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Abstract - This paper deals with the control strategy
for the Double Boost Converter in Power Factor
Correction (PFC) application, working in Continuous
Conduction Mode (CCM). This converter is based on
the classic Boost Converter split into two parallel
modules of power processing; each one of this
modules process half of nominal power of the
converter. Technical literature concerning this
converter do not deeply analyze some very important
control aspects and it seems that it is still lacking a
general control strategy for such converter. This
subject will be developed in the present paper. This is
done by converter modeling based upon the PWM
switch model. The model obtained, verified by
simulations, points to a multivariable control system,
since the converter output voltages and the control
variables (duty cycle of the two active switches) are
strongly coupled. It is applied the dynamic
uncoupling technique in order to overcome this
undesirable characteristic and to design the voltage
and current compensation loops. Each module of
power processing has a current mode controlled PFC
circuit with a current-regulation inner loop and a
voltage-regulation outer loop and the dynamic
uncoupling is performed over the former. Numerical
simulation results of the behavior of the Double-
Boost Converter for Power Factor Correction
application are presented.

1 - INTRODUCTION

The Boost Converter is largely applied for
power factor correction (PFC) due to its intrinsic
characteristics. The basic scheme for this kind of
application is shown in figure 1.

Even if this converter presents a good
performance for PFC general applications, for high
power associated to a wide input voltage range
variation (110 VRMS and 220 VRMS input voltage,
for instance), the converter performance is poor, and
a lot of drawbacks arise.
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Figure 1: Boost Converter for power factor correction
(PFC) applications.

In order to overcome these drawbacks the so-
called Double-Boost Converter may be employed [1]-
[2]. This converter shown in figure 2, may be seen as
a Boost converter split in two modules, where each
module processes half of the total output power.
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Figure 2: Double-Boost Converter.

Ideally, one can expect that, if the same drive
signal is employed to command the two active
switches S1 and Sp, they will present exactly the
same conduction and commutation times, implying
that the output voltage Vo will be equally distributed
over the two output capacitors C1 and Cy.

In fact, laboratory results indicate that, in
practice and for 220 VRMS line voltage, small
differences between the conduction and commutation
times of the two active switches, even if these
differences are infinitesimal, provoke, as time goes
by, a bascule or swing effect over the capacitors
voltage, in such a way that the total output voltage
remains over one of them, while voltage become zero
over the other one.
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This behavior can be easily understood with the
aid of figures 3 (a) and (b). In the first one, switch Sy
remains “on” while switch S{ is already “off”
(remember that even if this difference is
infinitesimal, this phenomenon will be repeated for

each switching period, causing an integrative effect).

oy D1

(a)
Figure 3: Physical interpretation of the bascule or swing effect of the capacitors voltage.

It is clear that for such situations the total
output power will be processed just by one module
of the Double-Boost Converter, and the main
capability of sharing power is lost.

It seems necessary to implement an efficient
control strategy to provide the equalization of the
capacitor voltages. References do not analyze
deeply this subject; so, the principal aim of the
present paper is to propose a control strategy and
to do that, a modeling approach will be employed
in order to well understand the verified behavior
and also to establish the required control action.

2 - DOUBLE-BOOST CONVERTER MODELING

The design of the controller requires the
knowledge of both the boost inductor current and
the output capacitors voltages transfer functions

with respect to the control variables di(s) and

d2(s), namely the duty cycles of main switches S
and S7, respectively.

a C

p
(a) (b)

Figure 4: (a) active and passive switches, (b) single
three-terminal switching device.

To establish these transfer functions one can
employ the PWM Switch Model [3], for
Continuous Conduction Mode (CCM). Figure 4 (a)
and (b) shows the active and passive switches and

It is easy to show that in this case, capacitor C1 will
be charged with a slightly greater amount of charge
in each switching period, causing a progressive
increase of its voltage. Figure 3(b) shows the same
effect concerning now switch Sy and capacitor C5.

