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Abstract—An experimental confirmation of predictive control
applied to a bidirectional interleaved three-phase (BIT) converter
is presented. The BIT converter is a powerful solution for
numerous applications, mainly, renewables interface, motor
drivers, active rectifiers, and active power filters. However, a
precise and robust digital control strategy is required,
maintaining a low computational effort. In this paper, a
predictive control based on continuous control set is proposed as
a new control scheme for the BIT converter, permitting the
control of the ac side current with fixed switching frequency and
with a faster response. The predictive control scheme applied to
the BIT converter is defined along the paper, evidencing in detail
the digital employment aspects according to the discrete-time
model of the BIT converter. An explicit experimental validation
under realistic operating conditions is presented using a
developed laboratorial prototype, highlighting the convenience of
the control applied to the BIT converter.

Keywords—Predictive  Control;  Bidirectional Interleaved
Three-Phase Converter; Current Control; Power Quality.

1. INTRODUCTION

Nowadays, the importance of power quality contributes to
the emergence of new topologies of active rectifiers as a main
alternative of passive rectifiers based on diode and multi-pulse
rectifiers [1][2]. Therefore, using active rectifiers, a sinusoidal
grid current with low total harmonic distortion, a high power
factor, and a controllable output voltage is achieved [3][4],
both for single- and three-phase systems [5]. The conventional
solutions are created by a front-end ac-dc diode rectifier
followed by a back-end dc-dc switched converter. For the
back-end dc-dc converter, the traditional boost, buck,
buck-boost, or flyback converters can be employed [6][7]. An
assessment about the crucial active rectifiers, highlighting the
key features of the different topologies, is presented in [8] and
[9]. In order to avoid the necessity of two power stages,
bridgeless converters are also applied as active rectifiers,
allowing the same benefits of controlled grid current, total
power factor and output voltage [10]. Extended reviews of
bridgeless active rectifiers based on symmetrical and
asymmetrical schemes are presented in [11], [12], and [13].
Besides the bridgeless converters, interleaved converters are
also a pertinent set of active rectifiers [14]. In the similar
background of power quality improvement, new topologies of
grid-tied inverters are emerging as an alternative to the
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conventional full-bridge and neutral-point clamped inverters,
mainly as a support for renewables interface. Therefore, in a
smart grid perspective, joining in a single converter the
characteristics of an active rectifier and a grid-tied inverter,
represents a central asset for several applications including
bidirectional electric vehicle battery chargers and active power
filters with renewables interface [15][16]. In this context, a
bidirectional interleaved three-phase (BIT) converter with a
novel control strategy is presented in this paper.

In terms of control, the nonlinear hysteresis and the linear
sinusoidal pulse-width modulation (SPWM) are the most
conservative current control schemes [17][18]. Also
fuzzy-controllers, sliding mode, periodic sampling, or
feedforward strategies can be applied for current control
schemes [19]. Besides such arrangements, with the progress of
microcontrollers over the last decades, predictive arrangements
appear as more intuitive strategies for power electronics
converters. Moreover, with predictive controllers the
nonlinearities of the converter can be involved in the control
scheme (for instance, the passive filters values), representing a
significant gain comparing to other schemes [20]. Dead-beat,
hysteresis-based, generalized predictive control,
trajectory-based and predictive control with continuous control
set or with finite control set are the main predictive schemes
applied in power electronics converters [20]. Predictive control
has been useful for a varied range of applications due to its
flexibility, including voltage and current source converters
[21], shunt active power filters [22], and uninterruptible power
supplies [23].

