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Current Shaping in a Hybrid 12-Pulse Rectifier Using
a Vienna Rectifier

Ali Reza Izadinia and Hamid Reza Karshenas

Abstract—This paper presents a hybrid rectifier consisting of
a 12-pulse rectifier in parallel with a Vienna rectifier. In the pro-
posed structure, the 12-pulse rectifier supplies the bulk power to
the load, whereas the Vienna rectifier shapes the input current to
reduce its harmonic distortion. The unidirectional power flow of
the Vienna rectifier results in undesirable distortion around the
current zero crossing, which deteriorates current shaping in this
region. To overcome this problem, besides current shaping, the Vi-
enna rectifier is forced to participate in the active power. In this
regard, the share of output power in each rectifier module must be
calculated. To shape the input current, the reference current for
the Vienna rectifier is generated using instantaneous power the-
ory, and current tracking is carried out using the finite control set
model predictive control. A detailed analysis of how to select the
output power sharing ratio based on system losses and input cur-
rent distortion is presented. The theoretical analysis is verified by
using simulation and experimental results obtained from a 1 kW
laboratory setup.

Index Terms—12-pulse rectifier, current control, hybrid rectifier,
model predictive control (MPC), Vienna rectifier.

1. INTRODUCTION

IGH-POWER rectifiers are widely used in industrial ap-
H plications, such as the dc arc furnace, plasma arc torches,
electrowinning, and traction substations. Rectifiers with the ca-
pability of supplying current as high as 350 kA have been
reported [1]. The application of high-power rectifiers with
semiconductor switches dates back to the 1960s when high-
current diodes and thyristors were introduced [2]. For several
years, diodes and thyristors have been the workhorses of high-
power rectifiers in industry. These rectifiers, also known as line
commutated rectifiers, are efficient, robust, reliable, and cost-
effective and have been widely used for decades [3].

Line-commutated rectifiers suffer from a low power factor
and harmonic-rich input current. Thus, their application in in-
dustry has recently been challenged due to the stringent re-
quirements mandated by standards enacted for enhancing power
quality in power systems. Much research has been conducted to
reduce the harmonic distortion of the input current. Among
various solutions, active rectifiers using forced commutated
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switches have received more attention than others [4]-[5]. Nev-
ertheless, low efficiency, low reliability, and high cost have lim-
ited the applications of active rectifiers [6].

In an attempt to produce high-power rectifiers, “hybrid” rec-
tifiers that benefit from the advantages of both passive (diode)
and active rectifiers [6] have been proposed. Hybrid rectifiers
employ parallel and/or series connections between a passive rec-
tifier and an active rectifier [3], [6]. Regardless of the structure,
any harmonic mitigation in a hybrid rectifier is usually carried
out using the current control of the active part.

Current control of three-phase power electronic converters
has always been an important and challenging topic. In past
decades, the availability and development of powerful and fast
microprocessors has evolved the way for implementing digital
current control in power converters. One of the current control
techniques with some interesting features is model predictive
control (MPC) scheme. Predictive controllers use different
approaches [7], but all use the model of converter and system to
predict the future behavior of the controlled variable, e.g., the
line current. Power converters are nonlinear systems in general,
but consist of linear and nonlinear components and a finite
number of switching devices. PID controllers for nonlinear,
multiinput, multioutput (MIMO) systems with constraints are
usually slow and cumbersome to design [8]. In the 1970s, MPC
was developed to overcome the PID controller’s problems.

Finite control set model predictive control (FCS-MPC) is
a predictive control method used for active front—end recti-
fiers [9], [10], matrix converters [11], and multilevel invert-
ers [7]. FCS-MPC minimizes a cost function defined based on
the error between reference signal and control variable by se-
lecting the optimum switching state of the system. This con-
trol scheme takes into account different constraints, such as
minimizing the switching frequency [12], switching losses, or
balancing the dc link voltage in a bipolar dc bus configura-
tion [13]. In this control scheme, online optimization can be
achieved, thanks to fast and powerful microprocessors. Further-
more, by eliminating the modulator in FCS-MPC, the control
system complexity is reduced [7].

