
A single-indu
tor multiple-output bu
kboost 
onverterRi
hard WalkerAbstra
tModern CMOS IC's typi
ally require several di�erent voltages for operation. Usuallya higher voltage su
h as 3.3 Volts is used for IO drivers and low-speed analog 
ir
uitry.A lower voltage su
h as 1.1 Volts is used for high density 
ore logi
 for pure digital
omputation. In many portable appli
ations, su
h a 
hip will need to be powered froma single sour
e voltage, su
h as the 5.0 Volts provided by the USB VBUS power supply.To minimize system power, it is 
riti
al that the various 
hip voltages are provided byan e�
ient swit
h-mode power supply (SMPS) rather than a linear regulator. Com-mer
ially available solutions require one indu
tor per voltage generated. The indu
torsare often larger than the SMPS 
hip itself and 
an dominate the PCB area required fora solution. This paper presents a novel multi-voltage 
onverter that requires a singleindu
tor to generate an arbitrary number of regulated output voltages.1 Multi-output 
onverter topologyThe proposed 
ir
uit modi�es a standard boost 
ir
uit by adding a multiplexerso that multiple output 
ir
uits 
an be driven in a round-robin fashion.In a swit
hing power supply operating in 
ontinuous 
urrent mode, the 
urrentin the indu
tor is approximately 
onstant. The 
urrent de
reases slightly fromnominal while 
onne
ted to the load, and in
reases by the same amount when
onne
ted to the input voltage supply voltage. To �rst order, we 
an analyzethe output voltage of a multi-output supply by 
onsidering the indu
tor as a
onstant 
urrent sour
e I0
ommutated between more than one output. Figure 1shows a 
urrent sour
e repetitively swit
hed between n output 
ir
uits, dwellingat ea
h output for time Tn . In a pra
ti
al 
ir
uit, the indu
tor 
urrent droopswhen driving a load, so we allow for one extra time period Tn+1 for �re
harging�the indu
tor by 
onne
tion to the input supply. The total time for ea
h 
y
le is
T0 =

∑
n+1

k=1
Tk. The duty 
y
le of the pulse driving ea
h output is Dk = Tk/T0.Due to the �ltering e�e
t of the output 
apa
itors, the average voltage at ea
houtput is a fun
tion of the duty 
y
les and impedan
es at ea
h node1



2 Design example 2
Vn = DnI0Rn (1)The ratio of any two duty 
y
les is the ratio of the average load 
urrents
Dm

Dn

=
VmRn

VnRm

(2)Assuming that the system has a steady state average indu
tor 
urrent IL, thenwe 
an 
ompute the total 
hange of 
urrent after one 
omplete 
y
le. (theseequations negle
t the se
ond order transient from the LC 
ombination, and areessentially assuming an in�nite �lter 
apa
itor):
IL(t + T0) = IL(t) +

n∑

k=1

1

L

ˆ

(Vs − Vk)dt (3)For a steady state solution, the total 
hange in IL must equal zero
VsTk+1 +

n∑

k=1

(Vs − Vk)T1k = 0Solving for Tk+1, the time that the indu
tor needs to be 
onne
ted to the inputpower supply:
Tk+1 =

n∑

k=1

Tk(
Vk

Vs

− 1) (4)Sin
e Tk+1
annot be negative, this expression says that at least one output mustbe a boost output.2 Design exampleWe attempt to synthesize a swit
hing supply for the HOST end requirements forthe lightning proje
t using the above design equations. The givens are shownin table 1.



3 Simulated steady state performan
e 3Lightning IC, USB3.0 mode
Vs 5V
V1 1V
R1 3.16Ω 316mA � 1V
V2 3.3V
R2 25Ω 132mA � 3.3V
V3 20V
R3 178Ω 113mA � 20VTab. 1: Given parameters for Lightning power supply requirementsIf we arbitrarily set T1 = 1, equation 2 sets T2, T3. T4is set by equation 4. Thederived numeri
al values for this design are given in Table 2.Normalized time Duty Cy
le

