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Differential Power

“‘Differential Power” is the minimum possible value of the
“‘AC power”, OR “Indirect Power”, OR “Internal Power”

...that is, the power processed by the components
(energy stored and delivered by reactive components, times frequency)

...which is different than the nominal power
because there is some “direct power”

...it is NOT about reducing the nominal power at system level
(“differential power converters”, “partial power”,...)



Same "Differential” Power, P ...

...but arbitrary “Nominal” Power!

1010V 10A L 1005V
10V [ s ‘ L 5V
Vin __+ 50%74 —— %R
__TOOOV __—1_OOOV
P =50W
P = 10kW

...with same components and losses,
very different power levels may be
converted



Buck vs Buck-boost

For the same v, v, i,

i, different Volume and losses

100V d L 50V 100V d 1-d -50v

3A
Vin — %i_d Cou\t:: %Rout Vin e L Cout:: %Rout

P =100W P=100W

+

VA rating (400VA) VA rating (900VA)

Volume L, - Volume L,

...Size and losses are smaller
in a Buck converter than in a Buck-boost

“Differential Power” is half in Buck (in this example)



Context
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DEFINITION

Differential Power

Direct Power does not
contribute to losses, volume, ...
P dir

QTN

P, ~ P, =P
_m\_

Nominal power:

Load

- . M_ax_im_ize Pgir
Py 2 Pyg=P-Py, | Minimize P
\

Z

Power processed by

Minimum possible value
converter Of Pyt
components



DEFINITION

Differential Power

Power Converter

Nominal power:

EPd,- Direct Power }

P, =P, =P
¢ n Pyy=P-Py Differential Power
\
P, / P, \ P,
Power processed by  Powenprocessed by Power processed by
transformers inductqrs capacitors
\

Internal Power:

P+ P

int

= Prt P +Pe 2 Pyy | =P-Py,

|

\




High-level metric
to compare power architectures

—

+

Differential Power

Reactive:
P# |Py,= Pr+P +Pc 2

v
“ac active resistors”
/ “dc active resistors”

Switches:

- P-P, VA

> (4+4) P,

rating

e

4 ] )
Key question:
\What Is the impactof Pr+ P, + P, and VA,,, on Volume & Losses? )
N
Answer for P: For ReSC: For DCX:
Pp=1-Ai-L- f P, and P vs VA ...77? PrvsP; .77
N J




High-level metric
to compare power architectures

SPECIFICATIO\JS

/
(Short list o Sege [ sv0nsocn | \
° in. ,, m i :
i - —
3 : ., . | . u o I | =
f L | Pint Pint 1 Pint 2 -
T vomen I — l
PARETO P,+ P, + P, VA g
FROMT I ' !
Design &

Optimize




«  System level - Average model
. Device level — P, P¢

Design Case:
. Energy buffered inverter
. TI-Buck

Generalization:

. Step-up, step-down

. “Indirect” (buck-boost, Flyback) converter
. Z-source inverter

. 3-level Buck (n-level Flying capacitor)

. Resonant SC

. Cascaded and stacked converters



LITTLE BOX

CHALLENGE

Solar Panel

Home
bC Outlets
A ) W
Powerwall Inverter Electrical
Box

Reduction

x10

©IEEE

#1
120Hz ripple

(constant input current)

H2
Miniaturization

of Components
(HF Power Conversion)

#3

Thermal
(T=602C)

#4
EMC



Energy Buffered Converters:

IM*

Power
Inverter, CO nverte r

supplied from PV panels or batteries

| Power Factor Correction |

I Storage

=0




Energy Buffered converters

Power unbalance

400 Vdc
SA

1 |
| 1

| |

| |

| | Power
| + |

| I

| |

| I

| |

| |

|

Converter

ﬁiZkW P‘
| S —— J

C

*(
LAY

| “Discharge ratio” D=Av/Vmax

has strong impact on volume: . . - Ereq
. C. Volume C ~ Ecpmax = Eppyin + Ereq = Dz - D)
e Power stage /

1
Ereq - EC(Umaxz - vminz)

Ereq=C-7-Av =53]




Energy Buffered converters

Challenge #1: Energy buffer at 120Hz

Inverter

For a given Capacitor technology,
VOLUME depends only on
E D=Av/Vmax (and not on V_.,)

VOlND(Z—D)

157 1

Vol 19!