This paper proposes a hybrid rectifier consisting of a
12-pulse diode rectifier in parallel with a Vienna rectifier, as
shown in Fig. 1. In this structure, the passive rectifier deliv-
ers the bulk power to the dc load, whereas the Vienna rectifier
shapes the input current to mitigate harmonics injected by the
12-pulse rectifier. The proposed structure is a feasible solution
for any new high-power rectifier, but can also find application in
retrofit projects where a 12-pulse rectifier already exists but the
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Fig. 1. Proposed hybrid rectifier—Vienna rectifier shown in dashed area.

harmonic distortion of the input current has to be reduced with-
out bulky passive filters. The Vienna rectifier is a unidirectional
converter and, thus, cannot perform active filtering around the
current zero crossing which results in undesirable distortion. To
overcome this limitation, the Vienna rectifier is forced to supply
a portion of the active power. In this paper, the mathematical
analysis of the optimum share of the Vienna rectifier in the
proposed hybrid structure is presented. The instantaneous PQ
theory [14] is used to extract the reference current for the Vi-
enna rectifier, and the FCS-MPC is applied as a current control
strategy.

The paper is organized as follows. In Section II, the proposed
hybrid rectifier is introduced and its operating principle is ex-
plained. The procedure to implement instantaneous PQ theory
and FCS-MPC is described in Section III. Sections IV and V
validate the proposed control method using simulation and ex-
perimental results. The conclusions are presented in Section VI.

II. PROPOSED HYBRID TOPOLOGY

In this section, the structure of the proposed hybrid rectifier
along with its basic operation is presented. The mathematical
expressions governing the operation of the proposed structure
are derived. This analysis helps in finding the optimal operat-
ing point of the system based on the share of power that each
subsystem takes.

A. Hybrid Rectifier Structure

Fig. 1 shows the structure of the proposed hybrid rectifier
where a conventional 12-pulse rectifier is connected in paral-
lel with a Vienna rectifier. The 12-pulse rectifier injects current
harmonics with the order of 12k + 1, where k is an integer. In
many high-power applications, this level of harmonic distortion
cannot be tolerated and does not meet power quality standards
like the IEEE 519. Thus, the harmonic content of such a recti-
fier needs to be mitigated. In the proposed structure, while the
12-pulse rectifier provides the bulk power to the dc load, the
Vienna rectifier performs three functions.

First, it provides an active filtering function for the input cur-
rent of the 12-pulse rectifier. Second, it provides a bipolar dc
output voltage for specific applications, such as high power elec-
tric vehicles (EV) charging stations [15]. Third, it contributes
to a portion of load power so that better harmonic mitigation
can be achieved. The latter function will be justified in the next
paragraph. While other active-type rectifiers or active power fil-
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Fig.2. Typical waveforms of the proposed hybrid rectifier with active filtering

function of the Vienna rectifier. (a) Vienna rectifier does not participate in the
active power. (b) Vienna rectifier takes a share of power.

ters can also be chosen in this structure, the Vienna rectifier is
selected for this application as it has a mature structure with a
reduced number of active switches which make it an attractive
solution for such high-power applications [5]. A Vienna rectifier
shown in Fig. 1 is a unidirectional converter in nature with no
regeneration capability [16]. Therefore, it has limited capability
for active filtering function. To show this limitation, consider
Fig. 2, which illustrates the basic waveforms associated with
the proposed structure for two operating points. Fig. 2(a) cor-
responds to the case when the Vienna rectifier provides active
filtering function only. As can be seen, the improvement in in-
put current distortion is minor due to the inability of the Vienna
rectifier to inject negative current during the positive half cycle
of voltage. Fig. 2(b) shows the case when the Vienna rectifier
takes a share of output power. It can be seen that the input cur-
rent has been significantly improved and only a small distortion
is observed around current zero crossing.

