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Abstract - This paper presents important new points about the The proposed rectifier is shown in Fig.The circuit is
12-pulse multi-level rectifier, which is a suitable choice for high composed by two three-phase 6-pulse rectifiers P1 and P2
power chtor (PF) hig_h power reqtifie_rs. In the introduction, a  cgnnected in parallel by four equal balancing reactgrs L
brief review of the circuit operation is presented. Along the L4 P2 is a conventional thyristor rectifier with a lagged

text, the commutation phenomena are analyzed, the influence _~ .
of the reactor inductances in both the input current and the firing angle « and P1 is composed by GTOs or IGBTs and

power factor is presented to help the design of the reactors. A diodes, operating with a led and symmetrical firing angle -
control system capable of guaranteeing the output voltage  The adopted modulation strategy is shown in Fig. 2.

stability, a good transient response and the equality of the
reactor currents is also presented and analyzed. Experimental

results of a 5kW prototype are given to confirm the developed il Phase 1 current

theory. - ~. of P1(I1P1) ] |
I. NOMENCLATURE ]

fi. - Cutoff frequency of the current control inner loop.

fv - Cut off frequency of the voltage control loop. S S

Vcwm - Control voltage maximum value, usually 5V or ,1'—|\ .

10V. i 1 B

. Phase 1 current
VL - Line voltage. of P2 (I1P2) Sy——

Phase 1 total
current (I1)

Il. INTRODUCTION

According to previous studies, the 12-pulse multi-level
rectifier is a suitable choice for high power rectifiers because it
has a unity displacement factor (DF), a high PF, low losses and
low total harmonic distortion (THD) of the input current [1,2].

Equations of the output voltage and the input current, as well dl;:;s;;
as the open loop analysis can be found in those studies.
L ILig Fig. 2. Proposed rectifier modulation strategy.
P1; b . P2, |, C|, |,l L2 7 The phase voltageivand the currentsiby, I1p2and b
Y i| T . Tf’i i N B Ssi that appear in Fig. 2 are defined in Fig. 1.
I @ 1 [ ; = ! The phasor diagram clearly shows that the first
Vo o h! Lo ! + harmonic of the total input current &nd the phase voltage
&) ! ! ! ' Vo(Ql  Viare in phase. Therefore, the DF is unitary for any firing
Vs \ | : \ - anglea. Fig. 2 also shows that the total input current has a
@) ' ! ' : complex waveform and how multi-level current is
~ I| | |§ l I l achieved.
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. LD | , L d ~ IIl. THE COMMUTATION PHENOMENA

= Fig. 3 shows the reactive components L and C that help

Fig. 1. Proposed rectifier circuit configuration. the proposed rectifier commutation process.



which is half of the proposed rectifier load current,
distribute itself among £ Cs and &. Assuming these
capacitances are equal, each capacitance will conduct the
third part of the P1 load current. The currents of the lines 2
and 3 will become equal toofb and the current of the line

1 will become equal tool3. When the voltage across
capacitance €become equal to zerog Btarts conducting

and the commutation process ends (Fig. 4c).

The remarkable waveforms of P1 considering the
commutation phenomena are shown in Fig. 5.

b Ls L3 d
Fig. 3. Commutation reactive components L and C.

From Fig. 3 it can be noticed that the output current of
both P1 and P2 rectifiers are considered as half of the
output current d and, therefore, the 12-pulse rectifier is
being assumed as perfectly balanced, with the desired
equality among the currents of the reactors.

Line or intentionally placed inductances cause a well-
known commutation process in thyristors rectifiers like P2

ot
[3,4]. These commutations are responsible for overlap Vgsf—l — ot

periods when two thyristors (e.gq1 8nd @) are conducting

S|mu|tane0us|y and bOth the Iﬂput current and the Outpl{ﬂ"g 5. Waveforms of P1 Considering the commutation
voltage change from their ideal waveforms. These overlaphenomena. From top to bottom: Conducting sequence
periods can be calculated by (1). (the numbers in the line “seq.” are the numbers of the
conducting switches), output voltage Vap (including phase
voltage V1, line voltages V12 and V13, and dashed zones
J - (1) denoting the output voltage increase due to the
commutation), line current 13, and Te and Ts firing pulses.

yL:Arcco{ cosr — Lo
J2v,

The output voltage of P2 is given by (2). . ) ) . )
From Fig. 5 it can be noticed that as in the thyristor
rectifier, both the input current and the output voltage also
() change from their ideal waveforms in the P1 rectifier.
Fig. 5 also shows which switches are conducting at every

