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Abstract:  This paper proposes a novel multi-pulse flexible-topology thyristor rectifier (FTTR) that can operate over a large
voltage range while maintaining a low total harmonic distortion (THD) in the input current. The proposed multi-pulse FTTR has
two operating modes: parallel mode and series mode. Irrespective of the mode in which it operates, the multi-pulse FTTR main-
tains the same pulses in the load current. To mitigate the harmonic injection into the AC mains, the topology-switching mechanism
is then proposed. In addition, predictive current control is employed to achieve fast current response in both the transience and the
transitions between modes. To verify the effectiveness of the multi-pulse FTTR as well as the control scheme, performance
analysis based on an 18-pulse FTTR is investigated in detail, including fault tolerance evaluation, current THD analysis based on
IEEE standard, and potential applications. Finally, a simulation model and the corresponding laboratory setup are developed. The
results from both simulation and experiments demonstrate the feasibility of the proposed multi-pulse FTTR as well as the control

scheme.

Key words:
Fault tolerance evaluation
doi:10.1631/jzus.C1200283 Document code: A

1 Introduction

Owing to the high power capacity and low cost
of thyristor AC-DC converters, they are still widely
used in industrial applications, such as electrical arc
furnace, electro-chemical process, and high-voltage
direct current (HVDC) transmission (Wiechmann et
al., 2000; Tanaka et al., 2001; Rodriguez et al., 2005;
Rezazadeh et al., 2010). However, the poor power
factor and the harmonic current injection of the thy-
ristor converter are of primary concern. Particularly,
when the converter feeds light loads, the firing angle
is very close to 90°, resulting in a heavy phase lag of
the input current and more harmonic components in
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the AC mains. To alleviate these drawbacks of thy-
ristor AC-DC converters, the active and the passive
wave-shaping techniques were proposed by Peterson
and Singh (2006). The active wave-shaping technique
usually employs controlled power converters such as
static var compensator (STATCOM) to provide the
reactive power and compensation for the harmonics
(Peterson and Singh, 2006). The voltage and current
waveforms produced by the controlled power con-
verters eliminate the particular harmonics produced
by the nonlinear loads. Nevertheless, the active
wave-shaping technique suffers from the drawbacks
of control complexity, increased cost, and losses.
Consequently, the passive wave-shaping technique is
an attractive alternative due to its ease of control, low
cost, and simplicity. It comprises the application of
the harmonic injection method (Saied and Zynal,
2007) and the multi-pulse configuration which is
usually accomplished by a special coupling
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transformer. In general, several six-pulse uncon-
trolled/controlled rectifiers are connected either in
series or parallel to form a multi-pulse rectifier (Fu-
kuda et al., 2008; Garg et al., 2009; Arvindan and
Guha, 2011). As the input currents with different
phase angles are overlapped, near sinusoidal input
current is produced with low total harmonic distortion
(THD) and low ripple contents. Zargari et al. (1997)
proposed an 18-pulse AC-DC converter with three
standard 6-pulse thyristor rectifiers connected in se-
ries. The upper two 6-pulse thyristor rectifiers are
each paralleled by a gate-turn-off (GTO). By chang-
ing the multi-pulse configuration with the help of
GTOs, the input current THD and the power quality
are improved to some extent. However, the output
voltage is not controlled ‘in a continuous way’ but ‘in
step’ when the upper rectifiers are short out. The step
change of the output voltage may not be good for the
system reliability since large du/df may cause serious
electromagnetic interference (EMI) and activate an
overvoltage protection, resulting in an undesirable
failure of the rectifiers. Peterson and Singh (2009)
proposed an 18-pulse parallel thyristor AC-DC con-
verter for the load current control. Based on the load
conditions, a pulse control strategy is presented to
disable or enable the rectifier(s) from the high load
current. In this way, the input current THD and the
power factor as well as the overall system efficiency
are improved. However, the same drawbacks exist in
the 18-pulse parallel rectifier as in the 18-pulse series
rectifier. On one hand, the load current bears step
changes when the top and middle rectifiers are by-
passed. On the other hand, the phase-shift angle be-
tween the secondary windings is 20° when the
18-pulse parallel rectifier operates in the 12-pulse
configuration.