It can be concluded from Fig. 2 that the amplitude of the fun-
damental current in the Vienna rectifier and consequently the
amount of output power supplied by this rectifier has a direct
influence on input current quality. In other words, the more the
Vienna rectifier contributes to output power, the better quality
of input current can be achieved. On the other hand, system cost
and complexity increase as the active section, i.e., the Vienna
rectifier, becomes larger. Therefore, it is more desirable to sup-
ply the majority of load power by the rugged 12-pulse rectifier,
and hence, a tradeoff is necessary between the size of the Vienna
rectifier and the quality of input current.

In the rest of this section, mathematical expressions govern-
ing the operation of the proposed structure are derived. Conse-
quently, the optimum operating point of the proposed converter
with respect to the share of power of each rectifier is calculated.
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Fig. 3. Ideal 12-pulse rectifier input current.

B. Mathematical Analysis

The mathematical analysis of the proposed converter is per-
formed with the following assumptions:

1) balanced three-phase operation with sinusoidal source

voltage;

2) constant dc voltage;

3) ideal (loss-free) operation;

4) ignored high-frequency harmonics.

The notations used in the following analysis is based on what
is shown in Fig. 1. Let us assume in this stage that the input cur-
rent is also purely sinusoidal. Consequently, the instantaneous
input power in the proposed rectifier is given by

Pin = Usa g + Vsply + Usele (1)

where v, and 7, (x = a, b, ¢) are the instantaneous values
of source phase voltage and current, respectively. Assuming a
unity power factor operation, the average input active power is
obtained as

Py, =pin = 3%V x I 2

where V and I are the rms values of source phase voltage and
current, respectively. The instantaneous rectifier input current
can now be obtained as

lq = 7@5 * sin (wt)
iy, = Y2l e sin (wt — 120) 3)

io = Y2Du s sin (wt + 120) .

The input current is composed of 12-pulse rectifier current
plus the Vienna rectifier current. Fig. 3 shows a typical ideal
waveform of input current in a 12-pulse rectifier. The math-
ematical expression for this waveform has been given in the
appendix based on the average active power and other circuit
parameters. In order to have sinusoidal input current, the current
required by the Vienna rectifier in the positive half cycle can be
calculated by subtracting (a.5) from (3), i.e.,

V2P, V27 P

S~ sin wt) — gt 7 0<wt<30
V2P o V2r P, \Vor P,

S~ sin wt) — gt - —12\/5—‘/? , 30 < wt <60

W =

V2Pia i (wt) — L2 Pe V21D 190 <t <150

(
(
L2l sin (wt) — VEELE — X2 L2 60 < wt < 120
(
(

150 <wt <180
“)
where Pp isthe 12-pulse rectifier active power.
Inspection of (4) shows that for any ratio of Pp/P;,, the
Vienna rectifier input current becomes negative in the intervals
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Fig. 4. Control System of the proposed hybrid rectifier.

of 0 < wt < 30and 150 < wt < 180 as the term Y22 sin(wt)
becomes small around wt = 0 and wt = 7. As stated in the
beginning of this section, the Vienna rectifier shown in Fig. 1
is inherently incapable of drawing negative current during the
positive half cycle of voltage. As a result, the Vienna rectifier
cannot draw the current given by (4) during the whole posi-
tive half cycle, and a small distortion in the input current is
unavoidable as shown in Fig. 2.

On the other hand, during the interval of 30 < wt < 150,
there is a ratio of Pp/P;, by which the Vienna rectifier in-
put current always stays positive, thus making it possible to
perform its active filtering and current shaping function ade-
quately. Based on (4), it can be shown that if Pp/P;, is kept
below 89%, the Vienna rectifier input current can always stay
positive during the interval of 60 < wt < 120 in the positive
half cycle of input current.

