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This paper proposes the virtual flux based direct power control for Vienna rectifier. No need for the
input voltage sensors, the current regulation loop and PWM voltage modulation block along with the
active and reactive power decoupling are some of the salient advantages of this method that make it
suitable for controlling the conventional active rectifiers. However, due to the three-level nature of the
Vienna configuration, balancing the output capacitors voltages is inevitable leading to a modified
virtual flux based technique. Applying this modification, a separate switching table has been jammed
into the proposed technique in order to control the capacitors voltages. Simulation results show the
superiority of the virtual flux technique over the conventional Vienna control techniques from point of
the mentioned advantages.
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1. INTRODUCTION

Active rectifiers have gained popularity in recent years.
This is due to the increasing use of ac to dc converters
and also some major drawbacks of their passive
counterparts [1, 2]. Vienna rectifier is a promising
active ac to dc converter due to its reduced switch count
and lower voltage stress which in turn lead to a reduced
switching loss. A three-phase three-level configuration
of a Vienna rectifier has been shown in Figure 1. It also
has the ability of boosting the input voltage and making
the power factor near unity [3-5]. Different conventional
control strategies including the carrier-based PWM
(continuous and discontinuous), space vector PWM and
hysteresis current control have been used to control this
converter.

A three-phase Vienna rectifier in reference [6]
controls the input current using the hysteresis band
control technique. Applying this method reduces the
total harmonic distortion (THD) and increases the
power factor. However, variable switching frequency
and higher switching loss are the disadvantages of the
proposed control method.

A discontinuous space-vector modulation for three-
level PWM Rectifiers has been proposed by
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Dalessandro et al. [7]. This technique is just applicable
in a limited range of the modulation index. Moreover,
strong and expensive microcontrollers are needed to
realize the proposed technique.

L. He et al. proposed a carrier-based discontinuous
pulse width modulation (CB-DPWM) method [8]. This
method is simple compared to the discontinuous PWM
method based on space vectors and guarantees normal
rectifier operation for all modulation index (m,) values.
Considering the important requirement (IR) factor, an
offset voltage will be calculated and then added to the
sinusoidal reference. Current values are not presented in
offset calculation so this method is not as sensitive as
methods which use current values.

The neutral point potential balance is of considerable
importance in designing the Vienna converter. Its
imbalances increase the equipment voltage stress and
also the system harmonics contents [9, 10]. A balanced-
factor-calculation based method has been proposed by
He and Chen [11] overcoming the problem by setting up
neutral point potential model and analyzing the detailed
reasons of neutral point imbalance.

This paper proposes the virtual flux based direct
power control (VF-DPC) for Vienna rectifier. VF-DPC
method has some salient advantages which make it
suitable for controlling the conventional active
rectifiers.
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In DPC, there are no internal current control loops and
no PWM modulator block, because the converter
switching states are appropriately selected by a
switching table based on the instantaneous errors
between the commanded and estimated values of active
and reactive power. On the other hand, the use of the
virtual flux signal for power estimation leads to lower
sampling frequency, a simpler voltage and power
estimation algorithm and a better dynamic [12].

The Vienna rectifier modeling has been described in
section 2. Section 3 states the virtual flux based direct
power control for Vienna rectifier which includes the
proposed switching table for capacitor voltage
balancing. Simulation results will then be carried out in
section 4.

2. VIENNA RECTIFIER MODELLING

Figure 1 shows the Vienna rectifier topology which is a
combination of a boost converter and a three-phase
diode bridge. Ry, Ry, Rz and Ly, Ly, L3 are the input three
phase resistors and inductors respectively. C, and C, are
the output DC link capacitors. Equations (1) to (3) show
the rectifier voltages and currents relationships [7]:
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where Uy k = a, b, o), IS the input three-phase voltage, I
is the input three-phase line current, Vig = a, b, ¢) IS the
converter three phase voltage and V; i = 1, 2 is the
capacitor voltage. Sy « = apc represents the state of
switches (1 for the on-state and O for the off-state) and
SGN (I k= abc) ) IS the current sign of each phase (1 for
possitive current sign and 0 for negative current sign).
The capacitors voltages are assumed balanced and equal
to Vyo/2.

Based on S, and SGN (ly), four different equivalent
circuits (Figure 2) are formed which determine Vi,

Considering phase a, when SGN (I,) =1 and Sy = 1,
point "a" is connected to the neutral point "m™ and V,,=
0 (Figure 2(a)).