To reduce the input current THD and improve
the power quality, more-pulse rectifiers were pro-
posed and 18-, 24-, 36-, and 48-pulse configurations
are commonly used (Choi et al., 2003; Singh and
Gairola, 2007; Kocman et al., 2010; Young et al.,
2012). Nevertheless, the aforementioned multi-pulse
rectifiers have a narrow operating voltage range for
the purpose of reducing the THD. This paper pro-
poses a novel multi-pulse flexible-topology thyristor
rectifier (FTTR) that can operate over a large voltage
range while keeping low current THD. The topology-
switching mechanism is then devised to improve the

input current THD as well as the power factor of the
system. The proposed multi-pulse FTTR has two
operating modes; irrespective of the mode in which it
operates, it always maintains the same pulses in the
load current. In addition, the predictive current con-
trol strategy is proposed to achieve a fast current
response. To verify the effectiveness of the proposed
multi-pulse FTTR as well as the control scheme,
detailed analyses of an 18-pulse FTTR are developed
in this paper.

2 Schematic of the proposed 18-pulse
flexible-topology thyristor rectifier (FTTR)

In this section, the novel 18-pulse FTTR is
proposed (Fig. 1). The detailed performance analysis
of the rectifier is carried out, including the description
of the predictive current control, the topology-
switching mechanism, and the parallel and series
modes operations. It consists of a phase-shifted
transformer with three isolated secondary windings.
The phase-shifted angle among the secondary wind-
ings is designed to be 20° for harmonic cancellation.
Each of the secondary windings feeds a standard
6-pulse thyristor rectifier, and the three 6-pulse rec-
tifiers are connected with four additional diodes and
two GTOs (functioned as switches). Compared to the
18-pulse series thyristor rectifier proposed by Zargari
et al. (1997), the 18-pulse FTTR in this paper only
increases two extra diodes, and thus the overall cost
does not increase noticeably.
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Fig. 1 Schematic of the proposed 18-pulse flexible-
topology thyristor rectifier (FTTR)

The corresponding equivalent diagrams of the
18-pulse FTTR which operates in both modes are
depicted in Fig. 2.
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Fig. 2 Equivalent diagrams of the 18-pulse FTTR
(a) Series mode operation; (b) Parallel mode operation

With the auxiliary GTOs, named S,,; and Sy, the
18-pulse FTTR is able to operate in either the series
mode or the parallel mode. If Sy and Sy, are turned

on, the 18-pulse FTTR will operate in the series mode.

Otherwise, the 18-pulse FTTR will operate in the
parallel mode. Both operating modes will be accom-
plished by the predictive current control.

2.1 Description of the predictive current control

In this section, the principle of the predictive
current control with regards to the 18-pulse FTTR is
developed. The average current control of the afore-
mentioned multi-pulse rectifiers is usually accom-
plished by a linear proportional integral (PI) control-
ler (Zargari et al., 1997; Hao et al., 2007; Wiechmann
et al., 2008). In this case, the fast dynamic response
cannot be achieved since the average load current is
usually obtained via a low-pass filter (Fig. 3). The
low-pass filter will introduce a time lag and thus
affects the response of the controller.

Multi-pulse thyristor rectifier L
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Fig. 3 Block diagram of proportional integral (PI) con-
trol of the multi-pulse thyristor rectifier

With the development of fast and powerful
microprocessors, the predictive control strategy has
been capturing more and more attention (Yang et al.,
2006; Bao et al., 2011). Straightforward concepts, fast
response, and powerful ability in coping with nonli-
near characteristics all make it suitable for power
electronics (Rodriguez et al., 2007; Schroder, 2009;
Geyer, 2010; Ahmed et al., 2011; Yaramasu et al.,
2012; Lim et al., 2013). A conceptually new predic-
tive current control method is presented in Srdic and
Nedeljkovi¢ (2011) where a standard 6-pulse thyristor
AC-DC converter is investigated. This paper presents
the method introduced in Srdic and Nedeljkovi¢
(2011) and applies it to the proposed 18-pulse FTTR.
A block diagram of the predictive current control
strategy applied to the 18-pulse FTTR is shown in
Fig. 4, and the current control is performed in the
following steps (Rodriguez et al., 2007).
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Fig. 4 Block diagram of the predictive current control

1. The operating mode (parallel or series) is
selected.

2. The value of the current reference i (k) is
preset or obtained from an outer control loop.

3. The inductor current i (k), the output voltage
v4e(k), and the input line-to-line voltages are measured.



Zhang et al. / J Zhejiang Univ-Sci C (Comput & Electron) 2013 14(4):296-310 299

The input line-to-line voltages are used to calculate
the voltage vectors (v, (k) for the parallel mode and
v;s(k) for the series mode).