0 01 02 03 04 05 06 07 08 09 1
D=AV/Vmax Almost” flat

(at low voltage,
low Energy)




Energy Buffered converters

Non-linear Impact of C, on Av,

400 = Y ~ T — = ————— P s T === ——"
7 \ O Y N
/4 v / /4 \ N Ve
Y, S NN A N s
300 N </ O~ s
\\ \ 7 Y/ N\ T Y
\ XN~ 1100 pF \'\ /Y
\ \\ / / N\ N // /i
~N
200 Vo \ - // ~ 130 uF \\ e/
\ /
\ ) ~ 90 uF \\ /
100 \\ / \ //
\
‘S 65 LF /
=~ \
\J/ lu \/
> 0
-100
-200 |
-300
-400 | | | | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 14 16 18 2

wt/pi



What is the optimum Power converter
for the Worst operating point?

Warning !!
This wt is not the

Let us see, for the VERY specific case of 70uF worst case...

Pout

)

Vout
lout

—L_okw

400 Vdc
5A

70 uF

...and what is the optimum power topology
for these voltage and current levels?



What is the optimum Power converter

for the Worst operating point?

Let us see, for the VERY specific case of 70uF

2kW
Vdc

5A

2kwW
Worst case?
2kwW

~

4kW
v, = 340V
i,=11.7A

400 Vg oo |
400 /‘F' T v\: T I 70 uF
Vg :
200 - 340V : |
295V !
0 :
i
1
200 [~ i -
i I Only for C =70 uF !
-400 I l : | I | | | |
0 0.2 0.4 : 0.6 0.8 1 1.2 1.4 1.6 1.8 2
i
1
1
1
15 I ' i | | T
11.7A ! )
10 — l 1 lS ) —
5 © 67Aj:’_/\(\ lin _ - - T T~
-~ \
< 0 = oA : \\/ e \/
i
-5 \i\/ —
i
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- | [ E | | | | | | |
0 0.2 0.4 : 0.6 0.8 1 1.2 1.4 1.6 1.8 2
1
1
4 KW _i
4000 \ K:L , , :
1
3000 |- oKW H o .
1
P.
2000 \‘: o
1
0 :
1
1000 |~ 2kW i -
e | { '\1' | | | | | | |
0 0.2 0.4 - 0.6 0.8 1 1.2 1.4 1.6 1.8 2
i
i



What is the optimum Power converter
for the Worst operating point?

Let us see, for the VERY specific case of 70uF

Only for this specific value !

P, =5A- (400 — 340) = 300W '\

Same value !!

E, = q - (400 — 340)

/ P_ = 6.74 - (295 — 340) = —300W
W \ /
5A

| »F_=gq-(295—340)

295V

Is it possible to combine
both processes ?




What is the optimum Power converter
for the Worst operating point?

Let us see, for the VERY specific case of 70uF

400 V

5A

340V

l+

300W

—
T

295V

)+

11.7A

2kW

4

4kW

Is it possible to implement
a 300W converter to
perform both functions?



What is the optimum Power converter
for the Worst operating point?

Let us see, for the VERY specific case of 70uF

KW o L AKW
T d=0.425

:
\

At that specific instant (wt = m/2):

4kW output power (P)

3.7kW flow “DIRECTLY" to the load (Py;)
0.3kW are internally processed

by the power stage !! (P)

-

1. What about typical architectures?
2. How to calculate P, and P,

3. Can this be extended to the whole line cycle?




What is the optimum Power converter
for the Worst operating point?

