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ANALYSIS OF VIENNA RECTIFIER

Grzegorz RADOMSKI
Technical University of Kielce, Poland

Summary: It iscommon tofind theinexpensivebut robust dectric power rectification method to
fulfil thedemandsof clean power conversion [1-12]. TheViennarectifier structure[1] isoneof
thehopeful construction to fulfil thesedemands. It may beclassified asthe Clean Power Con-
verter. It letsus obtain PFC rectification in simpler than the PWM converter system. The
Viennarectifier hasthreecontrol points. In addition theViennarectifier isthethreevoltage
level system with lesscurrent ripplesthan in the case of the PWM converter. However, it has
somedisadvantages. TheViennarectifier sysemisan unidirectional converter. It can function
only intherectifier mode, theworkingintheinverter modeisimpossibleand the gener ation of
thereactivepower isstrongly restricted. Usually the Viennarectifier iscontrolled on thebasis
of thedirect current control method [4,5,6]. However, thismethod isnot perfect becauseit lets
theimproper control sequencesappears. I n thispaper the mathematical model of theVienna
rectifier isderived. Thevoltage spacevector sand their dependenciestothephasecurrentsare
defined. Therange of the phase displacement angle and the maximum voltage space vector
modulev. phasedisplacement angleisdrawn out for the case of the sinusoidal space vector
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modulation. The drawn out relationsar eproven by smulation results.

1.INTRODUCTION

Limitation of the high harmonic contents in the currents
and improvement of the input power factor of the loads sup-
plied by the power electronic converters is one of the most
important problems of power electronics. Especially, the ra-
tings of the rectifiers are widely considered [2]. Classic diode
and thyristor rectifiers are sources of the high harmonic cur-
rent components drawn out from the electric power utility
(THD; = 30%), while the common norms demand the total
harmonic distortion factor THD; < 5% and power factor
PF = 94% . The developed Vienna rectifier structure [1] is
devoted mainly for supplying of electronic systems. The sche-
me of Vienna rectifier is presented in the Figure 1.

The main advantages of this construction are: three pha-
se, three level input voltage generation, controlling only three
electronic switches, less voltage stress of the electronic swit-
ches than in the case of the PWM converter. It is worth
underlining that this configuration is death time problem free.
However, the Vienna rectifier is unidirectional system. It can
convey the electrical energy only from AC circuit to the DC
circuit. The methods of controlling Vienna rectifier with di-
rect input current shaping were presented in the papers [4, 5,
6]. The controlling Vienna rectifier by the voltage space vec-
tor method and its limitations is the subject of this paper. The
Vienna rectifier belongs to the class of AC/DC converters
with current source input and voltage source output. The
primary sides of input magnetic coils are supplied by phase
voltages. The controlling this kind of the converter relies on
the generation of three phase voltages at the secondary side
of the input magnetic coils. This generation must go in the

manner that the voltages at the input magnetic coil impedan-
ce have low high harmonic contents, the phase angle and
amplitude of the first harmonic voltage oriented to obtain the
desired current values near sinusoidal and usually in phase
with input phase voltages. The principles of the converter
functionality are presented in the fig. 2 and fig. 3.

The fig. 2 presents the equivalent scheme of the input
rectifier circuit while the fig. 3 illustrates the relation between
the voltage and current space vectors in the dq reference
axis. The character of the input impedance and power flow
direction in relation to rectifier voltage space vector realisa-
tion is shown. It will be next explained that Vienna rectifier
may function only in the rectifier mode, the working of Vien-
na rectifier in the inverter mode is impossible.
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Fig. 1. Scheme of the Vienna rectifier
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Fig. 2. Equivalent scheme of the rectifier

