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IMPROVEMENTSIN POWER CONVERSION

POWER ELECTRONICS TRADE-OFF
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INTERLEAVING - PreviousWorks

1B.AIMIWA, “Interleaved Conversion Techniques

for High Density Power Supplies’

N IDENTICAL CELLSIN PARALLEL (BOOST)
PWM CONTROL with EQUAL DUTY CYCLE

PHASE SHIFTING OF CONTROL SIGNALS (2p/N)
Intuitive Example:

Multicylinder Internal Combustion Engine
Application: Power Factor Correction




INTERLEAVING BENEFITS

+ Reduction of Input Current and Output Voltage
Ripples (High Effective Switching Freguency)

+ Real Switching Frequency Low (Small Losses)
+ Input Current Sharing (Boost cellsin parallel)
e & © Size (Distributed Inductors and Switches)
e & Thermal Management - (Thermal Sinks)
e © |essRestrictive Specifications (I, V)




MAIN GOAL

=] OBTAINING VOLTAGE MULTIPLIER CIRCUITS

© LOW - RIPPLES
© GOOD DYNAMIC RESPONSE

[ HOW? ‘

= INTERLEAVING OF IDENTICAL BOOST CELLS
= COMPLEMENTARY ACTIVATION OF SWITCHES

= CURRENT MODE CONTROL (LARGE SIGNAL)
+ SLIDING-MODE, NON-LINEAR
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| nter IBaosigdalal Boost

e 2 ldentical Boost Cellsin Paralle (Continuous Conduction Mode)
o Complementary Activation of Switches




STATE SPACE AVERAGING METHQOD

« CONSTANT DUTY CYCLE (D), (D’'=1-D)
« EQUAL OHMIC LOSSES (r) FOR BOTH BOOST CELLS
e STEADY-STATE OPERATING POINT

IF SMALL LOSSES
(2D 1) AND D! D

D \
r(2D 1)9« ~ HIGH
. i CIRCULATING

d CURRENTS

= |O

D> D> D> P> (D> D> D

‘ Voltage sourcesin parale ‘ ‘ D must be near 50% ‘

[ ]



Output Voltage

Steady-State]
Vg _ Vg
D*+D* 2D*-2D+1| |1

Voltage to duty-cycle

V =

1.22
1.47
1.72
1.92

Z

transfer function

o % CONTROLLABILITY | |® VOLTAGE
f)ES; =0 [*| PROBLEM WHy/ DOUBLER !
S .
D=D )] G D = 50% D = 50%




Other Transfer Functions around D=50%

| Input Current |

1g(9) _

=0
D(s)

| Inductor Currents |

a®__ VR lg(e_ - VR

Dis) ,é_ Rua ro|| D) ,é. Rue 1o
LAa+— ¢S+ —= Lar+—-cS+—=
& 208 Lo § 20 Lo

Input & Load

perturbations

=)

(no losses)

|éﬂ Possibility of small-signal control strategy

~ ) S
V(s _ c

IL(S) 52+ S + 1

RC 2LC

) 1

l4(8) _ LC

IL(S) SZ+ S + 1
RC 2LC




INPUT CURRENT RIPPLE (D=50%)

?A_ lg= iatig
5 == _ lg=21
) e5al5y D=05 T e
T lo
I -
ZERO RIPPLE e SIS N
V=2V NN v DV
INFIRST APPROACH | -1t :
I , !
Dy RT DVv_ RT? T A T o
2 = = D, = ——— DV " ra——> !
lg 18J3L V  115243L°%C 9v3L T




Ripple Comparisons (Doubler-Boost)

o s@me_mww:olw@ch Eamacﬁarzeempdmmla 513%.
e EQUAL: ENERGYORE] %RHGE Dg@Do’E | DS TERS (§ [L
DVs 32Lp Dl g 9\@§LD £2RC DVs




CLOSED-LOOP CURRENT-MODE CONTROL

‘ Why Closed Loop ? |-—> Compensates Parameter (L, r)
Mismatching

‘ Why CMC?I >| Current Sources in Parallel ‘

 OUR CHOICE:

e LARGE-SIGNAL TECHNIQUES

- IN DOUBLER: SLIDING MODE CONTROL
SWITCHING SURFACE: S(X) =i, -ig=0

— Inequilibrium 1, = Ig




SLIDING-MODE CONTROL

Ideal Sliding Dynamics | Equilibrium Point |
(neglecting losses) 4V,

i di, -v+2V (o™ R Voltage

| dtg: L 9 ‘LINEAR!‘ bv' =2v, ——{ Doubler!