This means that the Vienna rectifier needs to take only 11%
of the total output power without violating the unidirectional
power flow limit in the interval of 60 < wt < 120. It should
be noted that if the share of the Vienna rectifier output power
is increased beyond the given value, the amount of distortion
around current zero crossing is also decreased.

In reality, the 12-pulse rectifier input current is affected by dif-
ferent parameters such as source inductance, and hence, the cur-
rent waveform becomes smoother than the ideal case. Therefore,
the distortion around current zero crossing becomes smaller than
the ideal case and hence the contribution of the 12-pulse rectifier
in processing the active power can be increased.

III. CONTROL SYSTEM IMPLEMENTATION

The control system of the proposed hybrid converter is shown
in Fig. 4. Three distinctive parts, shown in different colors, can
be recognized from this control system as follows:

1) the Vienna rectifier reference current generation;

2) the Vienna rectifier active power controller;

3) finite control set MPC/modulator.

The main task of the proposed control system is to shape
the Vienna rectifier input current to reduce harmonic distortion.
Based on the discussion presented in Section II-B, while the
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Vienna rectifier performs current shaping for harmonic miti-
gation, it also must participate in a portion of output power.
Therefore, the first part of the proposed control system carries
out reference current generation for current shaping, while the
second part determines the share of active power of the Vienna
rectifier. The third part of the controller takes care of proper
reference tracking and modulation.

A. Vienna Rectifier Reference Current Generation

The main function of the Vienna rectifier in the proposed
system is input current shaping for harmonic mitigation. There-
fore, the harmonic content of the 12-pulse rectifier must be
determined for proper compensation by the Vienna rectifier. In
this regards, the instantaneous power theory [14] introduced in
1984 is employed to generate the required reference current
for the Vienna rectifier. The procedure of generating reference
current for the Vienna rectifier is depicted as a part of control
system in Fig. 4. The first step is rewriting system variables in
a two-phase (or af3) stationary frame using the Clarke trans-
formation. Consequently, the instantaneous active and reactive
power, denoted by p and ¢, can be calculated. These powers can
be decomposed into average (p and ¢) and oscillating (p and ¢q)

components as
pl_|P D
BRI

Assuming sinusoidal voltage, the current distortion is due to
the oscillatory component of power, i.e., p and ¢. Therefore, by
extracting the oscillatory component of instantaneous power,
the reference currents in «3-frame for the Vienna rectifier can
be generated as

i 1 Vo —0 p
= [0 ©
s Vo® tUsT [V Va | |4

where v, and v are three-phase voltages in a3 frame.

B. Vienna Rectifier Active Power Controller

As stated in Section II, the active power associated with the
Vienna rectifier must be set to a value such that a distortion-
free input current can be achieved. This preset value can be
determined based on two control strategies described below.

1) Constant Power Strategy: In this strategy, the Vienna rec-
tifier operates with its rated power irrespective of the total load
power. As explained in Section II, to achieve low distortion in-
put current, the Vienna rectifier must supply at least 11% of the
total load. In the constant power strategy, the Vienna rectifier
output power is set to 11% of the rated load and is kept fixed
irrespective of output power. Therefore, when the load power
demand is less than the rated value, the 12-pulse rectifier power
decreases since the Vienna injected power is constant. In this
strategy, an outer voltage loop assures proper output voltage
control in case the total output power is less than the 11% of
the rated value. An advantage of the constant power strategy is
that the current distortion decreases as the load is lower than
the rated value. On the other hand, the Vienna rectifier always
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operates at its full rating, resulting in higher losses associated
with this rectifier.

2) Constant Power Ratio Strategy: In this strategy, the ratio
of power between the 12-pulse and the Vienna rectifier is kept
fixed in all of operating conditions. Using this strategy calls for
an additional control loop to determine the deviation of the dc
link reference voltage in different operating points. The through-
put active power of the uncontrolled 12-pulse rectifier can be
controlled by controlling the dc link voltage. Therefore, the
output power sharing ratio, defined as the ratio of the 12-pulse
rectifier output power to total output power, can be controlled by
output dc voltage control loop. Fig. 5 shows the block diagram
for implementing this strategy.