é ic2

(b)

the corresponding PWM switch model, lumped as
a single three-terminal switching device, where:

a = active terminal

p = passive terminal

¢ = common terminal

i,(t) = instantaneous active terminal current
i, (t) = instantaneous common terminal current

V,p(t) = instantaneous voltage across port ap

ch (t) = instantaneous voltage across port cp
D = on-time duty cycle
D’=1-D

Notice that expressions (1) and (2) present the
invariant relations between the average terminal
voltages and currents of the PWM switch, where d
is the average value of on-time duty cycle.

i, =d.i, )

Ve =dvy, ¥))

In the same way Figure 5 and expressions (3)
to (6) represent the small-signal model of the
PWM switch.

ep
Figure S: Small-signal model of PWM switch.
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a

Ocp = D(\A/ap + Icrea - icreD') + cAi(Vap - IcreD') 4)

A Ve 2 ' A

Vop = Dp + 1creD-——I—)D—d &)
where:

Vp =V, +1,(D-D)r, (6)

The symbol * denotes the perturbed average
value of the concerned voltage, current or duty
cycle.

It is important to remark that Vap, I¢ and D
represent the DC operating point of the PWM
switch, which can be obtained starting from the
circuit presented in Figure 5, when the perturbed
average values becomes zero and the voltage and
current sources becomes a short circuit and an
open circuit respectively.

As can be observed in Figure 2, switch S and
diode Dy constitute one PWM switch and switch
So and diode D7 constitute another one. So,
replacing the real switches and diodes by the
small-signal model of the PWM switch as shown

ground.

c2

i,=Di, +1.d 3)

2.1 - DOUBLE-BOOST INDUCTOR CURRENT
TRANSFER FUNCTION

Expressions (7) to (9) presents, in the Laplace
domain, the Double-Boost inductor current i(s) as
a function of switches S] and Sy duty cycles di(s)

and d2(s). The values of K1, K2, A1, Ap, By, By,
C1 and C» are defined by converter parameters, as
presented by expressions (10) to (16).

i(s) = Gi(s)d1 + Ga(s)dz (7
where
G, =K, 5

1
s’ +sB, +C,

s+A,

G,8)=K, ———m—
() 2s2+sB2+C2

and

V,
(Ro +Rg + Rsez)(vl + R OD, O~ D.)rel) + VoRy (10)
K, = o
' (Ll + LZ)(RO + Rsel + Rsez)

VO

(Ro + Rsel + Rsez)(vz + (D - D')l'ezJ + VoRseZ

R,D'
in Figure 5, one can arrive to the circuit presented K, = (L + LXR, + Ry + Ry
in Figure 6, where the series resistances of the
inductors and capacitors were added. Notice also (Ry, +Rus)+ (, + a)DD+D? R
that, in order to establish the transfer functions C,=C,= L’(L Li )(Rel ;2 ) o a2
related to the inductor current and to the capacitors 172 )R+ Rt T R
output voltages, the input voltage source (in this
case, the rectifier output voltage) is shorted to ( o Rz )R,
[ =Ty =————————
A ¢ ¢ Rsel + Rse2 + Ro
. i
¢, DDt Ly  p1 v
N (c, +cl)(v, + Ro"D, (D—D‘)rd]+VoC, 14
=
\/
Clcz((Re + Rsel + Rsez)(vl + Ro;)( (D - D')rcl) + VnRsel)
v,
(Cl +C2)[V2 +E—;5,(D_D')rez)+vncl (15)
SRR o
C,Cz[(Rn +R, +Rm)[v2 *R ;),(D-—D')rd) +voij
DD'rez p
Figure 6: Double-Boost Converter equivalent
circuit for small-signal analysis.
CC{(R, Ry + R Ry, #R i +(r +10)DD]+ (Ry + R, )D? R, 4 (L, +L1,)(C, +C) 16

B, =B,

C,C,(L, +L, (R, +R

+Rse2)

sel
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2.2 - OUTPUT CAPACITOR VOLTAGES TRANSFER
FUNCTIONS

Expression (17) presents the output capacitors
voltages transfer functions, in the Laplace domain, as

functions of switches S1 and S duty cycles §y(s)
and gp(s). It is easy to remark that voltages ¥j(s)
and V2(s) are coupled with d1(s) and d2(s) by means
of a transference matrix.

