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Abstract—This paper presents a modeling approach to obtain
a small-signal model for a single-switch single-phase and three-
phase discontinuous boost high-power-factor rectifiers. Such con-
verters present nonlinear characteristics, and an approximation
of them is used to derive the models. The most important result
obtained is that the small-signal output impedance is not equal
to the load impedance. The analysis is validated by experimental
results.

Index Terms—AC–DC converters, high-power-factor rectifiers,
small-signal model.

I. INTRODUCTION

ONE OF THE MOST important stages in the design
procedure of a switch-mode power supply is the control

loop implementation. To achieve a reliable and stable control,
an adequate dynamic behavior representation is required.

Several small-, as well as large-signal, model approaches
are available to determine the output voltage/control voltage
transfer function and to design the compensation cell
[1]–[5]. For ac–dc single-switch high-power-factor rectifiers
(HPFR’s) the use of a small-signal model is enough to
ensure a stable operation. AC–DC rectifiers presenting
unity power factor possess a well-defined linearized model
around the steady-state operating point, either by using the
multiplier control [6] or by using voltage-follower control
[7]–[9].

Single-switch single-phase and three-phase discontinuous
boost preregulators operating with constant switching fre-
quency and duty cycle are not perfect HPFR’s (the single-
switch single-phase discontinuous boost HPFR is largely used
as the input stage of electronic ballasts, whereas the three-
phase version is a robust solution for ac–dc conversion in the
10-kVA range). The phase currents present a certain amount
of low-order harmonics [10], [11]. This characteristic has an
influence in the small-signal model; some of its parameters
still remain nonlinear, even after small-signal approximations
12].

This paper presents a modeling approach that leads to
a linearized small-signal model of the discontinuous boost
HPFR. Such feature is achieved employing an approximate
equation for the converter nonlinear characteristic.
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Fig. 1. A single-phase PWM-DCM boost HPFR.

II. L INEARIZED EQUATION FOR THE

NONLINEAR CHARACTERISTIC

A. Single-Phase Discontinuous Boost HPFR

The single-switch single-phase boost topology is shown
in Fig. 1. The input and output current for a few switching
periods are shown in Fig. 2(a) and (b), respectively. The
average input current in a switching period is given
by [10], [13], [14]

(1)

where is the peak ac supply voltage,the duty cycle,
the boost inductor, is the line angular frequency, and the

ratio is defined by

(2)

where is the output voltage. The input current in half of a
line period (with switching harmonics filtered out) for some

ratios is shown in Fig. 2(c). To operate at discontinuous
conduction mode (DCM), the converter’s duty cycle must obey
the inequality given by

(3)

By computing the fundamental component peak valueof
the input current, one obtains

(4)
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Fig. 2. (a) Input current. (b) Output current. (c) Input current with high-order harmonics filtered out.

In a similar way, the average output currentin a switching
period is given by

(5)

while the average output current calculated over a line period
is

(6)

Using (4) or (6), and the rated power of the converter
the inductance can be found

(7)

where is a parametric inductance given by the integral
term

(8)

is the nonlinear term of the single-phase DCM boost
converter, and can be approximated by employing a curve-
fitting software by (9) within an error less than 5% for

[13]

(9)

Fig. 3. Constant-frequency single-switch three-phase boost HPFR.

B. Three-Phase Discontinuous Boost HPFR

Fig. 3 shows the single-switch three-phase boost topology,
whereas Fig. 4(a) and (b) shows the phase currents and the
output current, respectively, for a few switching periods.
Equations (10.1)–(10.4), shown at the bottom of the next page,
show the computation of the average value of a phase current
in a switching period over the line period [15], [16]. Fig. 4(c)
shows this average current over half of a line period for some

ratios.
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(a) (b)

(c)

Fig. 4. (a) Inductor currents for a few switching periods. (b) Output current. (c) Shape of input current with high-order harmonics filtered out.