I .

i dv_ g v :

f dt 2C RC ‘STABLE!‘ x*:(i*AJ;,V*):geZ;/g’Z;/g’ Vg%
S 1

+

STABILITY: Characteristic Polynomial | |s?+

RC 2LC

e Same polesthan in open loop when (D=50%)




Experimental Comparisons (Doubler-Boost)

* V,=10V,L=1mH,R=30W,C=68nF,T=20ns

current sensing resistorsr = 500 mwW and D = 50%.

Doubler

DV

Dly/l

Theory

18.38 mV

0.003%

Experimental

Boost

45.00 mV

DV

DV/V

DI

2.11%

Dl /I

Theory

20.00 V

0.59V

2.95%

0.10 A

12.50%

Experimental

17.50V

0.57V

3.26%

0.09 A

13.43%




Ripple Details of Doubler

ek Run: SUUMSJ"S P Detect

1A 800UV
1A 20.0ps
.@.

V=12V Input Current (DC) 200 mA/div] . - : S
L =1mH ~| 1A current (DC) 100 mA/div| - SRR | ------------
|\ 1B current (DC) 100 mA/dlv : |
C=6.8nt
Di =120 mA”| |
r=33mw
D = 5090 EE 21nugmgm2 Eng %ggmﬂ- g WS-00[s “CRY /7~ 468mV

C1 Pk-PR
38.4mV

2 Mean
63.8maA

C3 Mean
472.0mV

C4 Mean
472. 1mV

22 Jan 1999

20:28:49



OTHER EXPERIMENTS

& LOAD REGULATION (50 W-100W)  As expected

& LINE REGULATION (x2)  As expected
« EFFICIENCY (V from9V t0 16 V)
© 88% - 91% for a50 WResitive Load (6 - 22 W)
© 82% - 89% for a100 WResistive Load (3- 11 W)
* Output Voltage Ripple (V,from9V to 16 V)

@ 40- 80 mV (50 WLoad)
$ S 60-350mV (100 WL oad)




Doubler Summary

* TheInterleaved Dual Boost is Presented:
Requires D=50% to Avoid High Circulating Currents
* Low-Ripple Voltage Doubler Behaviour
e Closed-loop CMC (Self-Oscillating Sliding)
e & Linear & Stable Large-Signal Dynamics
e © Compensates for Parameter Mismatching

* No Output Voltage Regulation
* Variable Switching Frequency (dependsonV )
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Triplier Circuit

e Other Input-Output Voltage Ratios
« Keeping Low-Ripple by Means of Interleaving

e Connecting More Convertersin Parallel (N)
e Maintaining Complementary Activation of Switches
e (N-1) Optimal Duty Cycles with

Harmonic Cancellation. TRIPLIER'!
e (N=3) D=13 &/ D=2/3
 Output Voltages: V=3V, /2 &\ V=3V,




Power Stage




Switching Strategy

Complementary Activation State 110
Switch A OFF
Switch B ON
State 011 Switch C ON
lic>ia+D
Switch A ON
Switch B ON State 101
Switch C OFF
Switch A ON
Switch B OFF
Switch C ON




| mplementation of the Switching Strategy

Unidirectional Comparators
S
i i | with hysteresis fsc ?SB ?A
cP A upl>L+D DRIVER
Down: |, < |
+ = A t
ig >ic +Di 3
O—t—>
T Qc Qe Qn

E-Bit L eft-Shift Cyclic Register

=Dag

— =1| Leve

I|C>|A+D|| Adzvpter
>+ —0

_D_ Analog

to
i\ >iB+DiI Digital

I

) CLK T Enable&SetT

Initialization & Soft-Start

|
>

} All logicin PLD




Ripples & Comparison with Boost

T V DV DV/V g Di Dl ¢/l 4
112.92 mV 0.005%

7841 mV 0.003%

10.68 mV 0.000%
Equal inductive storage (L= L/3) and D = 2/3.