T1 1.000 0.527
T2 0.417 0.220
T3 0.355 0.187
T4 0.123 0.065Total 1.895 1.000Tab. 2: Derived parameters3 Simulated steady state performan
eAn awk s
ript was written to solve the approximate dis
rete di�eren
e equationsto test the a

ura
y of the derivations above.The resulting data shows steady state voltages of V1=0.983, V2=3.343, andV3=19.99, all within 2% of target values. The total 
urrent drawn by the(admittedly ideal) system is 0.317 amps, well within the design target and theUSB VBUS 
urrent limit.4 Controlling the loop under dynami
 load 
hangesThe derivation and simulation results are en
ouraging. What remains is thedesign of a workable 
ontrol loop for the system. Two possibilities are beingexplored. A simple bang-bang loop has been shown to be able to stabilizedthe system by simultaneously 
ontrolling the di�erential-mode errors between
hannels, while simultaneously 
ontrolling the total average power output. Forthree outputs, we de�ne T1 = 1, and then bang-bang 
ontrol Tk based onthe ratio of Vk/V1
ompared to the ideal value. Tk+1 is 
ontrolled by value of

V1
ompared to the absolute target value.



4 Controlling the loop under dynami
 load 
hanges 4Algorithm 1 Awk s
ript solving the dis
rete di�eren
e equations to 
al
ulatestartup transient and steady state voltages.awk 'BEGIN {L=100e−6; # s i n g l e indu
tor indu
tan
eC=1e−6; # 
apa
 i tan
e at ea
h outputR1=3.16; # load r e s i s t a n 
 e f o r 1 . 0 vo l t outputR2=25.0; # load r e s i s t a n 
 e f o r 3 . 3 vo l t outputR3=178.0; # load r e s i s t a n 
 e f o r 20 vo l t outputT1=1.00; # 
omputed on time f o r 1 . 0 vo l t d r iveT2=0.417; # 
omputed on time f o r 3 . 3 vo l t d r iveT3=0.355; # 
omputed on time f o r 20 vo l t d r iveT4=0.123; # 
omputed on time f o r power supplyVC=5 # main power supplyDT=1e−7 # s imu la t i on time stepi =0; V1=0; V2=0; V3=0; I=0 # i n i t i a l i z ef o r ( t=0; t <.0005; t+=DT) {I+=(1/L)∗ (VC−V1)∗T1∗DT;V1+=(1/C)∗ I ∗T1∗DT;V1−=(1/C)∗ (V1/R1)∗DT;I+=(1/L)∗ (VC−V2)∗T2∗DT;V2+=(1/C)∗ I ∗T2∗DT;V2−=(1/C)∗ (V2/R2)∗DT;I+=(1/L)∗ (VC−V3)∗T3∗DT;V3+=(1/C)∗ I ∗T3∗DT;V3−=(1/C)∗ (V3/R3)∗DT;I+=(1/L)∗T4∗VC∗DT;DD[ i ℄=D; AA[ i ℄=A; I I [ i ℄= I ;VV1[ i ℄=V1 ; VV2[ i ℄=V2 ; VV3[ i ℄=V3 ;TT[ i ℄= t ; i++}pr in t " t i t l e " , D, E, F, VV1[ i −1℄ , VV2[ i −1℄ , VV3[ i −1℄p r in t " x s 
 a l e 1 [ se
onds ℄ "pr in t " y s 
 a l e 1 [ v o l t s ℄ "#f o r ( j =0; j<i ; j++) pr in t TT[ j ℄ , I I [ j ℄f o r ( j =0; j<i ; j++) pr in t TT[ j ℄ , VV1[ j ℄f o r ( j =0; j<i ; j++) pr in t TT[ j ℄ , VV2[ j ℄f o r ( j =0; j<i ; j++) pr in t TT[ j ℄ , VV3[ j ℄}'



4 Controlling the loop under dynami
 load 
hanges 5

Fig. 1: Simulated power supply start up and �nal voltages



4 Controlling the loop under dynami
 load 
hanges 6The di�
ulty is the intera
tion between adjustments. It is desired that a step
hange in 
urrent draw on one 
hannel not 
ause a transient on the other 
han-nels. To a
hieve this goal, it will probably be ne
essary to 
reate a de
oupled
ontrol spa
e, so that a 
hange in V1 involves 
hanges in all the timing values,su
h that the 
hange will be �rst order 
an
elled in all 
hannels not equal toV1. This 
an be 
ertainly done with algebra by embedding the above equationsin the 
ontrol 
hip, and by measuring the output 
urrents of ea
h 
hannel. Itmight also be done e�
iently with a numeri
al gradient-based optimizer su
has Nelder and Mead's downhill simplex algorithm.