4. The predictive current controller predicts the
inductor current in the next sampling instant i (k+1)
based on the present inductor current iy (k), the present
load voltage v4.(k), and the selected voltage vector.

5. Every voltage vector participates in the pre-
diction of the inductor current i (k+1), and the voltage
that minimizes the current error is selected. The cor-
responding thyristors are then fired according to the
selected voltage vector.

To achieve the prediction of the inductor current,
two calculations about the voltage-time area of the
DC-side inductor are required. The first one is about
the maximal available inductor current increment
AlL, which is obtained from the voltage-time area
between two adjacent crossings of the line-to-line
voltages and the load voltage (Fig. 5). Here, the line-
to-line voltages denoted by v; (=1, 2, ..., 18) are
defined as the voltage vectors with values being de-
termined according to the operating mode, as can be
seen in Section 2.3.
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Fig. S Principle of the predictive current control

Take the interval [#), #;] as an example. The
calculation of the maximal available inductor current
increment begins at instant ¢, and ends at instant #;.
Thus,

Al =8,/L, 1)

where S, = j:‘ (v, — vy )de.

Upon completion of the first calculation, the
second calculation begins. The second calculation is
about the available inductor current increment Aiy (7).

The available inductor current increment Aiy (¢) at any
instant within the interval [#, #;] can be determined by
the second calculation. Thus, AiL(?) is determined by
the voltage-time area S, in Fig. 5:

Ai (=S, /L, 2)

t
where S, = J.,s (v, =vdt, 1, <1<t

Rather than directly calculating AiL(¢) based on
Eq. (2), it is more convenient to calculate it by sub-
tracting S, from Sy, as the voltage vectors are assumed
to be symmetric.

S,=5,-8,. 3)

Then,

Ai (t)=AI,, _% j v, -v)de, <1<t (4)

Therefore, the available inductor current increment at
instant ¢, is given by

. 1 153
8i, (1) =AMLy, = j (v, = v, )dt. (5)

If the appropriate thyristors are fired at instant #,,
the inductor current will achieve its maximal value at
instant #; during the conduction of thyristors. The
maximal value is equal to the sum of the instantane-
ous load current i (#;) and the predicted current in-
crement Air(#,). Therefore, for the predictive peak
current control, the maximal value of the inductor

current should equal the current reference i (z,).

iy (t) =i (1,) + Ai (8,). (6)

Note that the load voltage is assumed to vary
slowly during the calculation of the voltage-time area;
otherwise, the control scheme may be ineffective. For
this reason, generator-type loads such as battery, DC
motors, and inverters are preferable to be fed by the
18-pulse FTTR with the proposed predictive current
control (Nedeljkovi¢ and Stojiljkovi¢, 2003).

To achieve the average current control, an ap-
proximate transformation of the inductor current
between the peak value and the corresponding
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average value was adopted in Srdic and Nedeljkovié¢
(2011). As illustrated in Fig. 6, the current #; is ob-
tained by subtracting the minimal value of the in-
ductor current if ,;, from the inductor current i;. The
average value of the current i is then approximated
as

~2Al /. @)

.1
lLavg

A Y

.t Al
lLavg
» 1

Fig. 6 Control of the average value of the inductor
current (Srdic and Nedeljkovié, 2011)

On the other hand, the average current i,

should equal the current reference i;i (¢) by subtract-

ing the minimal value of the inductor current 7y pi,:
iI"avg = l; (Z) - iLmin . (8)
Thus, for the predictive average current control, the

appropriate thyristors should be fired at the instant
when the following equation is satisfied:

K3 . 2

lL(t)=lL(t)+;A1- (€)]
Consequently, Eq. (6) can be modified to be
(10)

(1) =1, (1) + 2 i, (1)
T

Srdic  and
Nedeljkovi¢ (2011) is based on the assumption that #;

The approximation used in

is sinusoidal. In fact, i/ is non-sinusoidal; thus, the

approximation used in Srdic and Nedeljkovi¢ (2011)
causes the steady-state error between the current ref-
erence and the actual inductor current. To obtain the
average value of i/ with less error, this paper attempts
to find the relationship between the peak value and the
average value from another perspective. As shown in
Fig. 7, i; starts to rise at instant #, and achieves its

maximal value at instant #;, and then begins to decrease
until it achieves its minimal value at instant ¢,.
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Fig. 7 Illustration of the average current control

As can be seen from Fig. 7, i (in one pulse) is

composed of two curve segments:

Curve AB:i. (1) =% jt’ v, —ve)dt, 1, <1<,

1
CurveBC:i{(t):AI+zJ.:(vj—vdc)dt, t<t<t,,

(11

where A is the maximal value of i and is given by

v, = \/EUrsin(a)t).