On the other hand, the commutation process in rectifie me (IThe f.s.eq. ), Iglven all the needed information to
like P1 is completely different and its analysis is not easil esign the finng pulses.

found in the literature. For this reason, the step by step P1 From the analysis of Figs. 4 and 5 the equations of the

commutation process is presented in Fig. 4. output voltage Vab and the commutation periadcan be
Assuming that T and T were conducting (Fig. 4a), the developed, according to (3) and (4).

commutation process begins whes i$ turned off and the

gate signal of § becomes positive. The commutation 2\/Ea;cvl_ T T 3

happens without currents in the involved switches (esg. T4 C =—[Se'{“ +€j + seng T Hc } @)

and Te), according to Fig. 4(b). The load current of P1,
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Fig. 4. Step by step P1 commutation process.



3\/5\/'_ e enough satisfying (7) and (8) whe® & « < 600, and
Vap~————| cos )+ —= seng @) satisfying (7) and (9) when 8& o < 90P.
From (2) and (4) it can be seen that both equations have Ln > JE+[3‘/E'Q _\/Ej coSu _M @
the same term with “cosf’, which gives the average T 4
output voltage without considering the commutation \/—
- 2
phenomena, and one more term, which appears due to the|n > (sena—a ,cosa) 8
commutation. This second term is negative in (2) and 4
positive in (4). Therefore, the commutation phenomena 3/2 /3 7 ©
increase the unbalance among the currents of the reactors,Ln > 1—T senx + 5 co®
because they increase the output voltage of P1 and they

decrease the output voltage of P2.

It is interesting to notice that while the inductances in P2 In the above inequalities (7, 8 and 9) the term in the left
limit their di/dt and cause a lossless zero current switchingide Ln is called the normalized inductance and is defined
(zcs) in all commutations of all thyristors, the capacitancegccording to (10).
in P1 limit their dV/dt and also cause lossless lg.@.L
commutations, but of the zero voltage switching (zvs) type. Ln= v,
Therefore, the 12-pulse multi-level rectifier has not L
switching losses and the switches stress can be kept underFigure 7 shows the above inequalities (7, 8 and 9).
specified values.

The design of the commutation reactive components can Ln

(10)

be made as functions of the maximum allowable 0.5
derivatives of the switches, according to (5) and (6). 0.4
c=__lo (5) 0.3
dv
6
2V 0.1
L 5—:{“_ L ©)
2|— 0
dt/max 00 150 300 450 600 750 9Q°
Firing anglex
IV. THE DESIGN OF THE REACTORS Fig. 7. Normalized inductance of the balancing reactors
Fig. 6 shows the voltages and the currents of the reactors ~ that causes continuous conduction as a function
L1 and L2. of the firing angle a.
TN [EYTEZN From Fig. 7 it can be concluded that, if continuous
v, |2 /1200 v | 2% N conduction is expected amgis smaller than approximately
45,9 it is enough satisfying (7). Otherwise, it is enough
Vac \ ot Vac ot satisfying (8) or (9). From Fig. 4 it can also be concluded
0 V oy A that the less favorable case is wher 600. In this case
) the critical normalized inductance is approximately 0.46.
_ — - 120 For this reason, the critical inductance Lc is defined
Iy \/I% N\ N J\\/M\//\ according to (11).
" e ot Lc ~ 04624YL (1)
Cc~ 0.
_/\_1/\_ ’\//\\/\/I/\\/ wlg
I 0 I 0 . . . .
- I Ao Including the ripple of the reactors current shown in Fig.
@) (b) 6 in the ideal waveform of the input current of Fig. 2 leads
to the real input current and allows exact calculations.
Fig. 6. Voltages and currents of the reactors L1 and L2. Assuming a constant current load, it can be shown from
(@) 00 < @< 609. (b) 600 < & < 900. these calculations that the normalized RMS current of the

reactor L (IL1/lo), the PF and the THD of the input
From Fig. 6 and some algebraic calculations, it can beurrent of the 12-pulse multi-level rectifier are those
concluded that, to guarantee continuous conduction it gresented in Figs. 8, 9 and 10.
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Fig. 8. Normalized RMS currents of the reactors
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Fig. 9. THD of the input current.
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Fig. 10. Power Factor of the 12-pulse rectifier.
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The dashed zones in Figs. 8, 9 and 10 denote zones where
the conduction of the reactors are discontinuous. Figures 8, 9
and 10 show functions of the firing angleand are plotted
only to the following values of the reactor inductances:

La ~ oo (ideal) Lg =2.Lc
LC = \/ELC LD =Lc
Lc Lc

Le = — Le = —
E \/E F 2

The RMS current of the balancing reactons L2, L3
and L4 are equal. Therefore, Fig. 8 gives any of them.