2. INPUT VOLTAGES OF VIENNA RECTIFIER

Vienna rectifier is three level voltage boost converter. It
differs from PWM AC/DC boost converter in realisation of
matrix of power electronic switches and in three level conver-
ter phase voltage related to the mid point of the capacitive
output voltage divider [3]. This property is a direct result of
the different realisation of the matrix of power electronics
switches. The transistor switches together with diode swit-
ches and input inductance create the boost converter sys-
tem. Input magnetic coils are charged in the state when the
transistor is on and discharged by the positive or negative
diode when the transistor is off. While the transistor electro-
nic switch is on, the current and energy cumulated in induc-
tion coil increase, when the switch is off the energy flows
from the magnetic coil to the output circuit by diode D, or
D,_ depending on the actual current flow direction. Change
in the state of transistor conduction automatically cause the
change in the diodes conduction which results in death time
problem free operation of the rectifier. Depending on the sta-
te of power electronic switch and the direction of current the
input voltage of the rectifier takes three values:

Ug Ug
Han € {7“ 0 ‘7°} M)
respectively:
N = Yoe
for §=0Ai20=ug, = 5 2
for §=1=ugq,=0 3)
for §=0ni <0=ug, :—u—gc 4)

where phase indexes:

Fig. 3. Rectifier vector diagram

ie{a, b, c}

The dynamics of the phase currents is described by the
following equations:

for 5 =1 — =

— H J 1 ud
fOI’ S] —0/\ |J >0 — It—LS(UfJ +UNn—CJ (6)

— ; diy _ 1 Ugc
for s, =0A i, <0 dt_l_s(ufk-'-u'\‘“"'z %)

izjzk i,j,ke{a,b,c}

The fact that the positive current responds to ljche swit-
ching phase voltage ug;, between values of 0 and —% while
the negative current responds to the switching phase volta-
ge between values of ug;, and —% results in strongly
limited abilities of the reactive power generation and in total
impossibility of working in the inverter mode. The disadvan-
tages of Vienna rectifier described here are illustrated by the
simulation investigation results in figures from 10 to 15 in the
next chapter. For these reasons, the Vienna rectifier may be
implemented as a power supply for electronic systems, espe-
cially in telecommunication switch-boxes, electric arc sup-
ply, UPS systems, electric battery chargers. The application
of the Vienna rectifier in the field of electric DC drives is
restricted to the systems with low dynamics without regene-
rating braking. Introducing the switch state function s; whe-
re s; = 1 for the conduction mode of switch and s; =0 in the
case of not conduction mode lets us describe values of vol-
tages ug,, ugp, Ug, as:
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ugn = (1-5 )|:Sign(ii ) U+ ‘(1‘ sign(i; ))Udc—]

8
for ie {a,b,c} ®

The sign function defined as (9) is used in the considera-
tions presented in this paper.

g n(x)— 1 dla x>0 9
g “]o dla x<0 ©)

For Uy, = Uy._, which is true in the case of large and
equal values of the capacitance C, and C_, we can state that
Ugeyr = Uge— = % , then voltages given by equation (8) may
be described by the simplified equation (10).

Ugn = (1-5)(289n(,)-1)"=  (10)

Phase voltages referenced to the potential of the neutral
point of electric power utility (11) may be obtained as the
differences of phase voltages referenced to the neutral point
of output voltage capacitive divider and zero sequence com-
ponent voltage ugy = uy,, see figures 1 and 4.

(11)

Ug = Ugp —Unp

Taking into account simplification (10) the zero sequence
voltage of the rectifier system may be stated in the form (12).

Unn = Uso Z%(usan + Ugpn +Usen ) =
=3[0 s)(250n(0)- 1)+ (- %) (25000 ) 1)+

+(1—sc)(25ign(ic)—1)]u%

(12)

In the end we obtain symmetrical rectifier voltage genera-
tor described by equation (13) as a result of electronic swit-
ches functionality. The voltages ug,, ug, ug,. obtained have
an impulse shape time plots.