Based on Egs. (11) and (12), the average current of i
is obtained. The relationship between 7/, , and Al is

shown in Fig. 8. From Fig. 8, the approximate value of

PR L
Il 18 Obtained:
.
I ® 201/ 3. (13)
0.7
~ i =
d 0.667
.06
=
&5 200 400 600
Vae (V)

Fig. 8 Relationship between i, and Al

The error comparisons between the approximate
values of i/, and the actual average current value
are shown in Fig. 9. As can be seen, the approximate

value introduced in this paper is closer to the actual
value than that introduced in Srdic and Nedeljkovié
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(2011), and the error is practically negligible.
Therefore, the modified condition for the predictive
average current control is obtained:

il =iL(t)+§AiL(t). (14)

If the particular thyristors are fired at which Eq. (14)
is satisfied, the average value of each current pulse

will equal the current reference if,,, (Fig. 6), and thus

the average current control is achieved.

0.2

| I I ] (]

| | | 1 1

L] L 1 1 1

| L | 1 1

| L | 1 [}
sinnsnnnsbsnsnsbaessn ol o

0 Srdic and | '

. Nedeljkovic (2011) | |

<] i i | i i

m " L L i &
i i 1 i i _\
0 | | \I 1 1 \‘.

i i Proposed | i

| | method | |

| I I (] ]

| | 1 1 [}

0.1 1 1 1 1 1

o] 200 400 600
Vae (V)

Fig. 9 Error comparisons between the approximate
values and the actual value of i,

Based on the proposed control strategy, the pa-
rallel and series operations of the 18-pulse FTTR can
be accomplished effortlessly in Section 2.2.

2.2 Parallel and series operations

This section describes the parallel and series
operations of the 18-pulse FTTR with the aforemen-
tioned control strategy. To apply the predictive cur-
rent control to the 18-pulse FTTR, the voltage im-
posed on the DC-side inductor at every instant should
be determined. Suppose that the three-phase voltage
source from the AC mains is symmetric, i.e.,

Vg = \/EU,sin(a)t),
Vpe = \/EUrsin(a)t —2m/3),
Vey = x/EUrsin(a)t +2n/3).

(15)

Accordingly, a complete period (20 ms) is di-
vided into 18 sections in both modes, corresponding
to 18 voltage vectors. The values of the voltage vec-
tors are determined based on the line-to-line voltages

of the secondary windings of the phase-shifted
transformer. The 18 voltage vectors are then applied
to the DC-side inductor in sequence to calculate the
available inductor current increment. The conducting
sequence of the voltage vectors is shown in Fig. 10.
For the parallel mode operation, the value of the
voltage vectors can be found:

v, =20, sinLa)H%j, j=1,2,-18. (16a)

For the series mode operation, the voltage vector v;, is
obtained by calculating the vector sum of the three
adjacent voltage vectors (vi, v;+1) which are defined
in the parallel mode. Hence,

V=V ty v

Js
P 16b
:\/EUssin(wt+%j, j=12,---,18, (16b)

where Ug=[2cos(n/9)+1]U,. Note that v, should be
replaced by v;g when calculating the value of vy
based on Eq. (16b). The voltage vectors are trans-
mitted to the predictive controller successively to
calculate the current increment, then determining
which thyristors should be fired. As can be seen from
Eq. (16), values of the voltage vectors in the parallel
mode are smaller than those in the series mode, which
means that the input voltages are higher in the series
mode. Hence, poor current THD will be obtained

v,
145
v]3s

Fig. 10 Voltage vectors defined in the parallel and series
modes

Short and long arrows refer to the vectors in the parallel
mode operation and the series mode operation, respectively
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when the 18-pulse FTTR operates in the series mode
for low output voltage. To reduce the input current
THD, the operating mode should be selected. In other
words, the flexible-topology mechanism of the
18-pulse FTTR should be designed.