Aiming to establish a grid current control scheme, any of
the aforementioned strategies can be applied. However, in the
scope of this paper, the BIT converter is controlled by a
scheme based on a continuous control set predictive control,
representing one of the main contributions of this paper. It was
selected this strategy, since it was never applied as a control
scheme for a BIT converter and due to the simplicity of digital
implementation, flexibility to accommodate the nonlinearities
of the converter, and fast response for a wide range of
operating power. Therefore, the state of the BIT converter is
defined according to the output of a modulator, maintaining a
fixed switching frequency with the inherent advantages for the
passive filters design. Taking into account the scope of this
paper, the main contributions are: novel control strategy based
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Fig. 1. Bidirectional interleaved three-phase (BIT) converter connected to the power grid for the operation as active rectifier or as grid-tie inverter.

on predictive control for a BIT converter; description of the
predictive control applied to the BIT converter in detail and as
a comprehensive method; experimental validation of the
predictive control applied to the BIT converter, i.c., operating
with sinusoidal grid currents, power factor, and dc-link voltage.

The rest of this paper is structured as follows. The detailed
description of the BIT converter is presented in section II, the
proposed predictive control scheme for the BIT converter is
presented in section III, the experimental validation is
presented in section IV, and the main conclusions are presented
in section V.

II. DESCRIPTION OF THE BIDIRECTIONAL INTERLEAVED
THREE-PHASE (BIT) CONVERTER

The structure of the BIT converter is shown in Fig. 1,
which is composed by a single-phase full-bridge boost-type
voltage-source converter for each phase, i.e., by six IGBTs
legs, two for each phase, and each leg has a coupling inductor
to interface the power grid. The dc-link is formed by two
capacitors with the middle point connected to the neutral of the
power grid, allowing the operation of the BIT converter in
four-wire systems (useful, for instance, for three-phase
four-wire active power filters). With this topology, the ripple of
the grid current is reduced by a factor of 2 (corresponding to
the number of legs of each phase), and the resultant switching
frequency is increased also by a factor of 2. This is especially
advantageous for a well-defined grid current ripple and
frequency, since the required switching frequency can be
reduced when compared with the conventional solutions.
Moreover, the current rating of each IGBT is reduced by a
factor of 2, as well as the switching and conduction losses
when compared to the conventional solutions.

During the operation as an active rectifier (receiving energy
from the power grid) or as a grid-tie inverter (delivering energy
to the power grid), the BIT converter operates with sinusoidal
grid currents and the phase angle between the current and the
voltage of each phase can be individually controlled in order to
adjust the total power factor. Using the phase a as example, the
voltage vear (between points x, and n) and the voltage veus:
(between points y, and ) are positive (+v4e;+va:2) or negative
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(-Vder-vae2) independently of the power grid voltage half-cycle.
However, the summing of these voltages (vey o7 With ve, 5/), 1.€.,
a phase-to-phase voltage, assumes the voltage levels -vg, 0,
and +vg., where v is the summing of vg.; with vy, resulting in
a three-level voltage. Considering this phase-to-phase voltage,
during the period when vg, > vg, the phase-to-phase voltage
assumes the levels of 0 and +vg, and when vg, <vg, the
phase-to-phase voltage assumes the levels of 0 and —vy.

III. PREDICTIVE CONTROL SCHEME

A predictive is used to control the different operating
conditions of the BIT converter, i.e., to regulate the grid current
as a function of its reference. The control scheme guarantees
that the three grid currents (igs, g, and i,) are sinusoidal,
regardless of the harmonic distortion of the power grid voltages
(Vga» Veb, and vg), are balanced through the three phases, and
the phase angle between each grid current and the respective
phase voltage can be controlled, allowing the operation with
adjustable power factor (capacitive or inductive). Therefore,
the BIT converter can operate in four quadrants, representing a
powerful solution for several applications, mainly, renewables
interface, bidirectional electric vehicle battery chargers, motor
drivers, active rectifiers, and active power filters.