Figure 2(b) shows the Vienna equivalent circuit with
the same current sign but Sy = 0. So point "a" is

connected to the positive polarity of C;and Vg, = Vg /2.

On the other hand, when SGN (I) = 0 and Sy = 1, point
"a" is connected to the neutral point "m" and V., = 0
(Figure 2(c)) and in the case of SGN (Iy) =0and S, =0
point "a" is connected to the negative polarity of C, and
Vam= —Va/2 which is depicted in Figure 2(d).
Equation(4) shows this relationship:

o = (L=S,).SGN(l,). ;C k=a,b,c (4)

According to Figure 1, the three phase input voltage can
be described as:

Van Vam an
Vbn = me + an (5)
\Y/ V \Y

cn cm mn

Assuming that the input voltages and currents are
sinusoidal and balanced, the neutral point voltage can be
calculated as follows:

VvV, +V, +V

vmn —__am ;m cm (6)

Replacing (6) into (5) yields:
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3. VF-DPC FOR VIENNA RECTIFIER

3. 1. Concept of Virtual Flux for Vienna Rectifier
In the virtual flux based methods, the grid voltage is
considered as a three-phase AC motor and the input line
resistances and inductances are assumed to be its
resistances and inductances, respectively. The virtual
flux (g#,) of this motor can be determined by
integration of its voltage in the stationary (af) reference
frame [12]:

¢a/3 = J.Uaﬁdt (8)

Using Equation (9), the converter voltage in the
stationary (af) reference frame is expressed by
Equations (10) and (11).

Figure 1. The Vienna rectifier topology
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Figure 2. Four different equivalent circuits of the Vienna
rectifier. a) SGN (I,) =1 and Sy =1, b) SGN (I,) =1 and Sy =
0,c) SGN (I) =0and S, =1d) SGN (ly) =0and S, = 0.
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Assuming that the input current is sinusoidal and
balanced, Ic can be rewritten as follows:

L+l +1,=0—>1 =-1,-1, (12)
1 1 |
L2t 2 2|
== | 13
R I )
2 Tk

The input resistance can be neglected, therefore the
input three phase voltage in the stationary (o) reference
frame can be written as:

di,

U, dt | | Ve
M o M 14)

dt

Consequently, the virtual flux equation is calculated in
terms of available input current and converter voltage
which eliminates the necessity to use the voltage
sensors:

B = [Vpdt+L1, (15)

In practice, a low-pass filter is used to avoid flux
saturating caused by DC offsets in current and voltage
sensing. However, this filter changes the flux magnitude

and phase. Compensating these errors, a compensator is
used which its block diagram has been shown in Figure
3 [13]. The estimated converter flux is as follows:

, . .
¢conv,a = ¢conv,a + ;C ¢conv,p‘ (16)
e
, . .
¢conv,ﬁ = ¢conv,ﬁ _;C¢conv,a (17)

e

where, w, is the cutoff frequency of low pass filter in
radians per second and w, is the synchronous angular
frequency which is equal to the fundamental frequency.
Equation (18) determines the flux angle.

-1 ¢
0=t Ta
an ( , ) (18)

The input instantaneous active and reactive power in
stationary aff coordinate are then given by Equations
(19) and (20):

P=> 04, 1,-4,1.) (19)
3
QZEO)(¢Q|Q+¢[}|A¢) (20)

3. 2. Realizing VF-DPC for Vienna Rectifier In
this method, the estimated instantaneous active and
reactive powers are compared with their reference
values. Errors then pass through two hysteresis
controllers which their outputs are defined as d, and dg
respectively [12].

3 Po —P>H,
d,=42 -H,<P,-P<H, 1)
1 Pu —P<-H,

2 - H
%_{ P (22)

- 1 Qref _Q<_Hq

H, and Hjare the hysteresis bands of the active and
reactive power controllers. The values assigned to d,
and dq are based on the comparison between errors and
hysteresis band limit. According to Equations (21) and
(22), d,=3 and d,=2 show that the active and reactive
powers should be increased and as for d,=1 and d,=1
indicate that reduction in both is required.