2.3 Flexible-topology mechanism of the 18-pulse
FTTR

In this section, from the viewpoint of mitigating
the input current THD, the topology-switching me-
chanism is discussed in detail. According to the pre-
vious analysis, the load voltage is adopted as the cri-
terion for topology switching. When the load voltage
is low enough to be fed by the 18-pulse parallel rec-
tifier, the 18-pulse FTTR is suggested to operate in
the parallel mode. In this case, the three 6-pulse rec-
tifiers are connected in parallel to feed the load, and
thus the delay angle of thyristors is reduced, as
compared to that of the 18-pulse series rectifier
feeding the same load. As soon as the load voltage
fails to be fed by the 18-pulse parallel rectifier, the
18-pulse FTTR will switch to operate in the series
mode. By this way, the three 6-pulse thyristor rec-
tifiers are connected in series to boost the input vol-
tage. Thus, the criterion for topology switching is
summarized as follows:

(17)

{vdc >V,,, series mode,

v, <V, parallel mode,
where v,; and vy, are the low and upper limits of the
hysteresis, respectively. A hysteresis is used to make

the topology-switching robust (Fig. 11).

Series mode

f §

\

Parallel mode
> »
I > >

Vht Vh2 Vdc

Fig. 11 Illustration of the topology-switching operation

The values of vy, vz can be determined by tak-
ing into account the available inductor current in-
crement Aip(f), which characterizes the dynamic
performance of the inductor current. As shown in
Fig. 7, in the steady state, the performance of AiL(7)
can be characterized by a, and a4, which are subjected
to

sin(ijsin(wt -a +£]—1 Vae
18 orhg) aslVau, S (8)

Based on Eq. (18), the dynamic performance of o
with the output voltage vq. is illustrated in Fig. 12. As
shown in Fig. 12, o, begins to decrease with increas-
ing v4. and experiences a sudden drop when v4. ex-
ceeds 1.3U,. This is because the voltage-time area is
too small to produce the necessary Ai,, to afford
Ai(¢). Thus, to maintain a good dynamic perfor-
mance, the output voltage of the 18-pulse FTTR
should not exceed 1.3U;. Accordingly, the certain
condition for the 18-pulse FTTR working in the series
mode is

vae>1.3U,, (19)

and the condition for the 18-pulse FTTR working in
the parallel mode is determined with a hysteresis:

vae>1.2U,. (20)
Thus, the values of vy,; and vy, are obtained:
=1.2U,
Vhl r (2 1)
v,, =1.3U,.

Note that if Eq. (20) is satisfied, the 18-pulse
FTTR can operate in either the series or parallel mode,
and can easily be switched from one mode to the
other.

10 —— T

a (%)

0 0.2 0.4 086 0.8 1.0 12 14
Vool Ur

Fig. 12 Relationship between a, and v4./U,

Based on the proposed topology-switching me-
chanism, the input current THD as well as the power
quality of the system can be improved. The predictive
current control is then applied to the 18-pulse FTTR
to obtain fast response, and the control algorithm is
illustrated as flow diagrams in Section 2.4.
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2.4 Predictive current control algorithm

The predictive current control algorithm is illu-
strated in Figs. 13 and 14 as flow diagrams. Fig. 13
shows the flexible-topology operation and Fig. 14
illustrates the predictive current control. The operat-
ing mode is selected before the implementation of the
predictive current control. A FOR cycle is used to
evaluate the inductor current with regards to every
voltage vector, compare the current error, and store
the minimal value as well as the corresponding index
value of the voltage vector, and then the correspond-
ing thyristors are fired. The control algorithm is im-
plemented in the following way:

1. Every two adjacent voltage vectors are com-
pared with output voltage for calculating the voltage-
time areas.

2. The available inductor current increment with
regards to every voltage vector is calculated.

3. The inductor current is predicted and com-
pared with the current reference.

4. The minimal current error is stored and its
index value of the related voltage vector is selected.

5. The corresponding thyristors are fired based
on the selected voltage vector.

( Sample vqc(k), vj(k)

Calculate vy, U,

Mode selection

Fig. 13 Flow diagram of the implemented flexible-
topology operation

Noted that Fig. 14 shows only the flow diagram
of the parallel mode operation. It can be used to show
the series mode operation by substituting v—1y(k),
v;s(k) for v;-1)(k), v(k), respectively. For the sake of
brevity, the flow diagram of the series mode is left
out.

The control algorithm will be implemented on a
digital signal processor (DSP), and six digital outputs
of the DSP are used to transmit the firing signals for

thyristors. If there is something wrong with any of the
digital outputs, the 18-pulse FTTR will malfunction,
leading to unexpected results. Even though the digital
outputs function normally, any fault of the 18-pulse
FTTR will lead to the system operating abnormally.
Therefore, the fault tolerance evaluation is necessary.

