \'|I||"\I"""'\'""I"i"""\' ........ ‘.
00 S00 1000 1500 2000 25¢C Gl 5
o (b)
oo I | il N ol L Loy
0.0 S0.0 100.0 150.0 200.0 2S50.0 3I00.0 350.0 400.0 450.0 S00.0
(Hz)
4 H b . d C | The University of
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Output phase-to-supply s FFT(Veyero) o FFT(V,,.x)
neutral voltage and its FFT:= = = =00
oo ....\I.J!..ll....‘....‘....‘..JI.||.\...I.‘,I.,......|. ‘22'||II||I‘||I.|M|‘|.M\““||||||||II‘||III.|||‘LH..um
w00 1500 2000 2000 000 9500 w00 1800 200 2800 000 s500
80V(30%) low order harmonic reduced to 30V (12%)
500.0
400.0 VC cLO i ‘
vero |y [
200.0 800.0 4
100.0 600.0
g 0.0
-100.0 4000 4 VOut—N
-200.0 200.0
-300.0 U = c.0
-400.0 -200.0
=) T T T T
~400.0 -
0.0 50.0m 0.1 0.1 0.2
-600.0
300.0 4 -800.0 - i [ i i i i i i i 1
mag: 250.22 o0 sScom 0.1 015 oz o025 o3 0.35 0.4 0.45 0.5
250.0 |d@# t(s)
300.0 -
— FFT(VeycLo) =
. 250.0 [f
=  150.0 -
200.0 -
100.0 -
‘ = 150.0
50.0 -
oo Jl Ll il [ 100.0 1
T T T T T
0.0 100.0 200.0 300.0 400.0 ! 50.0 4 FFT(Vout-N)
@@ o T T TR P R DT T P Wttt e bl heihrnett L (et
I T T T

0.0 100.0 200.0 300.0 400.0 500.0 600.0 7000 8000 2000 1.0k

FOHZY




The University of

Nottingham

4. Hybrid Cycloconverters ﬂ'

9 veo ]
Iin—a L 3 Iin 10.0 4
m O 1 .2 Ol(2? O.S 0. 35 0. 4 O. 0.5
i | ‘ o FFT(;,_)
o0 0o .‘..”.. |||‘I|I||||| I.||. Iu.‘....n s ; | : ‘
= 122 0.0 100.0 200.0 300.0 400.0 5;?320) 600.0 700.0 800.0 900.0 1.0k
-20.0 I . .
200 el .—.—,PFST - Most sub-&inter-harmonics caused by
reo “ output freq. pulsation disappear (h. cancel.)
120 | FFT(,,) - Accurate control of circulating current =
= ol minimizes reactive current drawn from
ol L supply AND harmonics in input currents
0.0 Jhul L () Lot s L

i T i i |
0.0 100.0 200.0 300.0 400.0 500.0 600.0 700.0 S00.0 900.0 1.0k
f(H=z)
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5. Single Stage vs Two Stage Matrix Converters
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5. 1- vs 2-Stage Matrix Conv fff

Basic Features of Direct Power Conversion

),
5] A Advantages Disadvantages
VAT
@ 4-quadrant drive @ Low output voltage <86 %
a S
b _S2) _B @ Sinusoidal input currents |@ Many semiconductors
c 3

@ Semi-soft commutation > Many gate-drives

S @ No DC-link passive comp. | @ complex commutation control

S32 c
— @ Compact drive potential | @ gapqitive to disturbances
in the supply voltage

@ High output voltage quality

“all silicon”

The University of
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1-stage vs. 2-stage MC

R e e
LG i iz i
[T o

Both DPC need LC input filter, clamp circuit, V_ /V, <0.87!