Due to the three-level nature of the Vienna
configuration, balancing the output capacitors voltages
is inevitable. This is done by assigning dp=2 when the
error of active power is between the hysteresis bands. In
this case, the control strategy is allocated to capacitors
voltage balancing.
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Figure 3. Block diagram of low pass filter and compensator

The hysteresis controller outputs (d, and dg) along with
the flux sector number and also the value of 4s are then
entered in a switching table. Based on the entered
values, the proper voltage vector will be applied to
Vienna converter. In order to investigate the
instantaneous active and reactive power variations in
VF-DPC methods, their derivatives are used which are
expressed as below [14]:

dP 3

o 2T @h ) o))+ % (@(g,%) +0(8,°) =8V, +$V,)) (23)

d 3 1 1

(T? = Ew((wcﬁa I, —ogl,)+4, T (~od; -V, )+, T (~od, =V,)) (24)
According to these equations, dp/dt and dg/dt are
dependent on the virtual flux, converter voltage and

input current.

3. 3. Vienna Rectifier Space Vectors The
Vienna rectifier has 25 voltage space vectors (Figure 4)
which are distributed into 6 sectors [15]. Based on the
Vienna Rectifier configuration, the voltage and current
phase difference varies between -30° and 30°. As the
flux lags the voltage by 90°, current is 60° to 120°
ahead of flux. Each sector covers 60 degrees which
makes the difference between flux and current sector
number (As) 1 or 2.

For instance, if the flux is in sector 1 and As=I,
current will be in sector 2 and the allowed switching
vectors will be: 1, 2, 3, 12, 13, 14, 24 and 25. However,
when As=2, current will be in sector 3 and the allowed
switching vectors will be: 1, 3, 4, 5, 14, 15, 16 and 25.
The impact of Vienna vectors on instantaneous active
and reactive power when the flux sector is 1 has been
shown in Table 1.

For each sector, the corresponding switching vectors
have been listed in Table 2. For example, if dp=1, dg=1
(both instantaneous active and reactive powers have to
be reduced) and the flux is in sector 1, vectors V24 and
V14 will be applied for As=1 and As=2, respectively.

Table 3 shows the effect of Vienna space vectors on
capacitors voltage balancing. For example, applying V1
will increase Vcl while decreasing Vc2, so the
parameter Av which is defined as Vcl—Vc2 will be
greater than zero. On the other hand, applying V2 will
result in Av<0.

4 la<0| la>0 3

lb>0 2~
~

Ib<0
6 1

Figure 4. Vienna rectifier space vectors. (—/, 0, and 1 denote
the connections of phase leg to —Vg/2, zero and Vy/2,
respectively)

TABLE 1. Effect of space vectors on instantaneous active and
reactive powers (flux sector is 1, As is either 1 or 2.)

@

Vectors

Vi V2 V3 Vp Viz Vi Vau Vs
p 1 1 " " ! ! H 1

q ! - " H ! ) I
(b)
Vectors
As=2
Vi Vi V., Vs Vi Vs Vs Vas
p 1 ! ) 1 ! | H 1
q ! ) " ) ! 1

TABLE 2. Proposed switching table for active and reactive
power control

@

As=1 Flux Sector
dp dq 1 2 3 4 5 6
1 1 Vo4 Vi Vs Vig V2o V2
1 2 Vi Vis Vig V2o Vo Vo
3 1 V12 Vi V. Vs Vg Vs
3 2 V3 Vs Vs Vo Vi2 Vi
(b)
As=2 Flux Sector
dp dq 1 2 3 4 5 6

Vis Vis Vig V2o V22 Vau
Vs Vis V2o Vo Vi Vi
V1 V3 V5 V8 VQ VlZ

w W k-
N PN

V5 Vg Vg V12 Vl V3

The highlighted sections in Table 3 indicate the current
sector numbers. As another example, applying V14 to
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the Vienna switches will increase Vcl and Vc2
simultaneously. However, depending on the current
sector number (2 or 3), the intensity of voltage increase
may be different for capacitors. If the current is in sector
2, C1 will be charged more sharply than C2 and if it is
in sector 3, C2 will be charged more sharply than C1.

Figure 5 shows the control block diagram of
capacitors voltages. As was mentioned before, with dp=
2 and dq = 1 or 2, the VF-DPC controller act will be
based on the reactive power regulation and capacitors
voltage balancing.