The single-switch three-phase boost rectifier operates at
DCM if the duty cycle obeys the inequality

(11)

The average output current over a switching period is given
by (12), shown at the bottom of the page, and the average
current injected into the load

(13)

where

(14)
Considering can be calculated as

(15)

is the nonlinear term of the three-phase boost con-
verter. can be approximated with good accuracy by (16)

(10.1)

(10.2)

(10.3)

(10.4)

(12)
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[17]. The error caused by the approximation is less than 5%
for

(16)

III. SMALL -SIGNAL MODELING

The small-signal model is derived using the current-injected
equivalent circuit approach (CIECA) [5]. In this approach,
first it is necessary to find the average current injected into
the converter output. Making small-signal perturbations in the
average output current, the dynamic model is obtained. The
perturbations used are

(17)

where the barred variables mean the steady-state value,
and the hatted variables mean the perturbation introduced.

A. Single-Switch Single-Phase DCM Boost HPFR

Using (2), (6), (8), and (9), the average output current can
be written as

(18)

hence,

(19)

By substituting the small-signal perturbations given by
(17) into (19), and neglecting steady-state terms, as well as
perturbation products, after some algebraic manipulation [14],
we obtain

(20)

where

(21)

The most remarkable characteristic of the DCM single-
phase boost HPFR small-signal model is that its output
impedance is not equal to the load impedance

, as usually occurs for a perfect HPFR (PF1) [6].
(From Fig. 2(c), it can be observed that the higher the value
of , the closer to the perfect HPFR the converter becomes.

(a)

(b)

Fig. 5. Small-signal equivalent circuit. (a) Input. (b) Output.

From in (21), the higher the value of , the
nearer is to ). Therefore, the equivalent output impedance

(given by is not equal to
In general, the time constant of the small-signal model output
stage is smaller than that found for an ac–dc rectifier
with 1.

A similar analysis leads to the input-stage small-signal
model. Using (2), (4), (8), and (9), we obtain

(22)

By performing small-signal perturbations and approxima-
tions, we obtain

(23)

where

(24)

The equivalent small-signal model circuit is shown in Fig. 5.

B. Single-Switch Three-Phase DCM Boost HPFR

The same approach used for the single-switch single-phase
DCM boost HPFR can also be applied to the single-switch
three-phase DCM boost preregulator. Using (2), (13), and (16),
the average output current results in

(25)

and, by applying small-signal perturbations, an equation iden-
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tical to (20) is obtained, where

(26)

Once again, the remarkable characteristic of the small-signal
model is that its output impedance is not equal to the load
impedance This is an inherent characteristic of
a nonideal HPFR. Considering the input current
can be expressed as

(27)

After small-signal perturbations and approximations, an
equation identical to (23) is obtained, where

(28)

The small-signal equivalent circuit is the same one shown
in Fig. 5.

IV. EXPERIMENTAL RESULTS

A single-phase and a three-phase prototype were built to
verify the actual small-signal behavior of a single-switch DCM
boost HPFR and to compare with the developed model.

A. Single-Phase Implementation

A single-phase converter feeding a resistive load was built
with the following data:

input voltage V Hz
V);

output voltage V (dc);
switching frequency kHz;
output resistance W);
output capacitor F;
inductance H;
steady-state duty cycle .

The input voltage and current for rated load are shown in
Fig. 6, where the power factor is close to 0.99. Substituting
the values given above into (21) yields

(29)

Observe that the small-signal impedance is about 60% of
(and not equal to it). The equivalent output impedance

Fig. 6. Input voltage and current of the single-phase boost HPFR.

is From the small-signal equivalent circuit, the
following transfer functions are obtained:

(30)

Small-signal perturbations around the operating point are
applied to observe its small-signal open-loop response. First,
the duty-cycle was submitted to a step change from 0.245
to 0.215 Using (30), the expected small-signal
output response is

V (31)

The settling time is about 560 ms. Fig. 7(a) shows the result
obtained for the prototype. The actual small-signal open-loop
response can be written as