Jop=J

y

Apply V()

Trigger thyristors

( sample i, (k), if (k) ) vES

For j=1:18

h

[ Calculate vj-1(k), vi(k) )

Ai (k)= AL, —Ai, (k),
i (k+1) =i, (k) +2Ai, (k) /3

YES

Al = Ay (k+1),
Ai (k+1)=0

Ai (0)=0,
) _ 1
AzL(k+1):AzL(k)+z[vj(k)—vdc(k)] !

NO /v(k)}m YES

)

Fig. 14 Flow diagram of the control algorithm in the
parallel mode operation

2.5 Fault tolerance evaluation

The 18-pulse FTTR has the fault-tolerant ability
in case of rectifier failures. For example, if one of the
6-pulse rectifiers fails, the abnormal inductor current
can be detected and the corresponding faulty rectifier
is located. Then the main controller shuts down the
faulty rectifier and the 18-pulse FTTR is reconfigured
into a 12-pulse rectifier. After that, the predictive
current controller is modified to control the 12-pulse
rectifier, ensuring the current supply for the load.
However, in this case, the input current THD as well
as the load current ripple will be increased. Fig. 15
shows the simulation results of faulty operations of
the 18-pulse FTTR in both operating modes. As a
comparison, faulty operations with the PI control are
also implemented. It is observed that the current rip-
ple with PI control is larger than that with the
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predictive current control. Moreover, the 18-pulse
FTTR has the natural ability of short circuit since it is
actually a current-source-type converter. This makes
it easy to deal with different kinds of short-circuit
failures.

2 A/div; 5 ms/div

1 VWWV\JV\!VVVWVVVV\M
. _PI control .
2A/d|v 5ms/div. -

‘ mwwww

o

Inductor current (A)

12-pulse operation

18-pulse operation

2 AJdiv; 10 MS/aiy. .-

10 [RARRPORANARPRY

mM\fvwﬁ

2 Alchv 10 msldlv

Inductor current (A)

Predlotlve control:

18-pulse operation 12-pulse operatlon

(b)

Fig. 15 Faulty operations of the 18-pulse FTTR
(a) Parallel mode operation; (b) Series mode operation

The short-circuit ability is verified when the

18-pulse FTTR operates in the parallel mode (Fig. 16).

As can be seen from Fig. 16, when the short circuit
occurs (simulated by stepping the output voltage from
20 to 0 V), the inductor current experiences a little
overshoot with the PI control. However, it bears great
overshoot with the predictive current control. This is
because the predictive controller presented in this
paper is sensitive to the output voltage variation.
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Fig. 16 Short-circuit ability test of the 18-pulse FTTR
when operating in the parallel mode

It is also observed that a steady-state error exists
in the inductor current when the 18-pulse FTTR is
under faulty operation by the PI control. Thus, to
eliminate the steady-state error of the inductor current,
an adaptive PI controller is more appropriate.

3 Simulation and experimental results
3.1 Simulation results

Simulation of the 18-pulse FTTR controlled by
the predictive current control has been carried out
with Matlab/Simulink. The simulation results for a
step change of the load current from 5 to 10 A and
vice versa are shown in Fig. 17.
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Fig. 17 Simulation results of the series mode (a) and the
parallel mode (b) operations

It can be seen from the simulation results that
fast transient response is achieved with negligible
errors between the current reference and the actual
load current. However, a little current overshoot oc-
curs when the load current varies from 5 to 10 A, in
both parallel and series operation. The flexible-
topology operation is demonstrated in Fig. 18. It is
shown that the 18-pulse FTTR can operate in either
parallel or series mode by turning on/off the switches.

A performance comparison is carried out be-
tween the predictive current control and the conven-
tional PI control (Fig. 19). As can be seen, the settle
time of the load current by the predictive control is
shorter than that by the PI control in both operating
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modes (about 5.5 ms shorter in the parallel mode and
4.5 ms in the series mode). In addition, the perfor-
mance comparisons of the flexible-topology opera-
tion are shown in Fig. 20. It is observed that switching
from the series mode to the parallel mode and vice
versa by the predictive current control is smooth,
without apparent sag or swell in the load current.
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Fig. 18 Simulation results of the flexible-topology
operation
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Fig. 20 Comparison between the PI controller (top) and
the predictive controller (bottom)