TABLE 3. Effect of vectors on capacitors voltages (The
highlighted sectors indicate the current sector)

Vector No. Vcl ch AV=V1-V;
1 1 - >0
2 - 1 <0
3 1 - >0
4 - 1 <0
5 1 - >0
6 - 1 <0
7 1 - >0
8 - 1 <0
9 1 - >0
10 - 1 <0
11 1 - >0
12 - 1 <0
13 1 1 20

2 T 1 >0
14

3 1 ™" <0
15 1 1 =0

3 0
16 1 " <

4 T 1 >0
17 1 1 =0

4 T 1 >0
18

5 1 " <0
19 1 1 =0

5 1 " <0
20

6 N 1 >0
21 1 1 =0

7 N 1 >0
22

1 1 " <0
23 1 1 =0

1 1 " <0
24

2 " 1 >0
25 - — ~0

de

-He Hc

Ve
Figure 5. Block diagram of capacitors voltages control

The objective of this control is to minimize Av. So, it is
compared with zero and the error passes through the
hysteresis controller. The output of the hysteresis
controller is defined as d. and has been expressed as:

d =

c

2 AV, -AV>H,
(25)

1 AV, -AV<-H,

where, H. is the hysteresis band. Table 4 shows the
proposed switching table based on the reactive power
regulation and capacitors voltage balancing.

Figure 6 shows the complete control block diagram
of the proposed virtual flux based direct power control
(VF-DPC) for Vienna rectifier.

Firstly, the output voltage is compared with the
reference voltage (Vg ref) producing an error signal.
This signal is then passed through a proportional-
integral (PI) controller and the output value is multiplied
by Vg to generate P, The comparison of P, with the
estimated active power (Pey) leads to an error which in
turn enters the hysteresis band controller. At the same
time, in order to achieve the unity power factor at the
grid side, the estimated reactive power (Q.s) should be
compared to its reference zero value. Result of this
comparison enters another hysteresis band controller.
As was mentioned before, the hysteresis controllers’
outputs are defined as d; and d,. d,, dq and 4v are the
switching table inputs which determine the proper
switching states for the Vienna rectifier.

The P and Q. values are calculated in the
instantaneous active and reactive power estimation
block using Equations (19) and (20). I,, l5 ¢, and ¢, are
the entries to this section which are computed in the
virtual flux estimator block regarding Equations (8)-(15)
independent of sensing the three phase grid voltage.

4. SIMULATION RESULTS

In order to verify the VF-DPC performance on Vienna
rectifier, software implementation of Figure 6 has been
carried out with MATLAB/Simulink. Table 5 shows the
simulation parameters. The proportional and integral
gains of the PI controller are set to 0.1 and 1,
respectively and are obtained by trial and error.

Figure 7 shows the three-phase input line current. As
can be seen from the figure, although the current
regulation loop has been omitted in the VF-DPC control
technique, it has the ability of controlling the current in
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sinusoidal waveform. The input current THD is 2.65%
which is under the permitted limit imposed by IEEE std.
519-1992.

Figure 8 shows both the voltage and current of phase
"a" at unity power factor. Getting the unity input power
factor, reference value of the reactive power should be
set to zero.

TABLE 4. Proposed switching table for capacitors voltages
and reactive power control

(®
As=1 Flux Sector
dc dq 1 2 3 4 5 6
1 1 Vi, Vg Vy Vig Vs Vo,
1 2 V, Vie Vs V2o Vi Vo
2 1 Vo4 Vi Ve Vs Voo Vo
2 2 V14 Vs Vi Vo \ A\
(b)
As=2 Flux Sector
de dq 1 2 3 4 5 6
1 1 Vi V, Vig Vg V2 Vi
1 2 Vy Vs V2o Vi, Va4 Va4
2 1 Vi Vs Vs V2o Vs Vas
2 2 Vs Vig V7 V2 Vi Vi

j ‘ h
S|
2 N Switching Table
S
Sector
: * Selection

Figure 6. Block Diagram of VF-DPC

TABLE 5. Simulation parameters

Input phase voltage 50 V (RMS)
Fundamental frequency 50 Hz
Cutoff frequency (o) 1007 rad/sec
Input power supply inductance 15mH
Output DC voltage 200V
Load resistance 100 Q
DC-link Capacitors C;,C, 2.2 mF

- 1.935 194 1.945 1.95 1.955 1.96 1.965 197 1975
Time (5)

Figure 7. Input three phase line current

N &g
8 8 8

I
8

Phase a Voltage (V) and
Current (A)

Iy

&
8

242 2425 243 2435 244 2.445 245 2.455 2.46
Time ()

Figure 8. Phase “a” voltage and current at unity power
factor

Figures 9 (a) and (b) show the DC link voltage and
capacitors voltages respectively which accurately track
their references values.

