
Eletrôn. Potên., Joinville, v. 24, n. 1, p. 66-72, jan./mar. 201966

Six-Phase Bidirectional Rectifier: Modelling, Control and Experimental Results in αβ 
Reference Frame
Cesar A. Arbugeri, Samir A. Mussa

SIX-PHASE BIDIRECTIONAL RECTIFIER: MODELLING, CONTROL AND
EXPERIMENTAL RESULTS IN αβ REFERENCE FRAME

Cesar A. Arbugeri, Samir A. Mussa
Universidade Federal de Santa Catarina–UFSC, Departamento de Engenharia Elétrica e Eletrônica–EEL

Instituto de Eletrônica de Potência – INEP, Florianópolis – SC, Brasil
e–mail: cesar.a@inep.ufsc.br, telles@inep.ufsc.br, samir@inep.ufsc.br

Abstract – Poly-phase machines have been used for
many years in motor drives and more recently in wind
power generation. In wind generation the most common
poly-phase system is the six-phase, which consists of a dual
three-phase system, shifted by 30 electrical degrees from
each other and with no neutral connection. Typically, this
system employs a twelve-pulse diode rectifier to convert
AC to DC voltages. Better results can be achieved
employing an active rectifier, since it can provide lower
distortion in generator currents and regulated output
voltage. However, the dynamic and stationary model
of this converter are not reported in the literature,
taking that into account, this paper proposes a six-phase
active rectifier topology for a dual three-phase system.
A stationary frame reference for six-phase system is
applied to obtain the converter dynamic model in the
αβ coordinates and thus a control strategy is proposed
in this frame reference. The proposed topology and
control strategy were experimentally verified with a 12
kW prototype. The results were appropriated, providing
a regulated output voltage, an input current with reduced
harmonic distortion and thus high power factor.

Keywords – Control, PFC, Rectifier, Six-phase,
Stationary Frame Reference.

I. INTRODUCTION

Poly-phase machines are a viable solution for a wide range
of applications, not only in motor drives, but also in electrical
generation. Due to the employment of power electronics in
most of the motor drives and renewable energy, the connection
of these poly-phase machines with three-phase mains are not
a restriction. The use of poly-phase systems provides several
advantages, especially in terms of fault tolerance.

Historically, the use of diode and thyristor rectifiers brought
the concern about power factor and problems caused in the
electrical grid, due to high Total Harmonic Distortion (THD)
of the currents drained from the mains. However, the creation
of international standards (for example IEC 1000-3-2 and
IEEE 519) has imposed firm restrictions to current harmonic
distortion in modern rectifiers, which narrows the use of
passive rectifier.

This fact stimulated the study, development and
improvement of several topologies in the field of power
electronics, while aiming to provide power factor correction.
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Some works, such as [1]–[6], proposed power converters
employing diode bridges with some sort of active control,
and thus the boost type converters became the most popular
topology for operation as power-factor correction (PFC)
converter in single-phase systems.

On the other hand, in three-phase PFC rectifier the most
popular topology is the two-level voltage-source converter
(2L-VSC), which provides a reduced harmonic distortion in
the input current and a regulated output voltage. This topology
is widely studied in the literature [7]–[9], and several control
approaches were proposed to ensure a proper operation as
a rectifier, the most common strategies being the classical
control in the stationary frame reference (αβ coordinates) or
in the synchronous reference frame (dq coordinates).

Poly-phase systems have become more relevant and more
employed, initially in motor drives applications, aiming a
better performance in high power applications, being usual
system of 5, 6, 9 and 12 phases, applied in traction applications
[10]–[13]. And more recently in power generation, especially
in wind systems [14]–[19]. In conventional six-phase
generation, twelve-pulse diode rectifiers are employed in
the ac-dc voltage conversion, and this solution has been
showing good results. Nevertheless, the use of active rectifiers
that provide a lower distortion on generator currents and a
regulated output voltage might become more attractive.

The work [20] presented the basic operation of a six phase
active rectifier validating the models and control with numeric
simulations, which are experimentally validated in this paper,
thoroughly corroborating the simulation results. Besides, a
more precise model for the output voltage transfer function
is obtained through the use of the converter’s the power
equations, and a static analysis of the converter is presented
providing project criteria for the selection of passives and
active components.