3.2 Experimental results

Based on the simulation results, a laboratory
prototype of the proposed 18-pulse FTTR is devel-
oped. A part of the prototype is shown in Fig. 21
where the bulky phase-shifted transformer and the
generator-type load are excluded. The Chroma pro-
grammable AC/DC electronic load (Chroma 63804)
is used as the generator-type load. The setup specifi-
cations are given in Table 1, and exceptional specifi-
cations with regards to some figures are appended to
the figures’ captions. The control algorithm is im-
plemented on a Texas Instruments TMS320F2812
DSP. The inductor current, input and output voltages
are sampled every 25 ps, and each signal is sampled
four times to minimize the sampling error. New val-
ues of the inductor current, the input and output vol-
tages are updated every 200 ps.

Fig. 21 Experimental setup of the 18-pulse FTTR

Table 1 Experimental setup specifications

Parameter Value
Input line-to-line voltage, U, 120
(primary and secondary) (V)
Output voltage (load voltage), vy, (V) 80
Transformer ratio 1:(1:1:1)

(primary:secondary)
Phase-shift angle

(primary:secondary)
Inductance, L (mH) 20.3

0°:(~20°:0°:20°)

The experimental results for a step change of the
load current from 5 to 10 A and vice versa are shown
in Figs. 22 and 23. Fast current response is achieved
in both modes. The flexible-topology operation is
verified by the experiment (Fig. 24). As can be seen,
the flexible-topology operation is achieved fast and
smoothly. The experimental results of the comparison
between the predictive control and the PI control are
shown in Figs. 25 and 26. These experimental com-
parisons further demonstrate that the predictive cur-
rent control is superior to the PI control in coping with
sudden current changes.



306 Zhang et al. / J Zhejiang Univ-Sci C (Comput & Electron) 2013 14(4):296-310

== 100 V/div, 10 ms/div
33 0 [T IAANRARAAY
€3

s 5 A/div, 10 ms/div
55 A WY
E % 5 (WA

(a)

AR KA RAN AAAAAAAN
WWAAVAVVRAVAY VAR ANAR A AR VAV

100 Wclw 10 ms/div

Inductor
voltage (V)
O

AWV

Inductor
current (A)

WWWAVWIWWYWA

5 A/div, 10 ms/div

(b)

Fig. 22 Experimental results of the 18-pulse FTTR

operating in the parallel mode
Current reference varies from 5 to
5A(b)

10 A (a) and from 10 to

5 é“ 100 V/div, 10 ms/div
T o
3 \**m"\t*l\mx\wm*m\n\\\«\
Eg of "\"l‘ \.,I Ty 'NARRARARD
— 5 A/div, 10 ms/div
<L
gz 10 //W\MMN’WWWW
22 IWnWYWIAYW
o
0
(a)
.%_S‘ \100:&'1’[!::\‘{ T?’?\“
° ARAA ARAAA
28 OH\\\\\ \ '\ '\"\"‘\\”‘*\ \ ‘“ VYV
5 Ndlv. 10 ms/div
5E 1o WAV
3 WA
=g
0

(b)

Fig. 23 Experimental results of the 18-pulse FTTR
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The analyses of the input current THD and the
power factor of the system is shown in Figs. 27a and
27b, respectively. The input current waveforms for
va/U>1 are shown in Fig. 27c, which indicates that
the 18-pulse FTTR can operate in the series mode as a
step-up converter. It is observed that the input current
THD is lower and the power factor of the system is
higher in the parallel mode than that in the series
mode when the output voltage is low, and thus the
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18-pulse FTTR is capable of improving the input
current THD as well as the power factor when feeding
the light loads. It is also observed that the input cur-
rent THD experiences a drastic variation when the
output voltage is lower than 360 V. This is because the
diodes D,—D, are forced to conduct when the output
voltage is low. They bypass part of the load current
and thereby deteriorate the input current (Fig. 28).
The input current THD comparison between the
conventional 18-pulse series rectifier and the 18-pulse
FTTR in the series mode is illustrated in Fig. 29. It is
shown that the current THD of the 18-pulse FTTR
begins to deteriorate when the output voltage is lower
than some critical value. Therefore, from the stand-
point of improving the current THD, it is suggested
that the 18-pulse FTTR operate in the series mode
when the output voltage satisfies

v, >1.75U.. (22)
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Fig. 27 Analyses of the input current THD and the
power factor of the system

(a) Input current THD analysis; (b) Power factor analysis of
the 18-pulse FTTR; (c) Input current waveforms for cases
with vg/U>1 (top: U=120 V, v4=180 V; bottom: U=
120V, v4=140 V)
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Fig. 29 Comparison of the input current THD

Note that the 18-pulse FTTR can also operate in
the series mode even if Eq. (22) does not hold. Thus,
Eq. (22) does not contradict Eq. (19) since Eq. (19) is
obtained based on the consideration of the dynamic
performance of the inductor current, while Eq. (22) is
based on the consideration of improving the current
THD.