Let us see, for the VERY specific case of 70uF
At that specific instant (wt = m/2):

a )
In a 2-stage approach, using Buck-boost (!)
Energy Buffer Inverter
o wkc
2kW = P = 4kW
NL ©
NS

6kW of internal power processing (P, ), compared to 300W !!

It is because P, = 0 in buck-boost stages



What is the optimum Power converter
for the Worst operating point?

Let us see, for the VERY specific case of 70uF
At that specific instant (wt = m/2):

4 )
In an Active Filter, using Buck-boost (!)
Buck-boost[—
2kW N P = 4kW

Buck-
boost

.
o |

o

6kW of internal power processing (P, ) compared to 300W !!

It is because P, = 0 in buck-boost stages



m At time t

Calculate Direct Power

——
S
1
||+

Energy delivered
to the load

Energy from

the source

Energy stored Energy stored
in the inductor in the

Storage capacitor

Same current for “n” functions



Direct Power

Pair (t) = i(t) - min(Viy, vo)

1A %




Direct Power, ...

Pair (t) — i(t) - min(Viy, vo)

1A %




How to. Differential Power

Device level

~ Y

d 1-4d)T
?uﬁ e

Pdiff+ — TL 'UL+ 'd

Paifp- =1, - vy~ - (1 —d)



How to. Differential Power

Average model

Calculate P (t), Py (t),... and average intervals

Practice!! \
Buck, Boost, Buck-boost
TI-Buck
Z-source inverter (Pdir<0)

We practice with our “optimum™ converter

T ~———m
L

d
o
1a

1
I|+
VWWA

1+

T




m Q\—JW

d
Calculate Py, and P okW iy 0?4 L 4k\W

|
'
+
o
1
o
N
N
(@)
+
—WW

140575 |
A | _1174.45-0575=300w )

[+

11.74 - 400 - 0.425 = 2000 11.7A-340-0.425 = 1700W —
\ 11.7A - 340 - 0.425 = 1700W

* 4kW output power (P)
«  3.7kW flow “DIRECTLY" to the load (P;)
* 0.3kW are internally processed

by the power stage (Pix)

11.7A - 340 - 0.575 = 2300W
\ 11.7A - 295-0.575 = 2000W

W




How to. Differential Power

Average model, no need to know the specific topology !!

Calculate P, (t), and average intervals
4 N

tzir= 0 in Buck-boost

tgir < 0in some converters

KRR 0o Ly directy )

/

+ +

Ly
v, @9 dir

Load

Pyir = 1gir - min(Vin» 170)




Differential Power

Average model

Pdiff = Tair * Vin — UO)

7 Lair
_ P =0
Vin 69 li T Z v

Load

Pd+iff=sz>o




Step down

-

Pairr = Tair - Vin — v5)
T 17 S ——
e
1A

Load

1V
124

Paiss+t = tair * (Vin — Vo)

= Pyirr—= (lo-lin) * Vo

Vo
_p.(l_v_in




Step up

[+~
11V _
1 Pairs = Tair * (Vin = Vo)
1A q — 11w
+ [ T ] +
11W v <| 12V
1V 6’9 — v 1A S 14
124 _
Pyir = lgir * Vin = 1W
= el e e e L -------- B

Paiss+t = tair * (Vin — Vo)

= Pyirr—= (lo-lin) * Vo

—p.(1 -2
=P-(1 Vi




Buck-boost

Vin - - - -"=-"=-"=7-"="==7=-7= 1 =V

|
|
* |
| 5
‘ ! E: =
ource . -
I v - — A 4 O
|
|
|
|

P=  Pdiff + Pdir

Load

Vo ipg =V, riy  +0




Differential Power

Pdir, Pdiff

Pdir, Pdiff

0.9

0.8

I:’dir_Buck

0.7

P norm

Pdir, Pdiff




Energy Buffered
converters

Fundamental Limit
EBC

Comparison (2-stage,
Active Filter, EBC)

. Single stage
\_ ge =g _J




Energy Buffered converters

Differential Power, for 30% discharge ratio

This is the worst case
900 —

Not this one !!
80 ‘

Piff (W)
» [4)]
o o

P i = 478/2,000 = 0.24



How to implement such inverter ??