The objective of this paper is to propose a six-phase active
rectifier topology, as well as models and a control strategy
in stationary frame reference which aims to provide an input
current with reduced harmonic content and regulate the output
voltage. The proposed methodology can be applied not only
in six-phase generation systems, but also in motor drives
employing a back-to-back configuration. The remainder
of this paper is organized as follows: the converter basic
operation is presented in Section II, describing the topology
and modulation strategy. The converter dynamic model in a
stationary reference frame is deducted in the Section III. In
Section IV are presented the static analysis and an example
of project for the converter, including a control proposal.
The models and the converter operations are validated by a
prototype and the results are shown in Section V. Conclusions
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Fig. 1. Six-phase two-level voltage-source active PWM rectifier
topology.

are presented in Section VI.

II. SIX-PHASE TWO-LEVELS VOLTAGE SOURCE
CONVERTER

This section presents the six-phase two-levels voltage-
source converter and its principle of operation.

A. Six-Phase Rectifier Topology and Operation
The rectifier is a two-level voltage-source converter

topology, as presented in the Figure 1. Each leg of
the converter is composed by two active switches driven
by complementary gate signals. The converter is current
bidirectional fed by a six-phase source, e.g., a dual three-
phase generator or a wye/delta-wye transformer. In this paper,
this source consists of a dual three-phase system where one is
shifted by 30 electrical degrees from the other and without a
neutral connection. This neutral disconnection is due to the
machine windings, which are connected in two sets of three,
avoiding common mode current circulation and generating the
six-phase system as a dual three-phase system.

B. Modulator Scheme
The operation of the six-phase converter is similar to

a three-phase two-level converter. The main difference
is the phase quantity. The modulation scheme for the
converter consists of a bipolar PWM – the modulator signal
is generated by the controllers and compared with a triangular
carrier, generating the gate signal. This signal controls the
upper switch, while the lower switch is controlled by its
complementary.

Other modulators can also be employed, such as a space
vector modulator. However, choosing the suitable vectors and
its application time is very complex, mostly due to the high
number of vectors and the higher dimension of the system
model. Since this work is focused in the converter modelling
and control, a simple modulation strategy was adopted.

III. STATIONARY REFERENCE FRAME CONVERTER
MODELLING

The dual three-phase system voltages are not independent,
i.e, there is a coupling among phases. However, the system
models can be represented in stationary reference frame (αβ )
or synchronous reference frame (dq). The advantage of
employing the dq transformation, is representing the voltage
and current fundamentals by constant values. Nonetheless,

there is a coupling between the axes in this reference frame.
In this paper, an αβ transformation is employed due the
decoupling provided among phases.

At a first moment, the stationary frame transformation is
shown, transforming the six-phase reference frame into two
αβ planes and two common mode voltages. Afterwards, the
linearized models for the input current and the output voltage
transfer functions are presented, which are then used for the
controller design.

A. Alpha Beta Stationary Frame Reference Transformation
This linear transformation was initially proposed in [21] for

three-phase systems and in a second moment generalized for
poly-phase systems in [22], and consists in a transformation
matrix exposed in (1). This transformation is proposed to
decompose the original six-dimensional rectifier into three
two-dimensional orthogonal subspaces (α1,β1), (α2,β2) and
(01,02). The fundamental components of the rectifier and the
harmonics of order k = 12n± 1, n = {1,2,3, . . .} are mapped
in the (α1,β1) subspace. The harmonics of order k = 6n± 1,
n = {1,3,5, . . .} are mapped in the (α2,β2) subspace and the
zero-sequence components are mapped in the (01,02) subspace
[23].
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. (1)

Due to geometry and machine characteristics, such as
the rotating field and positioning of the coils, the voltage
generated will be mapped in the (α1,β1) subspace, implying
that only currents with belong to this subspace are capable of
generating active power. However, it is important to control
the currents in the subspace (α2,β2), even though they are not
capable of generating active power, as these components can
increase system losses.

B. Input Current Transfer Function
To determine the current transfer function, the converter

is represented by its equivalent circuit model depicted in the
Figure 2.

For the purpose of obtaining the current transfer function,
the converter output voltage (Vo) is considered constant and the
converter legs are replaced with controlled voltages sources.
The instantaneous value of this sources are determined by the
output voltage and the duty cycle average value in a period Ts,
as showed in (2), where di(t) is the instantaneous periodical
average value relative to the phase i.

〈vSi(t)〉Ts
=Vo

(
di(t)− 1

2

)
, i ∈ {1,2,3,4,5,6}. (2)

The equivalent circuit also explicits the common mode
voltages between the source neutral points and the ground
reference point (VCM1 and VCM2). From the equivalent circuit
is possible to obtain the equations described in the matrix form
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Fig. 2. Input equivalent circuit model of the Six-Phase Rectifier
Topology.

as in (3), assuming an unique the inductance value of L for all
the inductors.
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By substituting (2) into (3) and rewriting the equation in a
compact form results in (4).