© Save diodes for clamp circuit on load side

© Flexible design of rectifier stage (optimize semiconductor ratings, multidrive)
© Dead-time commutation in inversion stage

© Possible ZCS of rectifier stage during a zero-voltage vector

© Conduction losses are load dependent (better efficiency at light loads torque)

@ Cannot produce rotating vectors
® ZCS = Rectifier stage decrease max. voltage transfer ratio

® Higher conduction losses at rated power
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REC=ca p=

Combine adjacent current vectors
for sharing the constant output
power to the input lines = sine wave

,,,,,

N=a
/ Rectification Stage =V py

Sector 0 1 2 - 4 5

Y-sequence: ac bc | ba - cb | ab

VP Va Vb Vb - Vc Va

VN Vc Vc Va - Vb Vb

Vline- Y Vac Vbc Vba - Vcb Vab

d-sequence: ab ac bc ba | ca | c¢b

VP Va Va Vb Vb Vc Vc

VN Vb Vc Vc Va Va Vb

Vline- ) Va_b Vac Vbc Vb_a Vca Vcb

5. 1- vs 2-Stage Matrix Conv I | s

. Nottingham

REC=ba pop

Combine adjacent current vectors
for sharing the constant output
power to the input lines = sine wave

e

]

N=a
Rectification Stage =V py

Sector 0 1 2 3 4 5
Y-sequence: ac bc ba ca cb | ab
VP Va Vb Vb Vc Vc Va
VN Vc Vc Va Va Vb Vb
Vline- Y Vac Vbc Vba Vca Vcb Vab
-sequence: ab ac bc [ba  ca cb
Ve vV, V., V, (% V. V,

VN Vb Vc Vc - Va Vb
Vline- S Vab Vac Vbc - Vca Vcb
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REC=ba p_y INV=101
Combine adjacent voltage | ., .. I N
vectors for accurate oe L, a | . ‘%g} .
generation of the reference b
voltage vector = c
‘ Ll |
001, GLIT 17" *I?S ey
\ = — B=a
Ipc N=a A=

Switching state="“bab”

011
Inversion Stage
K \ Sector  B-sequence O-sequence Iy, [0-a-B-0-0]
\
010 ,’l Y\ 110 0 100=1, 110=-I, OIL,-I. I, 0
\
‘ 1 110=-I, 010=1I, O0-I . I;-I, 0
o (m 2 010=T, Oll=-I, O0TI,-I, I, 0
o=y 'Sm(g_%fj 3 0m=-, 001=1I, O0-I, I.-I, 0
: 5 4 001=1I 101 =-I 01.-I, I.0
d :mU-sm(G ) C L C B C
B out
S w01, 0,114, 0
5 1 2 St M t - C 8 | The University of
. 1- vs 2-Stage Matrix Conv ¥ | fon
g Nottingham

Removing the Zero Current Vector from REC Stage = maintain dutygg proportion

Rectification stage duty-cycles
d e ds

R _ Y g
T od, +dy d,+d;

— JR R
VPN - dy 'Vline— Y + ds .Vline— d

-~

’
my = \/E.VoullePN )

7

—

d =m, -sin(%—é?*omj

dg=my, -sin(é’*om)

Overflow

d T d
Rectifier g -5
Stage Y
d0 B dl - dz - ds 'd4
foerer o | G| o|
0 0
Stage B
- —
Timer | —
Equivalent | Reload
switching 0 - oy Bd6 -By- oy -0
sequence

Inversion stages duty-cycles
dy =df -[1-(d, +d,)(d, +d,)]

d =d,d,

d, =(d,+ds)-d,

dS =d5'da
d,=dj-[1-(d,+d;)-(d, +d,)]




r The University of
Content &' | Nottingham
6. Hybrid Matrix Converter Arrangements

6. Hybrid Matrix Converters Jf Rofineba,

Hybrid MC&VSI for open winding motors
= P . © Smaller Capacitor

E@—iw | | © Less semiconductors
TIT E 4% ag A ag . ® Open Winding Motors
HE AbE HhE b E T

s A A
L *g ‘%g q% Wrid MC w/ H-bridge inv on the outputs
5
qe

|t
LT

© Increased flexibility
© Standard Motors

® Bigger Capacitors

® More Semiconductors
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Mode 1: ZERO Instantaneous Power Injection

SN o ] I ]
— L———— 'load /
i e i\‘\ !f
N Ve~ X Vs
[P RAM ioina LI
- il . I Y] Wi —_—
RN Viks R L > e
—_— 1 T A
I - / N,
[IENN / N\
i 7 / N
Y
N
2
2
- Vv =4V +| V - COS ((p) +V - sin ((p)
MC&VSIiAT~ V. . load Lk VSI VSI Vdevsl =0
_ —_ e VOI 900 VUG 4
A "7 N
n e " i 2
) JRY
A
Y AR
\V/ Y 2
YMCE S
© 7
O Y v
Ies) 'y
S /4
- 77 1.0
Y/
-4 - — — O,
Y 4. | |cos = 0.8 => Vdcyg= 20%
& i/ e o for VTR = 1

