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Abstract — Diode rectifiers are essential utility interfaces
for several power converter systems and those provide useful
characteristics such as cheap, light weight, compact, high
efficiency, lower producing EMI noises, robust for fault high
current and etc. Only the unwanted feature of the diode
rectifiers is greatly distorted input current which may cause
harmonic pollution in power systems. The authors propose a
24-pulse three-phase diode rectifier by means of a simple and
unique topology. In this paper, the topology and operating
principle are shown and the performance and the
practicability are validated through experiments.

Keywords — diode rectifier, multi-pulse, PFC, utility
interface, harmonics, total-harmonic-distortion

I. INTRODUCTION

Diode rectifiers are essential utility-interface for
several power converter systems and those provide useful
characteristics such as cheap, light weight, compact, high
efficiency, lower producing EMI noises, robust for fault
high current, low emission noises and etc. Only the
unwanted feature of the diode rectifiers is greatly
distorted input current which may cause harmonic
pollution in power systems. To mitigate the harmonic
pollution caused by rectifiers, several PFC schemes have
been proposed and applied so far. The traditional multi-
pulse scheme in three-phase diode rectifiers by means of
isolation transformers for phase-shifting with full kVA
(i.e., full power-conversion scale) and the modern PWM
scheme are the major ones. This traditional multi-pulse
scheme results in a bulky system due to the isolation
transformer, while the PWM scheme results in lower
reliability, lower robustness, higher cost, greater EMI
noise. Instead of them, several simplified multi-pulse
schemes have been proposed and practically applied
recently. Unlike the traditional multi-pulse scheme with
full kVA isolation transformer, this simplified multi-
pulse schemes requires only an autotransformer of
limited kVA and the size, weight, cost and efficiency are
greatly improved compared with the traditional one!""*,

Although 12-pulse and 18-pulse three-phase diode
rectifiers with simplified topologies have been proposed
and practically applied so far, a 24-pulse (or higher pulse
number) diode rectifier is difficult to realize with a
simple topology because the configuration of the
autotransformer becomes very complicated and difficult
to produce it with certain accuracy.

By the way, the authors have proposed the pulse-
doubler scheme!"*! for doubling pulse numbers of
three-phase diode rectifiers (as well as voltage fed

inverters). For example, a 6-pulse or a 12-pulse diode
rectifier can be 12-pulse or 24-pulse one, respectively, by
applying this pulse-doubler scheme, i.e., adding a small
auxiliary circuit into the dc circuit of the original one. By
hybridizing the simplified 12-pulse scheme with an
autotransformer and the pulse doubler scheme with a
small auxiliary circuit, we can obtain a simplified 24-
pulse diode rectifier. In this study, the authors have
applied the pulse-doubler scheme onto the simplified 12-
pulse three-phase diode rectifier with the Line-Side
Interphase Transformer (LIT) scheme!'™”!, and this
hybrid diode rectifier obtains the 24-pulse nature.

The theory to obtain the 24-pulse operation has been
shown in this paper and it is confirmed through
simulations and experiments.

II. CIrRCUIT TOPOLOGY AND OPERATION

A. Circuit Topology

The topology of the new hybrid 24-pulse rectifier is
shown in Figure 1. The rectifier circuit consists of two
parts: the 12-pulse rectifier part with black color
lines/parts and the pulse-doubler auxiliary part with blue
color lines/parts.

The 12-pulse rectifier part consists of a three-phase
voltage source (i.e., utility), an ac inductor Lac to limit
distortion of the utility currents (is, etc.), a LIT Ty, two
three-phase diode bridge rectifiers (Rec.l and Rec.2), a
dc smoothing capacitor Cpc and a dc load Ry. By
replacing the pulse-doubler part from the circuit and
connecting the two dc output positive terminals (P; and
P,) directly to the dc output positive terminal Pg, this
rectifier becomes the 12-pulse rectifier of LIT scheme. In
this 12-pulse topology, the two diode rectifiers (Rec.l1
and Rec.2) produce two sets of three-phase 6-pulse
staircase voltages (vxy; etc. and vxy; etc.) on the ac-input
side and the two three-phase voltages have phase
displacement of 30 [deg] each other. The two sets of
three-phase 6-pulse staircase voltages (vxy; etc. and vxy;
etc.) are synthesized through the T, and three-phase 12-
pulse staircase voltages (vxyo etc.) are produced on the
input of the T.. Since the synthesized 12-pulse voltages
(vxyo etc.) have much less distortion compared with a 6-
pulse voltage, less inductance is required on the ac
inductor Lac to obtain utility line currents (i, etc) with
certain quality of waveform (i.e., lower Total-Harmonic-
Distortion (THD)).

The pulse-doubler part consists of only the DC-Side
Interphase Transformer Tp with three intermediate taps
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Fig.1. Circuit Topology for Three-Phase 24-Pulse Diode Rectifier

and two diodes. The theoretically optimum winding
ratios!'”’  of each the windings are almost
“W011W021W13:W24: 1:1:1:1.”