Vis) _[Gn(s) G12(s)} di(s) an
Va(s)| [G2i(s) G2a(s) ] da(s)
where
G”(s)=(sa3 +1)(52b2 +5sb, +b0) a8
s(sza2 +sa, + ao)
Gy(s)= (sa3 + 1)(52«:2 +sc¢; + co) (19)
s(sza2 +sa, + ao)
G(5) = (sa3 + 1)(5262 +s€, +eo) 20)
Jsd, +sd, +d,)
Go(s) = (sa3 + 1)(s2 f, +sf] + fo) @

§s%d, +sd, +d,)

The values of ag, ay, a2, a3, by, by, b, cg, c1,
g, dg, d1, d7, eq, e1, 2, f, f1 and f3 are defined by
converter parameters and are presented in the
appendix at the end of this paper.

It is clear, regarding (17) to (21), that the
Double-Boost Converter constitutes a multivariable
system, which can explain the physical behavior of
the swing effect over the output voltages, because
variations in duty cycle di(s) acts over both outputs
voltages V1(s) and V2(s) and conversely, variations
in d2(s) implies also in changes in V1(s) and V2(s),
as can be represented by figure 7.

d1 644(S)

vi

d2

G129

Figure 7: Double-Boost Converter Model

v2

3 - CONTROL STRATEGY

The controller must have the capability to
control, in an independent manner, the two PWM
switches, in order to break the coupling between the
output voltages and the duty cycles and to warrant the
same conduction time for both switches,
compensating by the signal drive, the intrinsic
conduction time differences of these switches.

The control strategy is based upon the so-called
Dynamic Uncoupling Technique, that provides a pre-
compensation of the signals, performed by the
inclusion of the inverse of the transference matrix
already obtained, in the control loop, resulting in a
diagonal transference matrix relating the output
voltages and the duty cycles. With this technique

voltage Vi(s) will depend just of switch S duty
cycle di(s) and voltage Vas) will depend just of
switch Sy duty cycle da(s) .

By applying this uncoupling technique it is
possible, starting from one multivariable system, to

reach a set of uncoupled monovariable systems (two
systems in the present case).

In the resulting uncoupled systems, classic
control techniques may be applied in order to control
the two output voltages in an independent manner.

Figure 8 shows the Double Boost Converter and
the pre-compensator.

Double Boost Converter

Compensator

Figure 8: Double-Boost Converter and Compensator.

For Power Factor Correction applications, the

signals di(s) and d2(s) are used to generate the
current reference for two UC3854 Integrated Circuits,
which are responsible for the generation of the drive
signals for the two PWM switches.

Figure 9 presents the basic scheme for Power
Factor Correction (PFC), with average current
control.
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Figure 9: Basic scheme of PFC with average current control.

4 - SIMULATIONS RESULTS

Numerical simulations were performed with the
converter represented in figure 9, for the following
basic specifications: Output Power: Po=1600W;
Output Voltage: Vo=400V, Switching Frequency:
fs=70kHz; Input Voltage: Vi=220 Vrms; Line
frequency: fi=60 Hz.

Figure 10 shows the Double-Boost inductor

current i(s) and line voltage for one period. As may
be seen, input current and line voltage are almost in-
phase and high power factor is achieved, since the
harmonic distortion of the input current is clearly
small.

Figure 11 shows the output voltages V] and V)
when voltage references Vrefl and Vref2 are set to
equal values. As one can see, in this case the two
output voltages present the same instantaneous
values.

Figure 12 presents the output voltages V1 and
Vo with voltage references Vrefl and Vref2 set to
different values, in order to show the effect of
independence of these two voltages. In fact it is
possible to set these voltages to any value, even half
of the output voltage Vo (this simulation was
performed with 300 Hz to reduce time simulation).
Figure 13 shows a detail of this output voltages.

Figure 14 shows the two control signals in the
two UC3854 integrated circuits (employed to control
independently the two PWM switches S1 and Sp).
For this case, the switch conduction and commutation

times are different, compelling the controls to
establish different values for these signals.

Finally, Figure 15 shows the two UC3854
internal ramp signals related to the on-time duty
cycles of the two main switches. Notice the control
capability to change the slopes of the ramp signals.

400.

200.

=]

-200 L

-400 —t
216ms  218ms 220ms 222ms 224ms 226ms  22Bms  230ms  232ms234ms

Time

Figure 10: Inductor Current and line voltage (upper
trace).

208V,

204V

200V.

