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Abstract—A novel control scheme is proposed for a three-
phase buck-type SWISS rectifier. This control is based on
an inner loop power flow programming that provides a
well damped behavior of the output filter and decoupled
input filter and converter dynamics. A DC/DC equivalent
circuit of the SWISS rectifier is used for the analysis and
evaluation of different control concepts for the switching stage
of the converter. By using different feedforward loops for the
calculation of the duty cycles the behavior of the converter can
be modified to suit a desired characteristic. In this way, the
converter can be programmed for constant voltage transfer
ratio, constant output voltage, constant power transfer or
other input/output relations.

A comparative evaluation of different inner loop control
schemes is presented. The control schemes are compared
analytically using small-signal linear models. The comparison
considers the dynamic behavior as well as the decoupling of
the input and output variables. Simulation results using the
DC/DC equivalent circuit model and the actual three-phase
SWISS rectifier are presented. According to the results, the
PFP control achieves an improved behavior of the converter
in terms of damping of the resonances and decoupling of the
input and output variables, compared to the other control
schemes.

I. INTRODUCTION

Three-phase buck-type PFC rectifiers provide a wide
range of output voltages, compared to a boost-type voltage
source rectifier, while sinusoidal currents are maintained
at the input. In addition, it is possible to limit the out-
put current in case of a short circuit in the load. These
characteristics make the buck-type rectifiers suitable for
applications like electric vehicle battery chargers, power
supplies or front-end for electric drives [1]-[3]. Among the
different converter topologies that have been proposed in
the literature, only the six-switch buck-type rectifier and
the SWISS rectifier are of industrial interest [1].

Several control schemes has been proposed for three-
phase buck-type rectifiers. Most of them consider the six-
switch converter or a similar three-switch converter. The
switching stage of the converter is modulated using hystere-
sis comparators [4], pulse-width modulation [5] or space
vector modulation [6], while a cascaded control structure is
usually considered for the output voltage control. An outer
control loop regulates the output voltage and provides the
reference for the inner control loop. There are two main
options for the inner loop: control of the dc current [6]
or control of the ac currents [4]. These two schemes have
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been compared and evaluated in [7]. A different approach
uses the concepts of model predictive control (MPC) for a
combined control and modulation of the rectifier for very
low switching operation in [8] and for simultaneous control
of the input and output in [9].

In this paper, different control concepts for a SkW
SWISS rectifier shown in Fig. 1 are evaluated. The control
schemes are based on the analysis of the input/output
relations in the power converter and the interaction be-
tween the converter and the input filter. A Power Flow
Programming (PFP) control scheme is proposed for the
inner loop. This control strategy provides a well damped
behavior of the output filter and decoupled input filter and
converter dynamics. An outer control loop is used for the
output voltage. A DC/DC equivalent circuit of the SWISS
rectifier is presented in Section II. This model allows a
simpler evaluation and comparison of the control concepts
explained in Section III. The dynamic behavior of the
converter with the different schemes is analyzed in Section
IV. Comparative simulation results are shown in Section V.
The extension of the PFP concepts is discussed in Section
VI. Conclusions are presented in Section VII.

II. MODEL OF THE SWISS RECTIFIER

The SWISS rectifier is a PFC rectifier topology com-
posed of a three-phase diode bridge with a third harmonic
injection circuit, combined with a dc-dc buck converter
(cf. Fig. 1). A detailed description and evaluation of this
topology is presented in [2]. In this converter, the local
average values of the currents in the switches 7}, and T;, are
modulated in order to be proportional to the phase voltages
that define the output voltage of the diode bridge. The
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Fig. 1 Three-phase sinusoidal input current buck-type SWISS
rectifier.
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Fig. 2 DC/DC equivalent circuit of the SWISS rectifier.

bidirectional switches operate at twice the mains frequency
and provide a path to feed the difference between the
positive and negative currents, 7,, and 4,,, back to the phase
voltage with lower absolute value. A 5kW system with a
switching frequency of 36 kHz is considered in this paper.