[vin(t)] = L
d
dt

[iL(t)]+ vo [d(t)]−
[

Vo

2

]
+[vCM] . (4)

Applying the stationary frame transformation (1) in (4)
results in (5), which represents the system equations in αβ .
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. (5)

Equation (5) can also be represented by the equivalent
circuits shown in Figure 3, which accurately represents the
three-phase rectifier in αβ coordinates. By inspection, it
is possible to notice that the system is decoupled, i.,e, the
relationship between inputs and outputs of the MIMO system
can be expressed as six different SISO systems.

The transfer function of the system is then obtained by
equating the equivalent circuit as in (6) and linearizing around
an equilibrium point, resulting in (7).

vx(t) = L · d
dt ix(t)+ vo ·dx(t), x ∈ {α1,β1,α2,β2}. (6)
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Fig. 3. Input equivalent circuit in αβ coordinates (a) α1 and α2
components circuit, (b) β1 and β2 components circuit and (c) 01 and
02 components circuit.

L · d
dt

ĩx =−Vod̃x. (7)

Therefore, each controllable SISO system can be described
by the transfer function described in (8). Since the transfer
function is the same for α1, β1, α2 and β2, the controller
design can be replicated for the four current controls.

ĩx(s)
d̃x(s)

=− Vo
s·L , x ∈ {α1,β1,α2,β2} . (8)

Besides, the 01 and 02 components equivalent circuits are
open, as it is assumed that there is no common mode current
circulation, which implies that they cannot be controlled. This
occurs due to the disconnection between the neutral points.
and generates the common mode voltages displayed in the
equivalent circuit in the Figure 2, similarly to a three-phase
three-wire converter.

C. Output Voltage Transfer Function
The output voltage transfer function is obtained through the

power equation of the converter as in (9).

Pin = L · iL
d
dt

iL +Co · vo
d
dt

vo +
v2

o

Ro
+Losses. (9)

Disconsidering losses and representing the variables in the
stationary reference frame the equation results in (10).

vαβ iαβ = L · iαβ
d
dt

iαβ +Co · vo
d
dt

vo +
v2

o

Ro
. (10)

Applying the small signal model and the Laplace
transformation in (10) results in (11).

ṽo(s)
(

RoCoVos+2Vo

Ro

)
= ĩαβ (s)

(
Vαβ −LIαβ

)
. (11)

Hence the transfer function can be written as in (12).

ṽo(s)

ĩαβ (s)
= Ro

Vαβ −LIαβ s
2+ sCoRo

. (12)

By substituting the real project parameters in (12) results in
(13), where the input current and voltage (Iαβ and Vαβ ) in (13)
are the peak values.
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equivalent circuit in the Figure 2, similarly to a three-phase
three-wire converter.

C. Output Voltage Transfer Function
The output voltage transfer function is obtained through the

power equation of the converter as in (9).

Pin = L · iL
d
dt

iL +Co · vo
d
dt

vo +
v2

o

Ro
+Losses. (9)

Disconsidering losses and representing the variables in the
stationary reference frame the equation results in (10).

vαβ iαβ = L · iαβ
d
dt

iαβ +Co · vo
d
dt

vo +
v2

o

Ro
. (10)

Applying the small signal model and the Laplace
transformation in (10) results in (11).

ṽo(s)
(

RoCoVos+2Vo

Ro

)
= ĩαβ (s)

(
Vαβ −LIαβ

)
. (11)

Hence the transfer function can be written as in (12).

ṽo(s)

ĩαβ (s)
= Ro

Vαβ −LIαβ s
2+ sCoRo

. (12)

By substituting the real project parameters in (12) results in
(13), where the input current and voltage (Iαβ and Vαβ ) in (13)
are the peak values.

ṽo(s)

ĩαβ (s)
=

√
3VpRo
Vo

− LVo√
3Vp

s

2+ sCoRo
. (13)

It is possible to notice that the transfer function has a zero
on the right half plane as occurs on the three-phase boost
type rectifier or in the DC-DC boost converter. The non-
minimal phase systems are, in general, harder to control in
comparison to minimal phase systems, so it is important to
take into account the zero in the voltage transfer function.

IV. STATIC ANALYSIS AND PROJECT EXAMPLE

This section aims to present a criterium for the
determination of the converter’s parameters, as well as voltage
and current stress in the semiconductors. The section also
experimentally validates the presented models with a project
example. The control block diagram of the cascaded control
strategy is presented in Figure 4, which shows the sampled
variables for the control and both voltage and current control
loops.
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Fig. 4. Converter and control block diagram.