Vc&Vyg=sinusoidal&balanced  voo 010 w20 s a0 vso vee v oso vso 100
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Mode 2: ZERO Average Power Injection

_OONS °plioad °
I .
" \ loa /
% = \ /_/
— (=3
i D¢
= VMC/ S\ VVSI
) RAM BV IR L s
—r ! il —— VS —
[ ~ LA Wl —
i S . S
e, / N
1 FAER Y s Ay
s v 1] | I |
N4

MC: overmodulation

Vuc= non-sinusoidal

Vyg= to cancel distortion

! : ; o

- ' Circle equivalent outer limit of
the MC output voltage locus
(overmodulation)
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Transient (= 0.1s) from standard to hybrid operation (Mode 1, VTR=1)

Vead A VMESA  MC output and load phase voltage

400

input and load power

T

1 [ 4 i X il y
I EECE LT FEEEE SPRT] PEEEY PERE TRy -.------------<---- Booe ! {50
1 1 ' ' o b o
1 1 ' i 1 1 i
1 1 i

ltage over the
load curren

f ' ' ' ' ' ' ' ; :.:90%displacement of the VSI phase vo

Load: Rgaq = 19.5 Q, L;y5q = 56.69 mH;
VSI: Cy. =2.2 mH, V4. =150 V;

Vi, = 320 Vpeak, f,=10kHz; 200 : : : : : . . .
! oos oo 00 042 04 046 048 020
Time (=)
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Operation of the hybrid MC&VSI (Mode 2, VTR=0.955)

BN ! -
) P T e S N a8 e = [y [
L A e o e C i g 9
pAV - S AN y R {
| fEE |\ (YT N
rrooe B O (a LW £7
P : I 100} i3 ‘ W 100 B
i A A i\ 1B . A
e ~ 'load L = ¥igad : al 7,
ot A &N e o oLt
L ol R A S N
e, 00 P/ | @ N o mol NN
10 \‘ w y- "”11 . \4&_‘ o 47* 5
e RS R RN B —— : S e
=i A S a) 3 ()
input and load current locus input and output phase MC-side and VSI-side phase
voltage locus voltage locus
Mode 2: Load: Rigag = 19:5 Q, Lygaq = 56.69 mH;

MC overmodulation range (nonsin/unbal Vy,c) VSI: Cy, = 2.2 mH, V. = 75V;
0 c — o 3 c — ’
Vi, = 320 Vpeak, fy,=10kHz;

VSI cancel distortion/unbalance caused by MC
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Operation of the hybrid MC&VSI (Mode 2, VTR=0.955)

Fin  Rfsum(1*2)
10K

a5
a0
39K WA LAM , M)

_input and load power Vi Vhalp input and load phase-A voltage

(Le load currents and VSI dc-link current

Drnag(’u’SI) Wie_aux I I : . I_a
B0 ----VSI-—-side--ipha-se-voltége--magn-iti;de-and-t-he
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Locus of input and load voltage vectors
under unbalance supply voltages (Mode 2, VTR=0.955)

Locus of
input phase
voltage *V7
vector ,’