V,=10V,L =12mH, C=820nF, R =50 W

32.53% 18.52%

27.10% 15.43%

10.00% 5.69%




Currentsof Inductors (Experimental)

Corresponding Output Voltage of 29.3 V with Maximum Ripple Peaks of 200 mV I

[A]
0.70

Inductor Currentsof the Triplier

0.65 -
0.60 -
0.55 -
0.50 -
0.45 -

| 7> 17 | —IiA

0.40

« V,=10V,L=12mH,C=820nF, R=50W,r =33 mW, Di =50 mA

Time [5 pg/div]




L oad Regulation (Experimental)

[V] Responseto periodic load changes (Vg @7.6 V)

IOutput Voltagel

20 -
15 -
R=50wW
10 L oad
ST Variation [R=25w |
0] — Tt T "+t ——— |

Time[2 mg/div]

. Vg:10V,L:1.2mH,C:820nF,r:33mV\/, Di =50 mA




|nput Voltage Variations (Experimental)

[V] Output Response to Periodic Changes of the Input Voltage
40
35 |
30 T I Output Voltagel I~ 33'79V|
[~23.26 V|
25
20 +
15 + | YV R n
10 7] s | |
ST | Input Voltage Variation | ) 1
oO+—F+———F+——F—— F—— T V(s _ LC
Time[2 mg/div] Vgy(9) s 1
RC 3LC

e L=12mH,C=820nF, R=50W.r =33 mW, Di =50 mA




Triplier Summary

 Increasing the Number of Interleaved Cells (N) Provides
(N-1) Optimal Duty Cycles

e Derived from the Doubler Case, a Closed-Loop CMC
Self-Oscillating Strategy is Applied when N=3

e In General, the Results are Similar to Those Obtained in
the Doubler Case

 Low-Ripple Voltage Triplier Behaviour

« o Higher Effective Switching Frequency
* ¢ Increased Complexity and More Parts
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Increasing the Number of Converters

Canonical Cell | . > ,°
lon
©) /
—
] | o
6 =
l o2
: gff _-> e
| : v o1 lo +
| r 0 |
Vg —— : : I On C —R Vv
I
T
Y
L : : | t0S, (oS, to Sy
R W | i
|
| |
L




Control Strategy for Voltage Multiplication

lin-1>in +Dif

|'N-2>'N-1+D'| @

IV =NV,

lio>is+Dif

| nput-Output

Transfer Function

. 1

V(s) _ LC

Vy(s) 2, S , 1
RC NLC

State 0..111 State 1..110
Switch 1 ON Switch 1 OFF
Switch 2 ON Switch 2 ON
Switch 3 ON Switch 3 ON
Switch N OFF Switch N ON

State 1..101 State 1..011
Switch 1 ON Switch 1 ON
Switch 2 OFF Switch 2 ON
Switch 3 ON Switch 3 OFF
Switch N ON Switch N ON




Di/lg

R(N-1) T°
36/3L%C N°

£
Dlgs  364/3LCN?

Octuplier N=8

L=2mH

(DV/V)min
21.86% 10.94%

V,=10V, R=100W, C =800 nF, T = 20 s (Hysteresis width Di = 12.5 mA).




Summary

o Other Optima Duty Cycles Among (N-1) are Possible

LIMITSto N

* Desired Output Voltageis N V,?

_NLDi

« Switching Frequency - HysteresisWidth = |  V,

e Maximum Duty Cycle (D =(N-1)/N if Dmax=90%: N =10)

e How?: More Switches OFF at the Same Time.
More Complexity

Option: Very Large Number + Integration

More Features (i.e., Fault Tolerance)
Discontinuous Conduction Mode
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Several Possibilities Studied in the Doubler

Boost Cells are Different (Example: Inductance Values)
* Ripple Increasing but Compensated by Closed-Loop

Magnetic Coupling Between Inductors

S 1
‘ +

S +
RC 2L(1+k)C

 Additional Freedom Degree —

Unidirectional Switches
 Discontinuous Conduction Mode Possibility

More General Sliding Surface S(x) =i,-aig=0 (a>0)
e Equilibrium Point Insensitive to Current Sensing Errors




Topology M odifications

e Non-Linear Network
e Overshoot Reduction in Start-Up




Topology Modifications | |

» Hoating Output Capacitor
* Reduces the Voltage in the Capacitor

e More Input Current Ripple
e Originof SCIDB
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SCIDB Circuit