A. Converter Parameters and Stress of the Semiconductor
Devices
The current ripple depends on the voltage on the input

inductance, given by (14).

∆I =
1
L

∫ ∆t

0
vLdt. (14)

The maximum ripple occurs at the input voltage peak,
which for phase A occurs at ωt = π/2. Hence the inductance
can be determined by equation (15).

L =
Vp

∆I · fs

(
1
2
−

Vp

2Vo

)
. (15)

The DC bus capacitor can be determined by the hold-up
time criteria. Since the output power is constant, similar to any
poly-phase system, the dc bus capacitance is given by (16).

Co =
Po · tHU

V 2
o ∆V%

. (16)

The voltage stress in the switches is given by the DC bus
voltage, given by (17).

VSmax =Vo. (17)

Diode average and RMS current values are determined by
(18) and (19), respectively.

IDavg =
Po(2Vo +πVp)

12πVpVo
. (18)

IDrms =
Po

6Vp

√
16Vp +3πVo

6πVo
. (19)

The semiconductor devices average and RMS are described
by (20) and (21), respectively.

ISavg =
Po(2Vo −πVp)

12πVpVo
. (20)

Switch RMS current:

ISrms =
Po

6Vp

√
3πVo −16Vp

6πVo
. (21)

B. Converter Specifications
The parameters obtained for the converter design from the

previously obtained equations are summarized in Table I.

TABLE I
Converter Parameters in Simulation

Parameter Value
Voltage Source frequency fg = 60 Hz

Switching frequency fs = 9990 Hz
AC Voltage input Vin = 220 VRMS

DC Voltage output Vo = 800 V
Output Power P0 = 12 kW

Input Inductance Lin = 2 mH
Output Capacitance C0 = 4700 µF

Load Equivalent Resistance R0 = 53 Ω

For the given design specification, the following design
constraints were adopted: for the inductance, a maximum
ripple of 20% at the peak current was considered, while a hold
up time of 33 ms and a voltage ripple less than 10 % (∆V %)
were considered the capacitance design.

C. Model Validation
To validate the converter model, the time domain response

of the converter and the linearized model were compared
while applying an input disturbance. Figure 5 shows the
response for a duty cycle disturbance, which demonstrates the
superposition of both responses.

Figure 6 demonstrates the response of the output voltage
for a current step. A small difference between the transfer
function and the circuit response was observed, especially in
the static gain. Most of the difference is due to the inductance
resistance and a minor difference due to non-ideality of the
semiconductors. However, the difference is very small and
the transfer function is a representative model, which can be
employed in the control design.
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D. Control Design
The control strategy consists in two cascaded control loops,

a faster inner loop that controls the input currents and a slower
loop which is responsible for controlling the DC link voltage.
A block diagram of the proposed control strategy is presented
in Figure 7, where the variables indicated with an asterisk are
the references for the control loops.
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Fig. 7. Stationary reference frame control strategy block diagram for
the six-phase PWM active rectifier.

The voltage controller input is the DC voltage error and
its output controls the αβ currents amplitude. The voltage
controller output is multiplied by sine waves generating the
α1β1 currents reference, while the α2β2 currents reference are
always.

The input currents (in αβ coordinates) are subtracted from
the currents references, resulting in the currents error, which is
applied to the current controllers generating the duty cycle in
αβ reference frame. On applying the inverse transformation
on it, the duty cycle for each arm is obtained.

For a proper closed loop operation, two compensator were
designed to control the input current and the load bus voltage.
As previously discussed, the current and voltage transfer
functions used for the controller project are presented in (8)

and (13), respectively.
The chosen compensator was a proportional integrator (PI)

controller, projected to reject step disturbances, as presented
in (22).

PI(s) = KPI
1+ sTPI

sTPI
. (22)

To design the PI controller, the root locus method was
employed, with the parameters arbitrated for the closed loop
response for the current loop a damping higher than 0.7
(ζ > 0.7) and a natural frequency lower than 4π

10Ts
(ωn <

4π
10Ts

).
The criteria for the voltage loop was ζ > 0.9 and ωn <

4π
20Ts

obtaining the current and voltage controllers respectively
shown in (23) and (24).

CI(s) = 1.1
1+10−4

s10−4 . (23)

CV (s) = 28
1+6 ·10−3

s6 ·10−3 . (24)

V. EXPERIMENTAL RESULTS

In this section the modelling and the structure are validated
by a prototype, presented in Figure 8. The parameters
presented in the Table I were used for the project of the
converter.
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Fig. 8. Six-phase voltage converter prototype.