¥ Magnitude of Yoo me =200 10 o 100 200 300 400
" inverse sequence

Standard MC with passive compensation Active Compensation of Unbalance
(explanatory) Proposed hybrid MC&VSI (20% unbalance)
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Semiconductor Losses
IGBT FRD ON OFF
Standard MC 69.81 | 49.55 | 29.24 | 12.14 1.the standard MC
MC&VSI (with ZV in MC | 70.84 | 50.25 29.33 12.65 2.the hybrid MC&VSI with ZV in
the |NV-I\S;Itg£)Je ofthe I o T1525 | 1217 | 113 0.5 the inverter stage of the MC
3.the hybrid MC&VSI with
MC&VSI (no ZV state in | MC | 69.84 | 49.58 modified switching pattern (ZV
the MC) VSl | 1435 | 1217 | 1.01 0.46 removed from MC as in slide 7)
I:)cond IDswitch IDloss Pout I:)Ioss Z IIoad V§>}1in Vrms VTR
[W] [W] W] [ [kW] | [%] | [%] | [A] | [V] | [V
Standard MC | MC | 119.36 | 41.38 | 160.74 | 4.84 | 3.32 | 3.32 | 14.35 | 320 | 339 | 0.866
MC&VSI (with | MC
ZV in the INV 14.35| 320 | 355 | 0.910
of the Mc) | VS!
MC&VSI MC
(no 2V in the 14.35 | 320 0.955
MC) Vs
. . . 3 | The University of
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Vaux
(~)
3
AL E L F o AL F AL F %
. Q -
Il dhakak| /| 434343
HHES e x AL %
VPN—INV o VPN—REC T Vaux
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Intermediary Link Voltage

400 40
200 V., Vb V. m Y, v, <

0 0

\]%anced input'voltage N 10\% }aéaalancéd/\{'x/put Voltag¥>/

200 i
400 -400 = . =
o O.Q 1 -Viine-pk 0 866 -Viine pk Highest Peak Line-to-Line Voltage

" W

H\I\l\‘ il II|
5 i
wll Y
390 ‘

N (R, mwu\“liiﬁﬂ"‘ WU

IHI\I\ HI\ HI I} [ ‘H\I"!‘ m a1 H\

Y

400

300

H‘HH\ I i \||

300 |
200

=550

—
PN mm_485V pn_max 200

VPN_min=4 35V ) VPN_max=5 0V

\ Minimum |
standard DPC

e The key for unbalance compensation is increase Vpn average

e Use an auxiliary voltage supply to boost up the average

6. Hybrid Indirect Matrix Conv.
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Locus of twice a period = deficit of voltage
input phase_ Unbalance . iod = vol .
voltage twice a period = voltage in excess
vector
REC INV
Magnitude
of inverse ﬁg ﬁﬁi ﬁ
B S A | |
— M
7N
CH@—m o
8 ° VY L
Lo L1 s % b 3
Cin
ag ag -

Preservation of
capacitor

energy
IVHB Ape_mwy = 0

—> Customized shape
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r

1 —~
_ \
I VPN—INV _VPN—REC ﬂdgl'v ‘/E Vout
~
" + + — M
e T cgR — ]
OO 3ph/2ph || = LA vs
o Y A . .
L MC_ |2 =1 Control objectives:
—_— == == ! -boost up the output voltage
C -Maintain the amplitude of Vc
Voltage ratings H-bridge REC U 9
Co\f};f”t Moc\'/lgsted HB| Vin=0 ViVl V=0V SV Vi=0
Balanced | 1-0.91 | 0.95-0.86 —— -
Supply | =00 | —ooe | ™| D& NG B [N
10% | 15% 20 % g g i gig igagig igigig
]
. . . The University of
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Va Vb V¢ Input phase voltages 10 % unbal. 95\/_dc_HB H-bridge capacitor voltage
282f\/\f\/\/\/\/’\/\/\/’\/\f\/‘\/’\/\l’\/\/\f\/\f\/\/’ i) T
JAAAARAARAAA AN AARAARRAL & \/\/\/\/\/\/“\/\/\/\/
il YVYYVVYVVYVYVVYYVVYVVV P el A A A
_400 UV VWY V 100v HB_ref Modulatlon index of H- brldge
15|_a b ¢ Input currents 050 n\ m m m [n\ 1
; I M g w000 ‘
AT YA T e T T
SANMWMWNWNVﬂN%NVf'm WWWWWWWWWWWWWW
18%\.,/\»/\]\/\{“/\' ot ];/\ rt‘\rf\ﬂf\f,/\‘f\l“{\wj\m " 400\/0”‘ A Fl|ter6d output phase voltage
. 1 200
B o REC At v o\ / \ / \\ / \\ / \\ / \\ /
YR T TR T R VRV TR Y T VR VI AV
ggg NN VNV W\ /V\ IV\ 1Vl JV\ M NV NV R T ey ‘
D 091Ny (e 1 Lesdurents
%MWlMWWMHMWMH/WWlMWW\ s\AAAAAAAAAAﬁﬂAAAAA
LA L A L U EATRTAVATAYAVAVAVATAVRYRYAVAVAVAVATAY
Filtered voltage at the rectifier AN NAAAAAAAAAAS AA
and inverter dc-link terminals 1305 010 045 02
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400
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400