C. Finite Control Set MPC/Modulator

As explained in the introduction, FCS-MPC is used where
classic controllers are slow and the system is multiobjective and
nonlinear. To implement this strategy, the following steps must
be taken in the design stage [17]:

1) modeling the converter including all possible switching

states;

2) defining the cost function based on the required perfor-
mance;

3) discretizing the system model to predict the future state of
the system and consequently selecting the optimum state
which minimizes the cost function defined in 2.

The basic block diagram of the FCS-MPC used to implement
the current control for the Vienna rectifier is shown in Fig. 6. In
this control scheme, first the converter model (including input
filter) is discretized. Consequently, the measured line currents
iy, (k) and input voltages v, (k), where x = a, b, ¢, along with
all switching states that can be selected in the next sampling
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interval are applied to this model. Based on this information, a
finite number of converter states (which is equal to the number
of possible switching states) is predicted for the next sampling
interval. Among these predicted states, the one which minimizes
a cost function is selected and applied to the converter.

As explained above, the first step in implementing the FCS-
MPC scheme is discretizing the rectifier model. To simplify the
analysis, the transformer turns ratio is assumed to be 1. Writing
KVL in Fig. 1 yields [9]
divy »

dt
where Ly and Ry are the input inductance and resistance
of the Vienna rectifier and other parameters are defined in
Fig. 1. Defining space-vector for three-phase quantities as
f=3 (futafy+a’fo) = fo+ifs, where a =e*™/3
and writing (7) in space-vector form yields

Uiz = LV + RViVm + VpaN — UpnN,T = @, b7 c (7)

d - _
v = Ly T (iv) + Ry (iv) 4+ Uy — Uy 3)

where ;, iy, U, n, and v,y are the space vectors of different
three-phase quantities. The last term in (8) is equal to zero since

(571,1\“') - g UnN (1 + o+ 042) = 0. (9)

3

Furthermore, v, y in (8) can be expressed in terms of switch-
ing states and dc link voltage as

Upn = 8 * Ve (10)

where 5, is the switching state space-vector of the Vienna rec-
tifier and V. is the dc link voltage. Substituting (9) and (10) in
(8) and using the Euler forward method, (8) can be discretized
as

R‘;LV > iy (k)

(11)
where T is the sampling time. Equation (11) can be decomposed
into real («-axis) and imaginary ((3-axis) parts as

i (h41) = 7 [ (6) = 50 (1)

# (1= 22 ) iva )

- T,
v (k+1) = =

. [@t(k)Er*Vdc]Jr<1

S

Vd c
2

Ry L .
(1 - VTV> ivg (k) (12)

Now the cost function can be defined as
9= liva —ival + |ivg —ivs| (13)

where iy, , and iy, 5 are the real and imaginary parts of reference
current vector ( ﬂ/ = 1y, T Jiy 3)- Equation (14) is calculated
for all possible switching states for the next sampling inter-
val and eventually the switching state that minimizes (14) is
selected.
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TABLE I
SIMULATED AND EXPERIMENTAL SYSTEM PARAMETERS
Unit Converter Parameters Value
Vims Line to line ac voltage 385
Hz Input line frequency 50
Reference dc link voltage 150
nF dc side capacitors 1200
w Converter rated power 1000
Vienna rectifier input transformer ratio 6:1
mH Vienna rectifier input filter inductance 8
12-pulse rectifier Y-Y transformer ratio 3.5:1
mH Y=Y Transformer leakage inductance 2
12-pulse rectifier Y-A transformer ratio  3.5:1/3
mH Y-A Transformer leakage inductance 2
Q Vienna rectifier input resistance 0.1
mH dc link inductance 6
kHz Sampling frequency 20
ill
1
THD=4.1%

05 0.505 0.51 0515 0.52

ia (a)

THD=8.3%

val

0.515 0.52
Time (s)

Il Hybrid rectifier
input current

12-pulse rectifier
input current

(b)

Vienna rectifier input
current

Fig. 7. Hybrid rectifier input current, 12-pulse rectifier input current, and
Vienna rectifier input current—(a) output power sharing ratio is 65%, (b) output
power sharing ratio is 90%.