« Switched Capacitor Interleaved Dual Boost




State-Space Averaging Method

o Equilibrium Point (Open-
}' IA - Vg ‘I Va = Vg
i RD (- Df i A D
I I
= Vo | vy
1 RD(1- D) 1 1- D




Output Voltage

Vo
A
: :E ( D VO/Vg\
. 12V, 1) 1t | 1 v
P ? 01, 0.9 11.11
\ I 02, 08 6.25
Vo I 03, 07 4.76
b\ /d ! 04, 0.6 7
! 0.5 4
VOLTAGE av, W
QUADRUPLIER ! : : ;
e . . D)
D = 50% 0 0.5 1

* No Circulating Currents

« Wide Margin of Possible Duty Cycles




SMALL-SIGNAL ANALYS3IS

e Fourth Order Transfer Function

o Same Controllability Problem of the Doubler
Circuit Around D=50% for V, or |

* Existence of Right-Half Plane Zeros
CMC CLOSED-LOOP |
o Same Sliding-Mode Strategy used in the Doubler

‘ S(X)=i,-aig=0 (a>0) ‘




SLIDING-MODE CONTROL

* Non-Linear Ideal Sliding Dynamics

+ Equilibrium Point > iy el Yo, ey |
a
. 3
‘ Relation between a and D ‘ i;:(“"j) x\%g Vi = (1+a) v, |
a
-_a - b ._Db 2
‘D_1+a ‘a 1-D_ D ig:(ll_;“:z) V, Vg:(1+aa) v,

a=1 impliesD =50%

| Vol tag_e

Quadruplier !




ASYMPTOTIC STABILITY

e Local Stability Condition
(-1<k<1l (@>0)

k >

- 2a
1+a?

Always Satisfied
if k=0

o Characteristic Polynomial in the Quadruplier Case (a = 1)

€%+20882 2 1

S
& RC RC> 4L(A+K)C

J | STABLE! |

« 2nd Lyapunov Method aplied to the Quadruplier

V(X) = Re(1 2k)L 2+C(<7A+<7B)

& H
dv x 2 2 2 2 2O
— =-2CVx U + VpUs +VAVR T
at EA B VA+VB(BA A B).

Positive Energy Function
with Negative Derivative

Stablein theLarge!




Switching Strategy

State 01

Switch A ON
Switch B OFF

=
AN

laig >i, +Di

ONemms

State 10
@/ Switch A OFF
Switch B ON

£

Analog
to
Digita

Level
Adapter

L«

B

é>'>>CLK Oo——O0—>

* Qa

Ch

Initialization & Soft-Start

LD flip-flop N S 4 SiA
D o >

DRIVERS




Waveforms of Quadruplier

Tek Run: 5. 00MS7S F'k Detect

V=12V Input Current (DC) 500 mA/dlv R o N ﬁ%i 25 ons
L=1mH eomy
R=100W | C4 Pk-Pk
192mV
C=17nF :
Co=3nF
Di =120 mA : C1 PKk—Pk
T _ 20 . ' 108mV
r=33mw IVO:46.5V|
_ El
a= 1 EE; EEUUng%E gggmﬂ 2 M 5. UU}..IS Ch4 J" Q4Um'\.-" :g];gnggggg




L oad Regulation (Experimental)

TeK RUn. 25.0Kk575  HI Res
I

L =1mH
C=17nF
Co=3nF e " T

i
|
T=20n86 | ) - 1 V_g‘ll_'4v,*. _—1  c1Min
|
r

r=33mW\ - |R =1035W R =51.5W

a=1 m

E 700V & TR 500mA & M2.00ms CA3 7 1.26V 15 Jan 1999

Chd4 5.00V & 30:15:26



Output Voltage Ripples (Experimental)
rek Run: §.unm5,f§ Pk Detect | 1
L=1mH 1A 49.26kHz
|@: 67.57kHz
C=17nF S
Co=3nF Ref3 Pk—Pk
78my
R=100 W .
] e
Di=120mA |
r=33mw R3r-:---
a=1 _ | ]
V o I M
o= g e 34kHZsm1 "
& 5LD II] 0 :F;vuﬁ»mv e MS5.00us Ch3 5 960mV ;?:100:118999