©)

_(1_50)(2§gn(ib)_1)+"‘| Uge.
_“+(1_Sc)(2sign(ic)—1) 6
'(1_sa)(2§gn(ia)—1)+--1 Uge
|+ (1-5)(2sign(ic)-1) ®
'(1—sa)(2§gn(ia)—1)+--ﬂudc
|+ (1-5)(2sign(ip)-1)

Ug, = [2(1—%)(2sign(ia)—1)—
Ug, = [2(1—%)(2ggn(ib)—1)—

6

Ug, = {2(1—sc)(ZSign(ic)—1)—

Fig. 4. Scheme for symmetrical components analysis of AC/DC co-
nverter

3. BASE VOLTAGE SPACE VECTORS
OF VIENNA RECTIFIER

Analysing the equation (13), at the input assumption of
rectifier symmetry, you come to the conclusion that there are
six zones where current signs have different values (14). The
described relation is illustrated in the figure 5. The zone sec-
tors will be enumerated by the digits from 0 to 5.

0 for sign(i,)=1 sign(i,)="0, sign(i,)=0
1, sign(i,)=0

(- (ic)=0
=0, sign(i,)=1, sign(ic)=1
=0, sign(i,)=0, sign(i;)=1

~

):
1 for sign(i,)=1, sign(i,)=
=0, sign(i, ) =1, sign
Sectl = g b) g

(14)

a

2 for sign(i,
3 for sign(
(

4 for sign(i,

~— — — ~—

5 for sign(i,)=1, sign(i,) =0, sign(i;)=1

In the stationary reference frame with co-ordinations «, 8
every zone occupies the angle of Z radian. For the given
current zone the electronic switches state vector s = [s,, sp,
s.] has eight different values. Each value of power electronic
switches state vector has a co-responding voltage space
vector. This vector may be generated when current space
vector lays in the given zone. The voltage space vectors are
defined by transformation the equation set (13) into the sta-
tionary reference frame a, . This transformation is perfor-
med by the left-side multiplying of the equation (13) by the
conversion matrix Cp.q. The end points of the six volta-
ge space vectors create a regular hexagon, the end point of
two other voltage space vectors point the centre of this he-
xagon. While the current space vector is moving through the
current sectors from 0 to 5, the voltage space vector follows
the current through the co-responding hexagons which may
be generated for this current zone.

Voltage space vectors with the most module ‘Vs‘ = \/%u e

belong only to one sector, with middle module ‘\ﬁ‘ = % Ugc
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to two one and with small module ’\/1'3'4’7‘ = % Uge to three

ones. The null space vector ‘\é‘ = 0uy. is realised by swit-

ching on the all three power electronic switches at the same
time, independently of the current sector zone. The next co-
nvention for assigning voltage space vectors is used in figu-
re 5. The voltage space vector is represented by the four
numbers (Sectl 1SS ,Sc) = (Sectl ;S) . The first number re-
fers to a current sector zone number for which voltage space
vector is generated. This number is the input parameter of
voltage space vector modulator. The next three numbers with
values 0 or 1 refer to the state of the power electronic swit-
ches and are output parameters of modulator algorithm.

4. CONTROL AREA OF VIENNA RECTIFIER

The relative placing of the sectors of the current space
vectors and the hexagons of basic voltage space vectors
(Fig. 6) cause that in the case of sinusoidal modulation of the
voltage ug the phase displacement angle between the first
harmonic of current and the first harmonic of the AC side
rectifier voltage must be restricted to the range expressed
by expression (15).

The angle ¢ is introduced to express the influence of the
high current harmonics on the activation of the actual cur-
rent sector. In the next expressions the influence of angle ¢
will be neglected. For the phase displacement angle ¢,
satisfying expression (15) the maximum available module of
the voltage space vector (in case of sinusoidal modulation)
is restricted by equation (16).