IV. SIMULATION RESULTS

Using PSIM software, simulations were carried out to inves-
tigate the operation and performance of the proposed rectifier.
Table I indicates the simulated system parameters. These param-
eters were chosen similar to the experimental system (explained
in Section V) such that the agreement between simulation and
experimental results can be better observed.

Fig. 7(a) shows the input current when the Vienna rectifier
takes 35% of the output power, whereas Fig. 7(b) illustrates
the same waveforms when the share of the Vienna rectifier has
been reduced to 10%. As discussed in Section II, the higher
the sharing of the Vienna rectifier, the better the quality of the
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Harmonic Spectra of hybrid rectifier line current (THD=4.1%)
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Fig. 8. Harmonic spectra of hybrid rectifier input current corresponding to
Fig. 7(a).
A
3
15 THD=1.9% N Fay a) a2\ T\ THD-46% S\
0 VoSNNS N N
1, AT N S WY A O A N/ \/
3 Av4 S AV AV V3 v/
A (@)
2
1
0
-1
2
1230 (b
1000
730
500
3%
0

Time(s) 0.2 0.25 0.30 0.35

© I
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current input current input current active power active power active power

Fig. 9. Constant power control strategy with step load change applied at t =
0.205 s. (a) Input line current, (b) 12-pulse input current and Vienna rectifier
input current, (c) active power of hybrid rectifier, 12-pulse rectifier and Vienna
rectifier.

input current. This can also be realized by comparing the total
harmonic distortion (THD) of input current in two cases. A close
inspection of Fig. 7(b) (zoomed area) indicates how the Vienna
rectifier has failed to wave-shape the 12-pulse rectifier current
when its current tends to become negative in the positive half
cycle of phase voltage. Fig. 8 shows the harmonic spectra of the
input current corresponding to Fig. 7(a).

Fig. 9 illustrates input current and active power when the
constant power strategy explained in Section III is employed.
In this figure, a step load change from 25% to 100% has been
applied to evaluate the output power sharing behavior of the
system. As can be seen, the Vienna rectifier active power remains
constant under all operating conditions, but the 12-pulse rectifier
active power rises from nearly zero to its nominal value.

Fig. 10 shows similar waveforms as in Fig. 9 when the con-
stant power ratio strategy explained in Section III is used. As
can be seen, both the Vienna and 12-pulse rectifiers contribute
in load active power, whereas the ratio of active power is kept
constant. The THD shown in different operating conditions in
these figures helps in understanding the performance of each
strategy.

Fig. 11 represents the THD of the input current versus the
output power sharing ratio (defined in Section III-B2). Fur-
thermore, Fig. 12 shows the power loss associated with each
rectifier module as the percentage of total output power ver-
sus output power sharing ratio. As expected, by increasing the
output power sharing ratio, the THD of input current rises, but
the total system losses decrease. These graphs can be used by
a designer to select the optimum rating of each rectifier mod-
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power sharing ratio.

ule based on different performance criteria such as the required
input current distortion, the size of each rectifier module, and
system efficiency.

V. EXPERIMENTAL RESULTS

A 1 kW experimental setup was built to validate the theo-
retical analysis and results. The experimental setup parameters
are listed in Table I. A DSP-based digital controller platform
was used to implement the control system. Fig. 13 shows an
overview of the experimental setup. Fig. 14 illustrates the input
line current of the hybrid rectifier when the output power shar-
ing ratio is 100% and the Vienna rectifier does not participate
in the output power of the converter.