Waveforms of SCIDB for a =2

TeKk Run: 5.00MS/5s

Pk Detect

Al 20mA

V=12V
L=1mH
R=100W
C=17nk
Co=3nt

r=33mwW
D =66.67%

IA current (DC) 200 mA/div| iB current (DC) 100 mA/div

IE
| 71 Pk—PK
1( 496mv

A’ 20.0uS

: _ ) : : i |f S f é___ 
Input Current nt (DC) 500 mA/dlv . / TN
el e 7 T\ 24104

E S A

Di:160my<——
T=20n%

e

C3 Mean
1.6025 V

XZT

C4 Mean
795.9mV

J - |vg=512V]

«

ff _Output Voltage (AC) 200 mV/div

Ch1 EUUmV%E‘w
Ch3 200mVv &

C

SUUmA By Flu'l 5 00Ms Chi J —Smv
4 100mV B

19 Jan 1999

18:37:13



Steady-State Experiments Summary

e Differenta Values.a=1,15, 2, and 2.5

« Nominal Load Values of 50, 100 and 200 W
* |Input Voltage Range: 9-16 V (in stepsof 1 V)
e Frequency Adjusted to 50 kHzfora =1, 12V, 100 W
Input to Output Voltage Ratios of 4, 4.17, 4.5, 4.9

e Maximum Errorsof -5.5V and + 3.2V
e Qutput Ripplesfrom 80 to 770 mV - ave been tested.
e |nput Power Range: 6.5 W - 73.5W Max. 3A per leg
« Efficiency Range: 82 - 89 % ‘ '

Not all combinatior




SCIDB SUMMARY

New Step-Up Structure. Vo2 4V,
Closed-Loop Sliding Mode Control Tested (a 3 1)
Asymptotic Stability has been Analyzed
e Local inthe Genera Case (Small-Signal Perturbations)
o Large-Signal for Quadruplier (Lyapunov 2nd Method)

Experimental Performance: Efficiency 82-89 %

« QOutput Voltage Ripple Increaseswith a (80-800 mV)
o Very Small Input Current Ripple (worst case < 50 mA, 2 %)
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CONCLUSIONS (1)

=" Low-Ripple Voltage Multiplier Circuitswith
Good Dynamic Response Have Been Obtained.

« Complementary Activation of Switches
« Saf-Oscillating Current-Mode Control Closed-L oop
» Avoids High Circulating Currents
e Linear & Stable Sliding Dynamics N=2 (IDB-Doubler)
 Magnetic Coupling Adds a Design Freedom Degree
e Drawback: Unregulated Output Voltage




CONCLUSIONS (I1)

I Increasing the Number of Converters

e Generalization of CMC Strategy and Complementary
Activation of Switches (N = 3: Triplier)

e Higher Number of Cellsin Parallél
« Main Limit of N isGiven by the Duty Cycle
* Frequency-Hysteresis Consider ation

e Other (N-1) Optimal Operating Points +
|ntegration Possibility in Future Studies




CONCLUSIONS (and I11)

=] SCIDB: Switched Capacitor Interleaved Dual
Boost derived from | DB + Classical Multiplier.

 Output Voltage3 4 timesthelnput Voltage

o Sidingwith a=1: Low-Ripple Voltage Quadruplier
with Stablein the Large and Quasi-L inear Dynamics

* Experimental Need of Output Filtering

* Wide Range of Possible Operating Points (Regulation?)

* Experimental Resultsarein Good Agreement with Theory




Future Research ()

e Cascade Connection with Other Circuits

* MoreFiltering and/or Voltage Regulation (TI-Buck)

e Expand the Circuit Structure:

e Horizontally: More Cellsin Paralldl. Splits I nput Power

* Vertically: More Diodes & Capacitors. Increase of V4
o Adaptingthe Circuit for Soft-Switching

« Consider other Typesof Canonical Cells




Future Research (and I 1)

* Study of Convertersin DCM

* Conventional Interleaving without Complementary
Activation of Switchesbut with Current-M ode Control

* Application of PWM Classical Techniques
* Output Voltage Regulation of SCIDB using PI isin Progress

* Combination of Fast Current Inner-Loop and Voltage
Pl External L oop.

® Siding S(x) =1,-i5- F(voltageerror) =0
* Equivalent approach in PWM