In order to simplify the analysis of the system dynamics
and design of the different control concepts, a DC/DC
equivalent circuit of the SWISS rectifier can be obtained,
adapting to the buck topology the transformation principle
proposed in [10] for a boost rectifier. In this equivalent
circuit, the SWISS rectifier is modelled as a buck converter
(cf. Fig. 2), and the input filter parameters are scaled to
match the dynamics of the three-phase system (Lpcq =
%LF, CF,eq = %CF and Uin = %'&N)

The relation between the averaged values of the input and
output voltages and currents is defined by the duty cycle d
of the switching device,

4 =d - tc (D
i =d- 1. (2)

By using different relations and feedforward loops in the
calculation of the duty cycle d, the input/output relations
in the power converter can be modified to fit a specific
requirement or a desired behavior. This idea has been used
in [11] for providing a resistive behavior at the converter
input. In addition to the resistive behavior, several other
options are possible such as constant current, constant
voltage or constant power transfer [12], which can be
programmed for the input or for the output of the switching
stage of the converter.

In this paper, different feedforward options are studied
for application to the SWISS rectifier: constant input cur-
rent, constant output voltage, constant power transfer and
constant input resistance.

III. CONTROL SCHEMES

The control scheme for the SWISS rectifier considers an
outer control loop for the output voltage w,,; and an inner
loop with different feedforward options. As a reference, the
constant voltage transfer ratio scheme with no feedforward
loops is also presented.

A. Constant voltage transfer ratio

A simple scheme way to calculate the duty cycle consists
of scaling the reference voltage u* by a constant value,
the nominal input voltage u;y, i.e. d = ;—, as shown in

Fig. 3(a). In this way, a constant ratio between the converter
output voltage u and the input filter capacitor voltage uc,
and between the input and output currents, i’ and 4, is
established. These relations lead to interaction between the
input and output filters, as it is depicted in the linearized
model shown in Fig. 3(b).

B. Constant input current

A method to decouple the input current from variations
of the output current is implemented by including a feed-
forward loop of the output current ¢, as shown in Fig. 4(a).
By calculating the duty cycle using the actual value of
the output current, d = %*, the resulting input current is
equal to its reference, i/ = i"*. As shown in Fig. 4(b), the
linearized model presents no influence of the output filter
dynamics in the behavior of the input current. However,
there is a coupling from the input voltage to the output filter,
and the feedforward loop introduces a negative feedback in
the output filter dynamics that improves the damping of the
output filter resonance.

C. Constant output voltage

A method to decouple the output voltage from variations
of the input voltage is implemented by including a feed-
forward loop of the input capacitor voltage uc, as shown
in Fig. 5(a). By calculating the duty cycle using the actual

value of the input voltage, d = %, the resulting output

voltage is equal to its reference, u = w*. As shown in
Fig. 5(b), the linearized model presents no influence of the
input filter dynamics in the behavior of the output filter.
However, there is a coupling from the output filter to the
input filter. In addition, the stability of the input filter is
affected by the introduction of a positive feedback that
needs to be compensated by the inclusion of a passive
damping of the input filter.

D. Constant power flow programming

This control method is based on the power balance
between the input and output of the switching stage of the
converter, and denominated as Power Flow Programming
(PFP) control. Given an output power reference P*, pro-
vided by the output voltage controller, the required input
current reference is calculated as

P*
i/* ) (3)
uc
then, by using the relation of input and output currents
given by (2), the required duty cycle is expressed as
s p
d=1 =" )

/
) 1-Uc

This method results in the inclusion of feedforward loops
of the input capacitor voltage @ and the output inductor
current ¢ [12], as shown in Fig. 6(a). The PFP control
provides a decoupled operation of the input filter and the
output filter, which is reflected in the linearized model of
the system shown in Fig. 6(b). As observed in the model, a
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Fig. 3 Equivalent circuit of the SWISS rectifier with a constant voltage transfer ratio control scheme.
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Fig. 4 Equivalent circuit of the SWISS rectifier with a constant input current control scheme.
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Fig. 5 Equivalent circuit of the SWISS rectifier with a constant output voltage control scheme.
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Fig. 6 Equivalent circuit of the SWISS rectifier with a constant interface power flow control scheme.
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Fig. 7 Equivalent circuit of the SWISS rectifier with a constant interface resistance control scheme.

positive feedback in the input filter is introduced, as in the
case of the previous scheme. Regarding the output stage,
a negative feedback of the inductor current is introduced,
providing a damping of the output filter that improves the
dynamic behavior of the output voltage.