Though the input current THD of the 18-pulse
rectifier has been reduced observably as compared to
that of the 12- or 6-pulse rectifier, some of the har-
monic components are still beyond the limits sug-
gested by IEEE Std. 519-1992 (Table 2). As can be
seen from Tables 2 and 3, the low-order harmonic
currents (n<17) are far less than the limits while the
high-order harmonict currents (n>17) exceed the
limits. Therefore, to meet IEEE Std. 519-1992, addi-
tional harmonic mitigation methods (active or passive)
should be used in the 18-pulse rectifier. A great
amount of work has addressed on this topic (Choi et
al., 2000; Arrillaga et al., 2006; Peterson and Singh,
2007; Fukuda and Ueda, 2010); hence, it is not the
focus of this paper.

The input current and voltage waveforms in the
worst case of distortion are shown in Fig. 30a; the
corresponding current frequency spectrums are dis-
played in Fig. 30b. The worst case of distortion occurs
in the series mode when the output voltage is far less
than the input voltage. The figure also shows that
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Table 2 Current distortion limits given by IEEE Std.
519-1992

Harmonic order, n Current distortion limit
<11 <4%
<17 2%
<23 <1.5%
<35 <0.6%
>35 <0.3%
THD <5%

Table 3 Harmonic components

L THD Ll Ly (%)

@A) ) n=5 n=1 n=9 n=17 n=19 n=35 n=37
10 1008 0.06 0.7 002 7.9 439 3.12 2.60
50 643 023 023 001 487 394 093 0.78

n: harmonic order; I, root-mean-square (rms) value of the
nth-order harmonic current; I,;: rms value of the fundamental
frequency current. The current THD is measured under U,=200 V,
VdC:OV
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Fig. 30 Input current waveforms and the corresponding
frequency spectrum analysis

(a) Input current and voltage (line-to-line value) waveforms
in the worst case of distortion (top: input voltage; bottom:
input current); (b) Spectrums of the input current

low-order harmonics (1#<17) are trivial, and the har-
monics are given by

n=18K=1, K=1,2, .... (23)
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The efficiency evaluation has been implemented
on the experimental setup. It does not take into ac-
count the losses of the phase-shifted transformer; thus,
the main losses are the conduction losses of the thy-
ristors. The experimental results of the system effi-
ciency in parallel mode are shown in Fig. 31, and the
power consumed by the load is listed in Table 4. The
results show that as the load voltage increases, the
system efficiency increases. This is because when the
load voltage increases, the delay angle of the thyristor
is reduced and thus the active power increases.

0.8
<
g 06
2
L
=
@ 04
0.2
20 60 100 140
Vae (V)

Fig. 31 Experimental results of the system efficiency in
the parallel mode

Table 4 Power consumed by the load

vae (V) Ploag (kW) vae (V) Ploag (kW)
20 0.34 100 1.05
40 0.58 120 1.10
60 0.76 140 1.12
80 0.96 160 1.16

4 Conclusions

This paper proposes a novel multi-pulse FTTR
that can operate over a large voltage range while still
keeping low current THD. To achieve this aim, the
flexible-topology mechanism which determines the
operating mode of the multi-pulse FTTR is proposed.
Irrespective of the mode in which it operates, the load
current maintains the same pulses. Unlike the con-
ventional multi-pulse AC-DC converter that uses the
PI controller, this paper proposes the predictive cur-
rent controller to control the load current. The tran-
sient response of both modes and the transitions be-
tween parallel mode and series mode are confirmed to
be fast and smooth by the performance analyses.
Simulation and experimental results show the feasi-
bility of the 18-pulse FTTR and the control method.
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Owing to its capability to operate over a large
voltage range, the proposed multi-pulse FTTR could
be particularly useful in wind generation, to substitute
for high-cost pulse-width modulation (PWM) rec-
tifiers in high-power applications. Additionally, be-
cause of its better performance under sudden current
variation, the proposed multi-pulse FTTR can be
applied to aluminium potlines and electrowinning
industry.
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