2kW 4kW \
a11s T~
( R
Charging phase DIS-Charging phase

- J




Based on the charging phase:

Main A/\

)|
)+

MO_N&

TS

We calculate P4 to check if it is a good idea




Can this concept be extended to the whole line cycle?

Main

600
400 2118
200 74

> . — Aux
-200 A+ t—%m
-400 T |

933W
30% discharge ratio
Vs = 600V

Far from optimum P : = 0.24




We have the methodology to compare...

Two Stage Three Stage IanIJ:t”,tA(;citlve EBC: Output EBC: Input Single Stage
¥ o ¥




2500 -

2000

1500 [~

1000 -

500

Comparison at 600V and 30% discharge ratio

o

I/él R DC/DC ;)Z +¢"s Inverter P2y l\‘o

2 stage inverter '
) -

Py« = 0.64 P,

1300W
30% discharge ratio
Vs = 600V

Our “EBC_output invention” was better than “2 stage” at 600V

Remind, optimum P ¢ = 0.24




Comparison at 600V and 30% discharge ratio

e
Inverter with Active Filter
2000 —

1800

1600 —

1400

Total ) -

1200 —
= 1000
800

600

P..=042P,

400
.\ . \ / v/
wf /' ¢ ActiveFilter \ \ A . 830W
, s // N S // \ N / \\ 30% discharge ratio
0 Y ! L4 \J_/ Y 1 1 ~ _( | . Vbus =600V
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Our “EBC_output invention” was worse than “Active Filter” at 600V

Remind, optimum P ¢ = 0.24




Comparison at 600V and 30% discharge ratio

0.7

2 stage, 3 stage, Active Filter and EBCo 1 300W

2500

o
o
T

o
o
T

2000

Normalized Pdiff
o
IS

o
w
T

o
N
T

1500
01 F

1000

500

Active Filter is the best choice at V, = 600V and 30% discharge ratio



Comparison at 400V and 30% discharge ratio

15 | | | I | | |

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

4000 T T T T
3000 —
2000 — ——
=< 1000 |
0 [ — N I _X_
-1000 —

2000 | | | | | | | I |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

wt/pi

Discharge ratio limited to 20% in “2 stage” and “3 stage” converters



Comparison at 400V and 30% discharge ratio

2 stage, 3 stage and Active Filter
1200

1000 § i 0.4

X

615W

0.35

800

0.3

=< 600 = 0.25
°
o
3
N 02F
©
E
400 g
0.15
0.1
200 -
0.05
0 I 1 1 1 L | 1 ]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0
wt/pi

2 stage 3 stage AF

« “2 stage” would be preferred BUT...
...both step-down and step-up functions are needed.

« “Active Filter” is therefore preferred



Comparison at 400V and 20% discharge ratio

2 stage, 3 stage and Active Filter
1000 -
w Active Filter ;
2 stage
800 - N 7\ £
/N SN 2
: ! ooy N ) / \\ o
i A g
700 - ! \ | \ E
"""""" I W B :
] \
I \ ]
i i \ i
600 ! \
500 -
400 7 R %
w0l 3 stage
200 |-
100
0 1 1 ) 1 1 | 1 - | 1
0 0.2 0.4 0.6 0.8 1 12 14 16 1.8 2
wt/pi

« But 20% discharge ratio implies “large” capacitor.
« Discarded for the competition, but good for “low cost” products



Comparison at 400V and 40% discharge ratio

Inverter with Active Filter

2000 -

1800

1600

1400

1200

< 1000

800

600

400 -

P = 0.39 P,

800W
40% discharge ratio
Vs = 400V

200 -

This has been the preferred option of most teams !!