A. Converter Prototype and Experimental Results
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Fig. 9. Six-phase input voltages and currents of the converter
operating in steady state.

The operation of six-phase rectifier using the control
strategy proposed is experimentally verified and the results
are presented as the following. Figure 9 shows the six-phase
inductor currents which are drawn from source, the currents
are approximate to a sinus wave indicating a high power factor.
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D. Control Design
The control strategy consists in two cascaded control loops,

a faster inner loop that controls the input currents and a slower
loop which is responsible for controlling the DC link voltage.
A block diagram of the proposed control strategy is presented
in Figure 7, where the variables indicated with an asterisk are
the references for the control loops.
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The voltage controller input is the DC voltage error and
its output controls the αβ currents amplitude. The voltage
controller output is multiplied by sine waves generating the
α1β1 currents reference, while the α2β2 currents reference are
always.

The input currents (in αβ coordinates) are subtracted from
the currents references, resulting in the currents error, which is
applied to the current controllers generating the duty cycle in
αβ reference frame. On applying the inverse transformation
on it, the duty cycle for each arm is obtained.

For a proper closed loop operation, two compensator were
designed to control the input current and the load bus voltage.
As previously discussed, the current and voltage transfer
functions used for the controller project are presented in (8)

and (13), respectively.
The chosen compensator was a proportional integrator (PI)

controller, projected to reject step disturbances, as presented
in (22).

PI(s) = KPI
1+ sTPI

sTPI
. (22)

To design the PI controller, the root locus method was
employed, with the parameters arbitrated for the closed loop
response for the current loop a damping higher than 0.7
(ζ > 0.7) and a natural frequency lower than 4π

10Ts
(ωn <

4π
10Ts

).
The criteria for the voltage loop was ζ > 0.9 and ωn <

4π
20Ts

obtaining the current and voltage controllers respectively
shown in (23) and (24).

CI(s) = 1.1
1+10−4

s10−4 . (23)

CV (s) = 28
1+6 ·10−3

s6 ·10−3 . (24)

V. EXPERIMENTAL RESULTS

In this section the modelling and the structure are validated
by a prototype, presented in Figure 8. The parameters
presented in the Table I were used for the project of the
converter.
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The operation of six-phase rectifier using the control
strategy proposed is experimentally verified and the results
are presented as the following. Figure 9 shows the six-phase
inductor currents which are drawn from source, the currents
are approximate to a sinus wave indicating a high power factor.

5 A/div

100 V/div

v
1

i
1

Fig. 10. Input voltage and current for phase 1 of the converter
operating in steady state.

Figure 10 shows the input voltage and current for the phase 1.
In this case the converter operates with 50% of the nominal
power and presents a power factor of 0.995 and a T HDi =
8.96%. Most of the harmonic distortion in the current is due
to harmonic components around the switching frequency.

The dynamic response for a load step of 50% of the
nominal power is displayed in the Figure 11, the output voltage
is regulated and the control provides an adequate dynamic
response, in accord to the control project criteria. The current
loop present a fast transient having a settling time of circa 2
ms, while the voltage loop is slower having a settling time of
proximately 30 ms.
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Fig. 11. Input current and output voltage dynamic response for a load
step of 50%.

If compared with the twelve pulse diode rectifier, which is
the commercial solution for power rectification in poly phase
wind power generation [15], the proposed converter presents
a regulated voltage output with higher voltage level, since
it is a boost type converter. Besides it presents a reduced
harmonic distortion in the currents drained from the generator,
the experimental prototype currents presented a T HDi =
8.96%, while twelve pulse diode rectifier current THD have
typical values circa 30%. The proposed PWM rectifier
reduces significantly the current lower harmonic components,
emphasizing the 12n± 1 harmonics, which cause oscillating
torque in the machine and the 12n± 5, that have no influence
in the torque, however contribute to the system losses.

VI. CONCLUSION

This paper proposed a six-phase two-level voltage source
rectifier, its model and a control scheme in stationary frame

reference. The presented converter model is a transfer function
aiming the employ of classical control technics. The model
was validated by simulation and it presented suitable results.

A stationary frame control strategy for the rectifier
was proposed and validated through simulation. The
control strategy demonstrated appropriated results, providing
a regulated output voltage, an input current with reduced
harmonic distortion and a high power factor. The proposed
topology may be employed in six-phase wind generation
systems when a lower current distortion or a regulated output
is desired.

The main contribution of this paper is the proposal of
an active rectifier for the six-phase system presenting the
modelling and a control strategy for the converter as a single
system, and not as a dual three-phase system, providing a
better control and operation of the system, while focusing on
technical aspects and the operation of the power converter.
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