Valbjf\ Inﬁg& voltages P et RECTIFIER DC-link voltage
h/"“\-. T T T T A T ] 1 N 1 I
AN DA AN A AN LV H"V’“\ - [’A‘V’\ Al
vyyvyyvy i s i s e o i e
R | Vi Vi ", VAT WiV, \
S ") g YA ") W
| e b e Input currents L, INVERTER DC-link voltage
Nt iy ! i, N P . Py
LYY /A VS i AN 7 ¥ PO W Y N /\ .............................................
M, A e W VN N A o
N A NN NN N A /“\ /\ f\ A A A A r\ /
A T s P AN T O N ST 480/ [\l
= i N e L Fa A A V v ' V v ¥

IRL1G) IRL1E) IIRLic) Load currents 100\/dc He HB capaC|tor voltage
: N |
KRR NN 33/\,/\/\ \/\qf
ST T A ® p 4 i 85\ / f V V
B N o e

Reference HB voItage

b pvivy L '\

AW o Y

Vout A Filtered output ph voltage N
e N : P tnie. : L 5014 :W\ Ial - AL AL A A
NN AL RINA T

N N g VAT A \MMJJ W‘\/ W\JJ ”“(/"NJ
A . e N \J LY

Pin Paut Input and Output power Simulation parameters: V,, ., =400V _ L. =0.7 mH,
; ; ; ; | C,, = 10uF/ph, £, = 10 kHz; C = 1500 uF/100 V; f, = 40

A A R o Pop oMoy He R .a=169Q, L, ,=50.8 mH star connected

1500 uF/100 V& 15 pF/1000 V

L]
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IGBT FRD ON OFF X [%]
Two-stage IMC  Reciifier 49.1W 348W 12W 0.6W 177 %
Inverter 593 W 6.6 W 242W 104 W 2.08 %
IGBT FRD ON OFF X[%]
Hybrld IMC Rectifier 504 W 357W 12W 06W 1.76 %
constant Vpn H-bridge 10.7W 9.1W 22W 11W 0.46 %
Inverter 599 W 6.1W [222W 98W 1.96 %
IGBT FRD ON OFF X[%]
Hybrld IMC Rectifier 53.1W 37.6W 27W 12W 1.78 %
Inverter 61.3W 53W 107W 49W

fout = 40Hz; lioad = 14.3Apk; cose = 0.8
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Comparison of the power losses
Vou P . Total n Conduction losses = Switching losses
L-L loss
v A\ W %0 A\ % W4 Yo

IMC 337.6 | 4830 | 186.1 @ 96.14% 149.7 310% 363 0.75%

H/V=ct 3548 5006 209.3 95.82% 172.1 344% | 372 0.74%

ModV  373.1 5258 2016 96.17% = 1793  3.41% --

Installed power in semiconductors

TOpOlOgy Nmain Naux k\/aux p sw/kVAout
Standard MC, IMC/18sw 18 0 0 24.0
HIMC/18sw/const. Vpn 18 4 0.15 23.7
HIMC/18sw/mod Vpn 18 4 02 |28 Can handle 10 %
unbalance
MC&VSI (mode 2) 18 6 02 | 228
[)sw _ (Nmain +Naux .kvolt)'\/z"/in—L '\/E'Iom _ 2 (Nmain +Naux 'kvolt)
kVAout VTR ’ \/§ ’ ‘/in—L ’ I out \/5 VTR
. 3 | The University of
Conclusions " | Nottingham
—~

v Hybrid Converters = Main Converter + Auxiliary Converter

v Main Converter: Processes the bulk power efficiently but
with low performance

v Auxiliary Converter: Low added kVA/$ but highly versatile
v Electr. L = Better input currents, reduced L, ripple free Vdc
v 2-stage VSI: Moves Losses; Changes loss distribution

v H-cycloconv: Ctrl.circulating current, better input crt/Vout

v H-matrix converter: higher Vout/Vin, improved robustness
against unbalanced supply, more efficient (same Iout)

v Added power semiconductors < increase in Pout
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