Analyzing the BIT converter from the power grid, it can
operate in two distinct modes: operation similar to a balanced
and linear load with adjustable operating power and power
factor; operation similar to an energy source injecting energy to
the power grid. In both modes, besides the active power
control, the reactive power can also be controlled. Therefore,
the instantaneous values of the grid currents (ignc;) are a
function of the power grid voltages (Vg p.c1):

igtan,ey () = f Wgiana (D), )

where a, b and ¢ are the power grid phases. For the BIT
converter operation in the four quadrants, the function should
be established in terms of a signal in phase with the power
grid voltage (in order to control the active power) and another
one with a phase-shift of 90 degrees (in order to control the
reactive power), resulting in a control equation of:



ig{a,b,c} (t) = fP{a,b,C}(t)ng{a,b,c}(t) + @)
fQ{a,b,c}(t)ng{a,b,c} (t);

where both fprap.c(f) and foa s c(f) terms are controlled in terms
of amplitude, aiming to adjust the operating active and reactive
power. The instantaneous values of the signals veps () and
Veotabe/(f) are obtained from a phase-looked loop (PLL)
algorithm, where the power grid voltages v/, 5 (f) are the input
signals of such PLL [24]. The term fpsq.c/(f) is established to
adjust the operating active power (Pp(f)) and the power
necessary to regulate the dc-link voltage (Ppc(?)), according to:

f (t) = Pgira(t) Peirp (D) Ppc(t)
PELTET T Vea (O Vap (0 Va2 () 3 Vgl *(0)
Pgira () Prrp (1) Ppc(t) 3)
Voo  (©) Vop (0 Ve () 3V (1)
Pgirp () Pgrre () Ppc(t)
Voo (©) Vip (0 Ve () 3 V2 (0)

and the term fop/c(f) is established to adjust the operating
reactive power (Ogr(f)), according to:

Qpira(® Qprp (V)
Vaa > (©) Ve (0) Vi 2 (0)

Qprra(®) Qprp ()
Vea” (0 Ve (©) V2 (D)

Qs (V) Qprrc(©)
Vea (0 Ve (0 Ve 2 (O

where Ve, are the rms values of each phase voltage. The
currents established in (1) are the reference currents for the
BIT converter. Therefore, a precise and robust digital control
strategy is required, maintaining a low computational effort. In
the scope of this paper, a predictive control based on
continuous control set is proposed as a new control scheme for
the BIT converter, controlling the grid current with fixed
switching frequency.

In order to simplify the current control analysis, Fig.2
shows in detail the phase a of the BIT converter connected to
the power grid (leg formed by the inductances L; and L, and
by the IGBTSs sy, 52, 53, and s4). For the leg formed by s; and s,
the voltages are related according to:

Vga (t) - lea(t) — VR1a (t) - vcv_al(t) =0, (5)

where v, 41(t) is the voltage established by the converter for
the first leg of phase a in accordance with the dc-link voltage
(cf. Fig. 1), vi(7) is the inductance voltage, and vg(¢) the
inductor internal resistance voltage drop. Substituting the
inductance voltage, results in:

dipgq(t)
dt

Regarding a digital implementation, the grid voltage variation

fQ{a,b,c} @® =

“

Vga (© = Liq — Vp1a(t) — Vev_a1 ) =0. (6)
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Fig. 2. Detail of phase a of the BIT converter.

during a sampling period [£-1, k] can be determined by:

3 1
%[k] = Evga[k] - Evga[k - 1] . (7)

As example, this strategy was adopted in [25] for an improved
predictive strategy. The same method can be applied to
determine the variation of the resistance voltage. On the other
hand, applying the forward Euler method to discretize the
inductance voltage during a sampling period [k, k+1] with a
sampling period of 7§, results in:

igal [k + 1] - igal [k]
T '

vy [k] = Lig (®)

Therefore, the final digital control law, i.e., the voltage

established by the BIT converter in the first leg of phase a (leg
formed by the IGBTs s; and s.), is established as:

3 1
Vevg, [k] = E'Uga[k] - Evga[k -1] -,

s [k + 1] = igqa k] 9)

la

N

3

1
ERlaiRla[k] - ERlaiRla[k - 1] »

Analyzing this equation and excepting the value of
igai[k+1], the other values are obtained from the measurements
in the instant [£], i.e., at the beginning of the sampling period.
However, in order to control the grid current during each
sampling period [k, k+1], it is necessary to know the grid
current future value of irj[k+1]. This value in [k+1]
represents the value that the current should have in order to
minimize the current error, i.e., this is the value used as
reference (ir;.*[k+1]) taking into account the operating power
of the BIT converter. The current error is minimized when the
mean value of the grid current during the sampling interval
[k, k+1] reaches the constant value of the reference current
predicted for such period. In this context, discretizing the grid
current reference for the phase a established in (1), results in:

iga [k] = fra [k]nga [k] + an[k]UgQa [k] . (10)

Taking into consideration that the grid current in phase a is
divided in two currents with the same amplitude and
frequency (each one for each leg of such phase), the reference
for the first leg is obtained according to:



igalk
] = 240 (an
Using (11), the predicted grid current (ige;) for the instant
[k+1] can be obtained using the past and present values of ig;
(determined in previous sampling periods) and using a

second-order extrapolation method established by:

igar[k + 1] = 3igar [k] = 3igas [k — 1] + igar[k — 2].  (12)

This extrapolation method, applied to predictive strategies of
power electronics converters [26], allows to obtain the value
of igai[k+1] to be used in (9). Therefore, the grid current is
measured in [k] and during the sampling period [k, k+1] it is
forced to follow the predicted reference for [k+1]. The same
reasoning is directly applied for the next sampling period
([£+1, k+2]) and for the other legs of phases b and c. Using
this strategy, a prediction horizon of one is considered, but as
presented in [27][28], longer prediction horizons can be
considered. Section IV presents the experimental validation
where the sampling and switching frequencies are introduced.

For the correct operation of the BIT converter, the
introduction of a dead-time in each leg is required. However,
the introduction of such dead-time causes a distortion in the
voltage established by the BIT converter in each leg, and,
consequently, in the obtained grid currents (iga, igp, and igc).
Therefore, an additional control strategy is added to the
predictive control aiming to compensate the introduction of
the dead-time. Thus, a digital value (Av), determined
according to:

2At .

Av = Tsvdc sgn(iy), (13)
where At is the dead-time value and 7s the period of the
carrier. The compensation value Av is added to the reference
voltage throughout the positive half-cycle and subtracted
throughout the negative half-cycle. Therefore, the final
reference voltage is obtained according to:

Vevg, k] = Vey,, [k] + Av. (14)

The value of the voltage established by the BIT converter
(Vevar*[k]) is updated during each sampling period and
compared with a triangular carrier (center aligned 20 kHz
signal) in a pulse-width modulation (PWM) structure. Since
for each phase two legs of IGBTs are used, and the BIT
converter operates in an interleaved mode, two triangular
carriers shifted by 180 degrees are used. Therefore, the
resulting current in the power grid has a resultant frequency of
40 kHz, i.e., the double of the switching frequency.

IV. EXPERIMENTAL VALIDATION

The laboratorial prototype of the BIT converter used for the
experimental validation is presented in Fig. 3. It is composed
by three essential parts: acquisition and signal conditioning;
digital controller; command circuit and BIT converter. The
main specifications of this laboratorial prototype are presented
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Fig. 3. Laboratorial prototype used
converter.

he experimental validation of the BIT

in Table I. The results were obtained with a Yokogawa digital
oscilloscope and a Fluke power quality analyzer with
non-differential voltage probes.

TABLE I
SPECIFICATIONS OF THE BIT CONVERTER.