From Figs. 9 and 10 it can be concluded that the THD
and the PF do not change much with the reactors
inductances when@x « < 300. Therefore, small reactors
can be used if the rectifier is primarily intended to operate
in this band.

On the other hand, if large variations of the output
voltage are necessary, the reactor inductance choice must
be done according to the expected overall performance of
the rectifier.

As an example, if the rectifier operates witk 60° and
the PF must to be always larger than 0.90, then the
inductance of the reactors must be larger than the critical
inductance (Fig. 10) and the wires of the reactors must be
designed to a RMS current of 0.55(Fig. 8).

V. THE CLOSED LOOP ANALYSIS

To guarantee a perfect current sharing among reactors it
is advisable to use a control system, because small
variations in the firing angle or in any other internal
parameter of the rectifier can cause large variations of any
of the four reactor currents [1,2]. Therefore, the best choice
is to control all four currents independently. However,
controlling only one current of each bridge, elg. &nd
IL2 (Fig. 1), can also give good results, because differences
between bridges are much larger than internal differences
into one bridge. The followed developed theory is based on
this idea.
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Fig. 11. Block diagram of the control system.



Fig. 11 shows the block diagram of the adopted control
system. Va and Vb are the output voltage of the bridges P1 8V
and P2, Ra and Rb are the internal resistances of the  Vief L oV
bridges P1 and P2, La = Lb = 2E 212, Rc and Lc are the
LR load series equivalent, la and Ib are the reactors vo [ N\ /] 400v
currents L1 and L2 that must be controlledp and \b are P H 300V
the rectifier output current and voltage. Fig. 7 also shows
the output voltage controller Rv(s) and the current
controllers Ria(s) and Rib(s).a and \bc are P1 and P2 Iref j /" \ 4V
control voltages, kv and ki are the gains of the output B N 3V
voltage and current transducers. ka and kb are linear
approximations of the bridges gains, according to (12). 100ms/div

Fig. 13. Experimental results of the 5kW prototype
voltage control loop.
ka= kb=£. Vi (12)

From Fig. 12 it can be observed that all reactor currents
have the same steady state, although small differences can
be seen in the transient response of the non-controlled

In order to achieve single pole closed loop transfegyrrents 13 and L4. The expected equality among the
functions, the design of the controllers can be madgeactor currents was reached and, therefore, the rectifier
according to (13 - 15): works with the best overall performance that is possible
considering the chosen reactor inductances. Fig. 12 shows

Vs VCM

. 2zfi.(Ra+2Ro La+2Lc (13) that the output currentolhas the expected single pole
Ria(9 = - 1+s transient res ith iate ti tant of about
s. ka. ki Ra+2 Rc ponse with an associate time constant of abou
30ms and Fig. 13 shows that the output voltage Vo also has
_ 27fi .(Rb+ 2R0) Lb +2Lc a single pole transient response, but with an associate time
Rib(9 = S Kb K 1+s Rb+ 2 Re (14} constant of about 50ms. Finally, from the transient
T response presented in Figs. 12 and 13 it can be concluded
1 that the system has very good stability, confirming the
zki.fv [1 +s i j efficiency of the implemented control system.
xfi 15
Rv(9 = Lo @ CONCLUSION
s. kv. Rc(1+ Re In this work, important new points about the 12-pulse

multi-level rectifier were presented. It was shown that the
commutation phenomena don’t cause additional losses and
i increase the unbalance among the reactor currents. General
In order to verify the developed theory a 500Vdc, SkWeongditions to reach continuous conduction were developed
prototype was built. The controllers were designed,ng it was shown that the less favorable case is wiven
according to (13), (14) and (15). The adopted cut offo The influence of the reactor current ripple on the
frequencies were fi = 5Hz and fv = 3Hz, with theoreticalyerformance parameters was analyzed and it was shown
time constants ofj = 31.8ms andy = 53.1ms. that THD and PF do not change much with reactor
Figures 12 and 13 show experimental results of botinductances when®@< « < 300. Therefore, small reactors
the current control inner loop (Fig. 12) and the voltagecan be used if the rectifier is primarily intended to operate
control loop (Fig. 13). in this band. A control system capable of guaranteeing the
equality among the reactor currents and a good system

VI. EXPERIMENTAL RESULTS

stability was presented. The system was implemented and
‘ 4V valuable experimental results can be observed.
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