1
J2 (cosq)s(l) + \/§‘si NPy

max|us| =

(16)

) Uge

There also exist a potential problem that may take place in
the case of current space vector going across the boundary
between two current sectors. This problem arises from the
fact that change of sign of any phase current i; in situation
when the transistor of this phase is in off state (s; = 0) cause
the co-responding change in the sign of AC side phase vol-
tage, which is equivalent to the change of the actual voltage
space vector. In this case, we must make appropriate chan-
ges in power electronic switch state vector to save the actual
value of the voltage space vector. This problem will induct
some secondary problems in controlling Vienna rectifier. The
change of current sign (sign(i;)) in the phase with conduc-
ting transistor (s; = 1) does not cause any change in the
voltage space vector value. In this case no additional action

T T R R
_(g tE€ ) SOy =gte (15)  is needed. To sum up, we can say that there will be no pro-
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Fig. 5. Voltage base space vectors of Vienna rectifier
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blems if the voltage space vector belongs to the common
part of two hexagons and has the same electronic switch
state vector in both sectors. In the other cases the actual
voltage space vector has no realisation in the next current
sector or the procedure recalculating the power electronic
state vector for generating actual voltage space vector in the
new hexagon must be performed. For the voltage space vec-
tors enumerated like in fig. 6, while current space vector goes
to the next current sector, only vectors Va4, Vg, V7 may be
realised in the new current sector. In the case of vectors

Ve V7 and vector V; 4 realisation with two transistors swit-
ched on no additional action is needed (Fig. 5). In the case of
vector V3, realisation with one transistor switched on the
recalculation procedure must be performed.

5. DC SIDE OUTPUT CIRCUITS
OF VIENNA RECTIFIER

The three level AC side voltage ug;, synthesis has an
influence on the rectifier DC side output circuit structure.
Figure 7 presents equivalent scheme of the Vienna rectifier
output circuits.

Two of the three currents iy, iy, i, are independent
and may be represented in the DC output circuits by the
current sources controlled by the state of power electronic
switches. The third current is a compliment of the two others.
The choice of the currents represented by the current sour-
ces is arbitrary. Equations (17), (18), (19) describe currents
that supply the rectifier DC output circuits.

in :saia+soib+scic (17)
iger = (1=55)sign(iy )ia + (1-s,)sign(ip )iy +
(13)
+(1-s,)sign(ic )ic
im_=—«1—%)@—gqm5»g+
(19)

+(1—so)(l—sign(ib))ib+(1—sc)(1—sign(ic))ic)

In the case of sinusoidal modulation the average values
of the iy, and iy, currents are equal to each other and
equal to the average value of the load current i (20). It impli-
cates that the average value of the i, current is zero. Hence
average values of the condenser voltages are equal to each
other. In the case of great values of the condenser capacities
it may be assumed that the instantaneous values of the con-
denser voltages are nearly constant and equal to each other.
In this case the simplification (10) may be applied.

Idc+(Avg) = Idc—(Avg) IO(Avg) In(Avg) =0 (20)

The dynamic of the voltage of the output capacitors is
described by equations from (21) to (28).
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Fig. 6. Hexagon of the voltage space vectors generated for one cur-
rent sector
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Fig. 7. Equivalent scheme of the output circuits of Vienna rectifier

ey =lges —lo 21) ico =lge-—lp  (22)
in =lge- —lgcs (23) Sl (24)
du u
o =Coget @9 e =C— = (26)
du 1 /. . dud _ 1 /.
it = ¢ (o —io) @7 “4 = ¢ (i) 28)

The rectifier DC output voltage is a sum of the output
circuits capacitor voltages (29).
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Fig. 8. Vienna rectifier’s DC output circuits block scheme

Uge = Ugey + Uge— 29

Generally the rectifier DC output current is a non-linear
function of the rectifier DC output voltage (30). The parame-
ters of the load circuit R, L, E are the parameters of the
function (30).

io = f (Uge) (30)

The block scheme in figure 8 is a graphical representation

of the above mathematical equations describing the Vienna
rectifier DC output functionality.

6. RESULTS OF SIMULATION INVESTIGATION OF
VIENNA RECTIFIER

Vienna rectifier simulation scheme for the TCAD program
is presented in the fig. 9. Simulation was performed for the
next conditions: Uy =230V, f=50Hz, L;=85mH, R;=0.5L,
S§=3kVA, C;=C_=1100uF, Ry =423Q, Lo =0H, E=0V,
fPWM =10kHz.