E. Constant input resistance

In order to provide a resistive behavior at the input of the
switching stage of the power converter, the ideas presented
in [11] can be applied. Given a reference conductance G* =
1/R*, the required input current reference can be calculated
as

=G ac, s)
and the required duty cycle is expressed as
s G* o
d=" =21 ©6)
i i

The resulting control scheme is shown in Fig. 7(a).
This scheme introduces negative feedback in the input
and output filter, improving the damping in both converter
sides. However, there is coupling from the input to the
output filter, as shown in the linearized model in Fig. 7(b).

A summary of the input/output relations for the switching
stage of the buck-type converter for the different feedfor-
ward control schemes is shown in Table I. These relations
can be also depicted as a current/voltage curve for each
control scheme, as shown in Fig. 8. The constant input
current behavior is shown in Fig. 8(a) where the input
current is independent of the voltage. A constant output
voltage characteristic is shown in Fig. 8(b). For a constant
power transfer scheme, the input and output sides are oper-
ating at different points of the same constant power curve,
as shown in Fig. 8(c). A linear current/voltage relation
is imposed with the constant input resistance scheme, as
shown in Fig. 8(d).

IV. DYNAMIC BEHAVIOR OF THE CONTROL SCHEMES

Considering the linearized small-signal models of each
control scheme, an equivalent circuit of the switching stage
of the converter can be derived. As shown in Fig. 9(a), the
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Fig. 8 Current/voltage relations in the switching stage of the
converter for the different control schemes.

small-signal equivalent circuit for the constant input current
scheme presents an ideal current sink at the input and an
ideal voltage source with a positive inner resistance r, at
the output. The inner resistance r, provides damping for
the output filter resonance.

The equivalent circuit for the constant output voltage is
shown in Fig. 9(b), where the input side behaves as an
ideal current sink with a negative parallel inner resistance
r; and the output side as an ideal voltage source.

The negative inner resistance is also present in the input
side when the constant power transfer scheme is used,
as shown in Fig. 9(c). With this scheme, the output side
presents a positive series inner resistance 7.

In a constant input resistance scheme, positive inner
resistances are present at the input and output sides, as
shown in Fig. 9(d), providing damping for the input and
output filter.



TABLE I Input/output voltage and current relations for different control schemes.

Control scheme

Constant voltage ratio
Constant input current
Constant output voltage
Constant power transfer

Constant input resistance

(a) Constant input current

2
T, = 77UCO To = 0

o P ———0
i i
Do - In Dy - Uco

(b) Constant output voltage

2 5 U
_ U ro =+D2. 222

ri=-—p P

1

ro =+Dj e

(d) Constant input resistance

Fig. 9 Small-signal equivalent circuit of the switching stage for
the different control schemes.

The effect of the different control schemes in the place-
ment of the converter poles and zeros is shown in Fig. 10.
For a constant input current control, the output filter poles
are located in the real axis, as shown in Fig. 10(a), due
to the damping provided by the inner resistance r,, while
the poles of the input filter remain undamped. In a constant
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Fig. 10 Poles and zeros of the converter for the different control
schemes.

output voltage scheme, the poles of the output filter are not
damped and the poles of the input filter move to the right
half-plane due to the negative inner resistance r; at the input
side, as shown in Fig. 10(b). A similar behavior of the input
filter poles can be observed when a constant power transfer
scheme is used. However, the output filter poles are located
in the real axis, as shown in Fig. 10(c). For a constant input
resistance scheme, both equivalent inner resistances, r; and
T, are positive and the poles of the input and output filter
are located in the left half-plane, as shown in Fig. 10(d).

V. RESULTS

Simulation results for the DC/DC model with the differ-
ent control schemes are performed for open loop operation,
i.e. the output voltage controller is omitted. A step change
from 400V to 450V is applied in the value of the refer-
ence for the converter output voltage u*. Results for the
constant voltage ratio scheme [cf. Fig. 5(a)] are shown in
Fig. 11(a). The oscillations in the output voltage, due to
the output filter resonance, are damped only by the load,
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Fig. 11 Simulation results for the constant output voltage control
scheme (PFP, cf. Fig. 5). A step change in the converter output
reference u* is applied. The output voltage controller is omitted
for these results.

and the oscillations in the output current are transferred to
the input currents due to the coupling of the input and
output dynamics. The same behavior is observed when
the constant output voltage scheme is implemented for the
SWISS rectifier, as shown in Fig. 11(b).