Parameters Value

Single-Phase Voltage 230V

Grid Current Total Harmonic Distortion <3%
Maximum Power 10 kVA

Grid Side Inductors Ly ¢ 2 mH
Dc-link Capacitors Cyj 2.6 mF
Switching and Sampling Frequency 20 kHz

Fig. 4 shows the power grid voltages (Vga, Va5, and vg.) and
the grid currents (iga, igs, and ig) during the operation of the
BIT converter as an active rectifier with unitary power factor.
As it can be observed, due to the aforementioned control
strategy based on predictive control, balanced and sinusoidal
grid currents are obtained although the harmonic distortion of
the power grid voltages (THD =4.1%). Using a FLUKE 435
power quality analyzer, the measured THD and the harmonic
content of the grid currents are shown in Fig. 5.

Fig. 6 shows the phase-to-phase voltage (ve.45) assumed by
the BIT converter, the current in each IGBT leg of phase a (igas
and ig2), and the dc-link voltage (va). As expected, the
phase-to-phase voltage assumes the three values of —v4., 0, and
+va, both currents of phase a are in phase (although the ripples
are in phase opposition), and the dc-link voltage (va) is
constant. The resultant current in the power grid side, i.e., the
grid current (ig,), is the summing of both currents igal and ig>.
The same is applicable for phases b and c.

A detail of both currents in phase a (ige; and igq2) and the
resultant grid current (ig) is shown in Fig. 7. In this specific
case, when the grid current crosses the zero (where the
duty-cycle is almost 50%), the ripple of the resultant grid
current (ig,) is almost neglected, representing an important
advantage of the BIT converter.

The same variables are shown in Fig. 8, but for a different
angle, i.e., showing the amplitude and frequency in the ripple
of the resultant current (ig.). In this case, as the duty-cycle is
different from 50%, it is clearly identified that the ripple of the
resultant current has the double of the switching frequency, i.e.,



Fig. 4. Experimental results showing a detail of 50 ms: Power grid voltages
(Vea> Vgbs Vee); Grid currents (igq, igp, igc).
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Fig. 5. Experimental results of the THD and harmonic content of the grid
currents (iga, igh, igc).

=

Fig. 6. Experimental results showing a detail of 50 ms: Phase-to-phase voltage
(Veras); Currents in phase a (igas, iga2); Grid current of phase a (ig,); Dc-link
voltage (V).

the frequency presented in the grid currents (igas, iga2) Tipple.
This figure also shows in detail the phase-to-phase voltage,
where, in this case, the two voltage levels 0 and +vg can be
identified, since these experimental results were obtained
during the positive half-cycle. Fig. 9 shows the power grid
voltages (Vea, Vab, and vg.) and the grid currents (iga, igs, and igc)
during the operation as an active rectifier with an active power
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Fig. 7. Experimental results showing in detail of 200 ps: Currents in phase a
(igat, iga2); Grid current of phase a (ig,).
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Fig. 8. Experimental results showing a detail of 500 us: Currents in phase a
(igat, iga2); Phase-to-phase voltage (ve,s); Grid current of phase a (ig,).

active and reactive inductive powr.'r a.clne and reactive capa.(:llwe power

Fig. 9. Experimental results showing a detail of 50 ms of the power grid
voltages (Vea Veb, Vo) and grid currents (iga, igs, io) during operation with: (a)
Active and reactive inductive power; (b) Active and reactive capacitive power.

of 8 kW and a reactive power of 4 kVAr, both inductive
(Fig. 9(a)) and capacitive (Fig. 9(b)).

V. CONCLUSION

A novel control strategy based on predictive control for a
bidirectional interleaved three-phase (BIT) converter is
presented. Along the paper is highlighted the importance of the
BIT converter for several applications, as well as the good
performance of predictive control in terms of precision and
robustness, permitting to control the ac side current with fixed



switching frequency and with a faster response. The control
equations of the digital implementation are described in detail
and in a comprehensive approach. A laboratorial prototype is
described, and obtained experimental results under realistic
circumstances of operation corroborate the suitability of the
predictive control applied to the BIT converter.
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