The time plots of the phase currents, the phase voltage
and the output regulator signal for different values of phase
displacement angle are presented in the figures from 10 to 15.
The voltage U, is multiplied by scale factor of 0,03.

It can be see from the previous illustrations of the simula-
tions that Vienna rectifier functions properly for the values of
the phase displacement angle ¢ 1) from the closely restricted
range. For the AC side rectifier input (behind the input magne-
tic coil) this range is done by equation (15). The phase displa-
cement angle ¢ in the case of the input voltage of the ove-
rall converter (before the magnetic coil) differs from the value
of the angle 1) because of the reactive power of input ma-
gnetic coil. For this reason, the rectifier displacement angle
¢(1)may have larger value than Z It must have larger value
than —’ on the other hand. In the opposite case the current
shape will be distorted from sinusoidal.

Vienna Rectifier | Voltage Space Vector Modulation Control with Output CD Voltage Balancing
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Ua

Fig. 10. The time plots of phase currents, phase voltage and regulator
output signal for displacement angle of ¢y = 0

Ua

Fig. 11. The time plots of phase currents, phase voltage and regulator

output signal for displacement angle of (p(l) BT

la

Fig. 12. The time plots of phase currents, phase voltage and regulator
output signal for displacement angle of (p(l) = _%

7. CONCLUSIONS

The mathematical model of the Vienna rectifier is presen-
ted in the paper. The set of voltage space vectors of the
Vienna rectifier is defined. Input current zones in the relation
to signs of the phase currents are defined. The relation be-
tween the active subset of voltage space vectors and current

Fig. 13. The time plots of phase currents, phase voltage and regulator

output signal for displacement angle of (p(l) = f—z

Ua

Fig. 14. The time plots of phase currents, phase voltage and regulator

output signal for displacement angle of qo(l) = 3

Ua

Fig. 15. The time plots of phase currents, phase goltage and regulator
%

output signal for displacement angle of (p(l) = b

zones are carried out. Control area limitations are derived.
The equivalent scheme of the output circuit is presented and
described by equations and related block scheme. Simula-
tions of the rectifier system in the case of different input
displacement power angle are presented. The system limita-
tions carried out in the theory are verified by the simulation
results.
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SYMBOLS

las Iy, icy Jiy 1j, I — instantaneous values of
the phase currents,

icss loo — instantaneous values of the DC output

capacitor currents,

iges r Igees In — instantaneous values of the DC rectifier
output currents,

i — instantaneous value of the output

load current,
51915 S .S — electronic valves state functions,

s — vector of electronic switches state
functions,

Sectl — number of the current sector,

Ugg Uy Uge Ui ,Ug ,Uge  — instantaneous values of
the phase voltages of the electric
power utility,

Unn = Usg — instantaneous value of the zero

sequence component voltage of
the AC side converter phase voltages,

Usan *Uspn »Usen »Ug, — 1nstantaneous values of the AC side
converter phase voltages referenced to
the centre point of the capacitive
voltage divider,

— instantaneous values of the AC side
converter phase voltages referenced
to the neutral point of the electric
power utility,

Ug — vector of the AC side converter phase
voltages referenced to the neutral
point of the electric power utility,

— instantaneous values of the DC side
output voltages,

Vor oV — base voltage space vectors of the AC
side rectifier output in the base current
zone (Sect[=0),

e — error angle,

P — phase displacement angle between
the first harmonic of phase current and
phase voltage,

Ps(2) — phase displacement angle between the
first harmonic of phase current and AC
side rectifier voltage,

Ug, Ugy sUgs ,Ug

Uge s Uge+ » Uge-

L — inductance of the phase magnetic coil,
C,,C — DC output capacitors,

Ly — load inductance,

Ry — load resistance,

E — value of the load voltage,

Jrwm — modulation frequency.
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