196V,

192Vj
ms ms ms S ms ms ms ms ms
Time
Figure 11: Output voltages V1 e V7 for normal
operation(equal output capacitors voltages

distribution)

1070



vi
" W

192

188 v2

184

191ms  192ms  193ms  194ms  195ms
time

Figure 12: Output voltages Vi and V3 for two

different references.
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Figure 13: Detail of output voltages V{ and V7 for

two different references.
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Figure 14: Control action for the two PWM switches
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Figure 15: Two UC3854 internal ramp signal for the
two main switches.

5 - CONCLUSION

In this paper a control strategy for the Double-
Boost Converter for power factor correction
application was proposed and analyzed. With the
dynamic uncoupling technique it is possible to brake
the coupling existing between the output voltages and
the control variables, represented by the duty-cycle of
the converter switches.

By transforming a multivariable system in a set
of two monovariable systems it is possible to apply
classic control techniques to design the compensator
for this particular converter.

Besides the modeling and analysis performed,
results of numerical simulations were presented, to
verify and validate the theoretical results obtained.

With this converter and with the control strategy
proposed, high power factor for high power and a
wide input voltage range variation can be achieved.

6 - REFERENCES

[1] M. T. Zhang, Y. Jiang, F.C. Lee, ”Single-Phase Three-
Level Boost Power Factor Correction Converter”,
Proceedings APEC’95, pp.434-439.

[2] D.Maksimovic, R.Erickson, “Universal-Input, High-
Power-Factor, Boost Doubler Rectifiers”, Proceedings
APEC’95, pp 459-465.

[3] Vorperian, V. "Simplified Analysis of PWM
Converters Using the Model of the PWM Switch",
Seventh Annual Virginia Power Electronics Center
Seminar - VPEC Seminar - Tutorials - Virginia/USA,
1989.

APPENDIX
The coefficients of expressions (18) to (21) in

section 2.2 are done by circuit parameters as
presented by expressions (A.1) to (A.20).

ag=(C, +C,)[DD'(r, +1,)+

Al
+(Ryy +Rp,)+D?R] @Al

8, = C,C, {(R+ Ry + Ry J(Ry, + Ryp) + DD'(ry, + 1] + (A2)
+D? R(Ryg; + Ry ) +(Ly + L, XCy +Cy)
a,=C,C,(L; + L, (R+ Ry +Ry,) (A.3)
23 =CiRa (A4)
by = ‘“IL[(RU +Ry,)+DD'(r, +1,) + RD'Z] (A5)

b, = -1 {C,(Ry, + R R+ R, ) +
+DD'Cy[ 1Ry, + 1 (R + R)] +
+D? C,R(r, + Ry )+ (L + L, )} - VRC,D'

(A.6)
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b, =-1;,C,(L; +L, (R +R,) (A7)
co =I.[(Ru +Rp)+ DD'(ry + 1)+ RD?]  (A8)

¢ = IL{CZ(RLI + RLZ)RseZ +

+DD'Cy[r, Ry + 1Ry + R)| + (A.9)
+D? CR(1, + Ry ) + (L) + Ly )} + V,RC,D'
¢, =1, C,(L; +L,)R, (A.10)
dy =(C, +C,)IDD'(r,; +r,,)
+(Ry +Rp,)+D? R (A1)

d,=CC, {(R + R+ R (Ru + RL2)+ DD’(rel + re2)] (A.12)

+D?R(R,; + Ry )} + (L + L {C, + C,)
d, =C,C,(L, +L, )R+ Ry, +R,) (A.13)
d; =C,R,, (A.14)

e =I.[(Ry; +Rp5)+ DD (1 + 1) + RD?| (A15)

e = IL{(R+ Ry, + Ry ) (Ryy +Rpp) + DD'(1y, + 1)) + (A.16)
+D?R(Ry, + Ry )} + VRCD'

e, =1, C/(L, +L,)R,, (A.17)
fo = —IL[(RL1 +Rpp)+DD'(ry +r1,5) + RD'z] (A.18)

fi = I {C(Ry + Ry (R+Ry )+

+DD'C[roRy + 1Ry + R)| + (A.19)
+D?CR(r, + Ry )+ (L, + L, )} = V,RC,D'
f, = "ILC1(L1 + Lz)(R + Rsel) (A.20)

The parameters I, V1, V2, D represent the DC
operating point values for the boost inductor current,
C capacitor voltage, Cy capacitor voltage and on-
time duty cycle, respectively.
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