Figure 10 shows the output voltage transient
responses to the step changes in the DC voltage
reference. Changes are from 200V to 250V at t = 1 sec
and from 250V to 200V at t = 2 sec. As can be seen, the
output voltage follows its references with acceptable
transient due to the fine tuning of the PI controller.

180} N\
160
S op
e 120}
4
£ 100t
2 sof
5 6o
8 4o
20t
24 25 26 27 28 29 3
Time (s)
(a)
110 -
100
90+ =G A
80+ N i

Capacitors Voltages (V)

24 25 26 27 28 29 3
Time (s)

_ 0 _

Figure 9. (a) DC link voltage (b) Capacitors voltages

260
250
240+

220

DC Link Voltage (V)

08 1 1z 14 16 18 2 22 24 26
Time (s)

Figure 10. Transient response for the step changes of dc-link

voltage
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Figure 11 shows the output voltage, active and reactive
powers and also the input phase voltage and current at
the presence of a load changing. The output load
resistance has been decreased to 50 Q at t = 2 sec.

As is depicted in Figure 11, the output voltage tracks
its reference with a 6% undershoot and a settling time
about 0.07 sec (3.5 cycles). Moreover, the active power
has been increased due to the load rise while the
reactive power remains zero. It means that the power
estimation section estimates the instantaneous active
and reactive powers separately, accurately and
independent of any input voltage sensors. Also, the
input phase voltage and current still stay in-phase.
These are due to the satisfactory performance of the
proposed VF-DPC controller for the Vienna rectifier.

In order to compare the proposed VF-DPC method
with conventional techniques, some simulations have
been carried out for a CB-PWM strategy [16].
Simulation parameters are the same as Table 5 except
for the cutoff frequency that is not used in conventional
CB-PWM techniques. Figure 12 shows the input three
phase line current which is sinusoidal and has a
satisfactory THD (1.37%). This is because of the
internal current control loop used in conventional
methods [16].

Figures 13 (a) and (b) show the DC link voltage and
capacitors voltages respectively in the conventional
method which accurately track their references values.

The comparison between two proposed and
conventional methods proves the efficiency of applying
VF-DPC on the Vienna rectifier. It satisfies the input
current THD limit and also is capable of achieving the
unity power factor. The controllability of the output
voltage along with the capacitors voltages balancing
also has been proved. Moreover, it has less number of
sensors and better dynamic performance due to its
hysteresis band controllers.

L L L L Il L L L L -
1.99 2 201 202 203 204 205 206 207 2.08 2.09
Time (s)

@)

9

o . . . —
H

% [ —p
2 700- =q
2

§ 6001 1
S 500 4
° ’

< 400 4

1e8 199 2 201 202 203 204 205
Time (s)

(b)

[N
S S
T

L
S
T

Phase a voltage (V) and
current (A)
)

& A
3 S
T

701 702 203 204 205
Time (s)

(©)
Figure 11. Transient response for load variation from low to
high current demand for the VF-DPC with new switching
table, a) DC-link voltage, b) Estimated active and reactive
powers and c) Phase a current and voltage

T8 199 2

Three Phase
Line Current (A)

hbbbigrvansa

195 1955 1.96 1.965 1.97 1.975 1.98 1.9851.99 1.995 2
Time (s)

Figure 12. Input three phase line current in CB-PWM method

I 11 12 13 14 15 16 17 18 1§ 2
Time (s)

Capacitors Voltages (V]

.33

Figure 13. (a) DC link voltage (b) Capacitors voltages

5. CONCLUSION

In this paper, the VF-DPC method which has been
applied to the conventional two-level PWM rectifiers,
has been proposed for the Vienna rectifier. However,
due to the three-level nature of the Vienna
configuration, balancing the output capacitors voltages
is of considerable importance. This has led to an
adapted switching table for the proposed virtual flux
based technique. Applying this reform, simulation
results have shown the high performance of the
proposed VF-DPC for the Vienna rectifier.
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