Remind, optimum P ¢ = 0.24




Normalized Differential Power

80%
70%
60%
50%
40%
30%
20%
10%

0%

Comparison
Vh,,q = 6OOV

= 3stage —&—Active Filter ->¢=EBC Output

=& 2 stage

-down needed

10 20 30 40 50 60

Discharge ratio

Active Filter preferred option at 600V



Normalized Power

Comparison
Vbus = 4OOV

=¢ 2stage = 3stage =—+—Active Filter

80%
70%
60%
90%
40%
30%
20%
10%

0%

wn needed
stage architectures

10% 20% 30% 40% 50% 60%

Discharge ratio

Active Filter preferred option at 400V by most teams !!



«  System level - Average model
. Device level — P, P¢

Design Case:
. Energy buffered inverter
. TI-Buck

Generalization:

. Step-up, step-down
“Indirect” (buck-boost, Flyback) converter
Z-source inverter
3-level Buck (n-level Flying capacitor)
Resonant SC
Cascaded and stacked converters

Energy Buffered
converters

. Fundamental Limit

« EBC
p Comparison (2-stage,
Active Filter, EBC)

CEIU + Single stage j




CEIU Single stage, single inductor converter

High frequency element

DC port R

Pin

Vin
lin

Twice line frequency storage element

ANVANVANYALS
[VARVARV.

NN N NS




. 1x10°

A given power architecture...

| i ...may process different Pdiff,
1R S~ % depending on how you operate it

______________________

Pdiﬁ_L = 385W

P facilitates the OPTIMIZATION of
the power converter & architecture

feT33®

fs120™®

1238 190

feT32®




CEI@QUPM team inverter

' Single
Theoretical P

P gigr(®)

P gifg 1 ®

CEI-UPM
converter

P4 L in the proposed converter



Normalized Power

CEI@QUPM team inverter

=& 2stage -0 3stage —&—Active Filter —¥—Single Stage

80%
70%
60%
50%
40%
30%
20%
10%

0%

Step-up and step-down needed
in2and 3 stagg architectures

_—

N

400W 380W

Proposed “Single stage converter”

10% 20% 30% 40% 50% 60%

Discharge ratio

Internal power is HALF !!



CEIUI "Google 1" prototype

2 X Phases

Power stage Drivers

~GS66708P)
EO4 S1U

v?-

r ™
aN GG
1GS66708pP| 1 GS66708P

EO4 S\

:GS66708P!
EO4 S1U
=0 (

| E04 S1U

= @ @




Partial Results

-

\_

2kW
16W loss

(only one mode)
Efficiency: 99,2%

12,9 In3
Tmax = 55,5°C

/




. High-level metric
to compare power architectures

\ Inductor Differential Power

w— Boost

0.9 — 3-level 18
—4-level

0.8 — 5-jevel 16

0.7 14

0.6 1.2

Comparison

Normalized Pdiff

03 0.6

0.2 0.4

0.1 0.2
0

w.ﬁ:n Capacitor Differential voi».)

w— BooSt

— 3-level
—4-level
w— 5-level

Comparison
i

Prototype —>

.\

~
4
~
(]

——

=

S

SPECIFICATIONS

-

\m:on list ===
v

=

|

¥

v

|

= )

0,2 P, compared to 0,4 P, in SOA

f
U

Losses (W)

oo 01 02 03 04 05 06 07 08 09 1 0
Input Voltage/Output Voltage

©20uH_200kHz
©40uH_100KHz

E 0
:
£ o
3w . 80uH 50Ktz
g ...)o. ] o 160uH_25KHZ
f *tovan,
.

(g

0000 5000 10000 15,000

Perdidas()

20000

01 02 03 04 05 06 07 08 09

Input Voltage/Output Voltage

_ /

7 '] _ « - =N
Pint Pt Pint2 CRCN] W_s:%éz
| | |
—\\Az.:.:%




Power Electronics ...

~
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... enables Energy Efficiency