Results using the constant power transfer control scheme
[PFP, cf. Fig. 6(a)] for a step change in the reference
power P* for two different operating points are shown
in Fig. 12(a) and Fig. 12(b). A well damped response
of the output voltage is observed and the oscillations of
the input voltage are not transferred to the output voltage,
demonstrating the decoupled operation of the converter. In
order to verify the proposed control scheme, the constant
power transfer control strategy is implemented for the
SWISS rectifier. Simulation result for a step change in
the reference power P* is shown in Fig. 12(c).The output
voltage presents a well damped behavior and a decoupled
response of the input filter is observed. A good match in the
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Fig. 12 Simulation results using the constant power transfer
control scheme (cf. Fig. 6). The output voltage PI controller is
omitted.

dynamic behavior of the three-phase system with respect to
the DC/DC model is observed.

In order to evaluate the decoupling of the input and
output filter dynamics, simulation results for a step change
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Fig. 13 Simulation results for the constant power transfer control
scheme (cf. Fig. 6). Evaluation of the decoupling between the
input and output filter dynamics. The output voltage controller is
omitted for these results.

in the load resistance are shown in Fig. 13(a) for a constant
power transfer control scheme. As the reference power P*
is kept constant, the output voltage u,,; increases and the
output inductor current 7 decreases when the load resistance
is increased. There is no noticeable effect of the load
step in the input current and voltage. For a step change
in the supply voltage w,;,, the capacitor voltage uc and
the input current ¢;, change and strong oscillations are
present during the transient, as shown in Fig. 13(b). The
output voltage 1., and current ¢ are present no noticeable
change, demonstrating the good decoupling achieved with
the constant power transfer scheme.

V1. FURTHER EXTENSIONS OF PFP
A. Different programmed behaviors

In addition to the previously presented control schemes,
the PFP schemes can be extended in several ways. The
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Fig. 14 Nonlinear current/voltage relations in the switching stage
of the converter.
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Fig. 15 Dynamic coupling in the switching stage of the converter.

current/voltage relations in the switching stage can de
defined as nonlinear relations, as shown in Fig. 14.

Furthermore, the couplings in the switching stage can
be defined also in the frequency domain by introducing
filtering in the feedforward loops, as shown in Fig. 15(a).
Another option considers the extension of the constant
input resistance to a input impedance programming, by
defining resistive, capacitive and inductive components in
the calculation of the reference current 7'*, as shown in
Fig. 15(b).

B. Application to boost-type converters

The same concept of PFP control schemes can be applied
to boost-type systems like the DC/DC converter shown in
Fig. 16. By using feedforward loops of the input current
1;n and/or the output voltage ¢, the following inner loop
PFP schemes can be considered:

« Constant input voltage, where the duty cycle is calcu-
lated as d = u* /uouyt.
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Fig. 16 Boost-type DC/DC converter.

o Constant output current, where the duty cycle is cal-
culated as d = i* /i;,.

o Constant power transfer, where the duty cycle is
calculated as d = P* /(uoutiin)-

o Constant output resistance, where the duty cycle is
calculated as d = G* Uyt /iin-

VII. CONCLUSIONS

This paper presents a new concept for the control of the
buck-type SWISS rectifier. The control scheme considers
an outer control loop for the output voltage and an inner
feedforward loop for controlling the switching stage of
the converter. Several feedforward options for the inner
loop are analyzed and compared in terms of dynamics
and coupling of the input and output sides. The proposed
PFP control scheme with constant power transfer provides
decoupling of the input and output filter dynamics and
damping of the output filter resonance.

For the evaluation of the different control schemes a
DC/DC equivalent circuit is used to model the SWISS
rectifier dynamic behavior. This model allows a simpler
analysis and assessment of the performance with the dif-
ferent schemes.

In addition to the basic schemes, the extension of the
PFP concept is presented. The possible extensions include
the use of nonlinear current/voltage relations, frequency
shaping of the power transfer relations and the possibility
of programming any type of impedance at the input of the
switching stage of the converter.

The proposed control scheme is suitable for three-phase
buck-type AC/DC converters and DC/DC converters, but

it can be easily extended to other configurations such as
boost-type rectifiers, inverters, and AC/DC/AC converters
with and without energy storage.
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