V (32)

As can be seen, the experimental result is close to the
expected one. A similar test was realized using
The theoretical small-signal response is

(33)

The actual response is shown in Fig. 7(b), and can be
represented by

(34)

Next, a step change was applied to the input voltage
change from 120 to 137 V). The theoretical

result using (30) is

(35)

The actual response is shown in Fig. 7(c). It can be de-
scribed by

(36)

As have occurred for (31) and (32), (33) and (34), as well
as (35) and (36), are very close. These results show that the
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(a) (b)

(c) (d)

Fig. 7. Open-loop output voltage response, single-phase HPFR,Ro = 1600
. (a) A small step reduction in the duty cycle. (b) A small step increase in
the duty cycle. (c) A small step increase in the input voltage. (d) Experimental and theoreticalv̂=d̂ Bode diagram.

Fig. 8. Closed-loop output voltage response to a load step variation, sin-
gle-phase boost HPFR.

model obtained here represents with good precision the actual
small-signal behavior of the converter. The experimental
transfer function Bode diagram, as well as the theoretical one,
are shown in Fig. 7(d), and one can see that the developed
model is very accurate. Fig. 8 shows a closed-loop response
of such converter, where the compensation loop was designed

Fig. 9. Input voltage and current of the three-phase boost HPFR.

considering the transfer function developed here. Initially, the
converter was supplying 55 W to the load. At , the load
is suddenly increased to 90 W, while at , it is reduced
back to 55 W. It can be noticed that a very small voltage
fluctuation occurs and that the loop response is adequate.
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(a) (b)

(c)

Fig. 10. (a) Open-loop output voltage response, three-phase HPFR,Ro = 130
. (a) For a small step reduction in the duty cycle. (b) For a small step
increase in the duty-cycle. (c) Experimental and theoreticalv̂=d̂ Bode diagram.

B. Three-Phase Implementation

A single-switch three-phase boost HPFR was built with the
following characteristics:

input voltage V Hz
V);

output voltage V (dc);
switching frequency kHz;
output resistance kW);
output capacitor F;
inductance H;
steady-state duty cycle .

The input voltage and current for rated load are shown in
Fig. 9, where the power factor is close to 0.98. Using the
values given above into (26) yields

(37)

and the transfer functions

(38)

Here, small-signal perturbations were also introduced to ob-
serve the small-signal response. For a duty-cycle step change
of and from (38), the theoretical response is

V (39)

Fig. 11. Closed-loop output voltage response to a load step variation,
three-phase boost HPFR.

The settling time is about 25.5 ms. Fig. 10(a) shows the
actual response, that can be written as

V (40)

On the other hand, by applying a duty-cycle step change of
from (38) the theoretical response can be obtained
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as

V (41)

The experimental result is shown in Fig. 10(b) and can be
described by

V (42)

The theoretical results given by (39) and (41) are close
to the actual responses given by (40) and (42), respectively.
Fig. 10(c) shows the theoretical and experimental con-
verter transfer function Bode diagrams, which are very similar.
These facts show the adequacy of the developed model.

Fig. 11 shows a closed-loop response of the implemented
converter. The load is changed from its rated value (1 kW) to
half of it (500 W) and then returned to the rated value. Good
dynamic response is obtained.

V. CONCLUSIONS

Small-signal models for single-switch single- and-three-
phase boost HPFR’s were presented here. Such models were
developed from a linearization of nonlinear terms present in
some of the descriptive equations of the converters. Both
input and output small-signal models are easily derived. The
most relevant characteristic of the small-signal models of such
converters is that the small-signal output impedanceis not
equal to , but always smaller than it. Experimental open-
loop results and Bode diagrams were compared to theoretical
ones and found to closely agree with one another, which
confirms the validity of the models.
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University of Esṕırito Santo, Vit́oria, Brazil, the
M.S. degree from the Federal University of Santa
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