Fig. 15 shows different waveforms when the 12-pulse recti-
fier takes nearly 70% of total active power. In this figure, the
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Fig. 13.  Laboratory prototype of the proposed hybrid rectifier.
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Fig. 14. Input line current of hybrid rectifier with scaled phase voltage when

Vienna rectifier does not participate in output power.
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MInput line ' 12-pulse rectifier.  Vienna rectificr g Scaled Phase
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Fig. 15. 12-pulse rectifier input current, hybrid rectifier line current with
scaled phase voltage, and Vienna rectifier input current.

current zero crossing region is also shown in the zoomed area
when the Vienna rectifier has failed to wave-shape the 12-pulse
rectifier current due to its unidirectional nature. In Fig. 16, the
input current harmonic spectra with the THD equal to 4.7%
are shown. Fig. 17 shows the system behavior when the output
power sharing ratio is about 50%. As can be seen, line current
distortion and notches are significantly reduced when the Vienna
rectifier has more contribution in processing the output power
in the hybrid converter. The line current THD corresponding to
Fig. 17 is as low as 2.8%.

VI. CONCLUSION

This paper presented a hybrid rectifier consisting of a con-
ventional 12-pulse rectifier in parallel with an active Vienna
rectifier to achieve low-distortion input current. The parallel
combination of two rectifiers allows the Vienna rectifier to act
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Harmonic current spectra of hybrid rectifier line current
Yo (THD=4.7%)
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Fig. 16. Harmonic spectra of the proposed hybrid rectifier input current cor-
responding to Fig. 15.
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Fig. 17.  Operation of hybrid rectifier when output power sharing ratio is
about 50%.

as an active filter and compensate for 12-pulse rectifier input
harmonics. However, the unidirectional nature of the Vienna
rectifier leads to high current distortion around the current zero
crossing. By allowing the Vienna rectifier to process a part of
output power, this distortion can be significantly reduced. The
mathematical expressions for obtaining the optimum operating
point of each rectifier were obtained. A current controller based
on FCS-MPC was used to manage the power sharing between
two rectifiers. Simulation and experimental results on a 1 kW
experimental setup were shown to validate the theoretical anal-
ysis. The proposed structure is a viable solution for any new
high-power rectifier application. On the other hand, it can also
find applications in retrofit projects where a 12-pulse rectifier
already exists but its input current distortion is to be reduced to
comply with new standards without adding bulky and sometimes
troublesome passive filters.

APPENDIX

The notations used in this appendix are all referenced to Fig. 1.
The ideal input current of a 12-pulse diode rectifier is depicted
in Fig. 3. This current is composed of two 30° phased-shifted
six-pulse diode rectifier input currents, i.e.,

r = a,b,c

(a.1)

where ip is the 12-pulse rectifier input current and ¢y and ip
are the input currents of Y-Y and Y-D transformers, respectively.

ipy =1lys +1ps,
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To simplify the following analysis, the turn ratio of the Y-Y
transformer is assumed to be 1:1. The Y-D transformer input
currents in phase a can be written as

V3

iDa = —5
3

where i, and i}, are the Y-D transformer output currents.
Consequently, (a.1) in phase a can be rewritten as

V3,
3 (iDa

(i/Du - Z/Db) (32)

(a.3)

. . -/
ipg = lyq + —ipy) -

By analyzing these waveform, the average dc current can be
obtained as [6]

PD * T
3V6V,

where Pp is the six-pulse rectifier active power with Y-D in-
put transformer. Assuming the active power is equally shared
between the Y-Y and Y-D transformers, and after some math-
ematical manipulations, the 12-pulse rectifier input current in
phase a can be expressed by

IL de = (34)

by 0<wt<30
M le B2l 30 <wt <60
ipg = ZELe 4 228 G0 <wt<120 @)
b 2P 190 < wt <150
2 le 150 < wit < 180

where Pp is the 12-pulse rectifier active power.
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