B. Circuit Operation

Figure 2 shows operating waveforms under ideal
condition in a graphical analysis of the proposed rectifier
(and the traditional 12-pulse rectifier partially) shown in
Fig. 1, where the utility voltages (vap etc.) are purely
sinusoidal, the currents (i, etc.) continuously flow and
the dc output voltage vpco is completely smoothed as
shown in Fig. 1 (a), (b) and (c).

Under the condition with ideal sinusoidal utility line
currents (iy etc.) (i.e., with continuous input line currents
(ix; etc. and ix, etc.) of the diode rectifiers (Rec. 1 and
Rec. 2), the output current ipc; and ipc, of the rectifier
pulsate at six times of the utility/mains frequency (i.e., in
every 60 [deg.]) as shown in Fig. 2 (b). As a result, the dc
currents alternates the conditions of “ipc; < ipcy” (Mode
1) and “ipc; > ipcy” (Mode 2) at six times of the
utility/mains frequency (i.e., in every 60 [deg.]) as shown
Fig. 3 (e).

The total ampare-turn ATtp.ary. of the DC-Side
Interphase-Transformer Tp produced by the dc-currents
and the windings (wo, etc.) must be zero at all the time as

shown,

ATrp.ao + ATps1 + ATtp.02 + ATD24
Wio (ipcitipl) + Wiiip
- woz (Ipcatip2) - Wl

=0

ATt =

(D)

Thus, only one of the auxiliary diodes D; or D, turns-
on while the other turns-off under the dc current conditon
of “ipcy < ipcy” Or “ipc; > Ipcy,” respectively, as shown in
Fig. 3 to realize Eq. (1). The circuit condition of “ipc; <
ipcy” Or “ipc; > ipcy” where the auxiliary diode Dy or D,
turns on and other turns off is called “Mode-1"" or “Mode-
2,” respectively, hereafter. The circuit condition in Mode-
1 and Mode-2 are shown in Fig. 3 (a) and (b),
respectively.

Since the dc voltage vpco is applied on the widings wo
and wj; of the DC-Side Interpase Transformer Tp in
Mode-1 as seen in Fig. 3 (a), the following voltage
equation is obtained.

(2

Since the winding number of all the windings are the
same, we obtain,
Urp-10 = Vrp31 = Urp.o2 = Urp24 = -Upco/2

Upco = -Urp-10 - Urb-31

(3
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As similar to the Mode-1, we obtain the following
equation for the Mode-2.

Urp-10 = Urp-31 = Urp.02 = Urp-24 = Upco/2 -(4)
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Fig. 3. Operation of Auxiliary Circuit
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winding voltages (Urp.10, Urp3i, Vmp-oz and  Urpos)
produce a 2-level rectangular waveform as shown in Fig.

2(g).
Since the dc-voltages (vUpc; and vpc,) are obtained,

Upc.1 = Upco t Urpio T Urpai ..(9)
Upc2 = Upco - Urpoz2 t Urpoa ...(6)

By applying Eq. (3) and (4) to Eq. (5), we obtain,

Upc-1 = Upco - Upco (in Mode-1) ..(7)
Upc2 = Upco t Upco (in Mode-1) ...(8)
Upc.1 = Upco T Unco (in Mode-2) ..(9)
Upc2 = Upco - Upco (in Mode-2) ...(10)

By referring to Eq. (7) to (10), we obtain uneven dc
voltages (upc; and vpcy) of the Rec.1 or Rec.2 as shown
with black lines in Fig. 2 (h) or (i), respectively. The
smoothed waveforms with pink lines in the figure show
the dc-side voltages (vpc; or Upc;) of the traditional 12-
pulse rectifier.

LS3e.3-3



By means of the unique operation of the LIT T, The
two uneven dc voltages (vpc; and vpc,). The three-phase
diode rectifiers (Rec.1 or Rec.2) synthesizes the dc-side
voltages (Upc; or Upcy) and produce the ac-side voltages
(vyz1 or vyz) as shown with black lines in Fig. 2 (j) or
(k), respectively. The waveforms with pink lines show
the ac-side voltages (vyz; or vyz) of the traditional 12-
pulse rectifier.

The LIT T synthesises the two ac-side voltages (vyz)
or Uyzp) by the unique operation and produces a 24-pulse
line-to-line voltages vxyo as shown in Fig. 2 (I). The
waveforms with pink lines show the ac-side voltages vxyq
of the traditional 12-pulse rectifier.

The differece between the utility voltages (vap etc.)
(sinusoidal in most case) and the input line-to-line
voltages (vxyy etc.) is applied on the ac inductors Lac and
the input line-to-line voltages (vxyy etc.) of the proposed
24-pulse rectifier involve much less harmonics especially
in the lower order ones compared with the conventional
12-pulse rectifier. Thus, less inductance is required for
the ac inductor in the proposed 24-pulse rectifier
compared with the conventional 12-pulse rectifier to
obtain utility line currnets (i, etc.) with a certain quality
of waveform (i.e., lower THD).

III. SIMULATIONS AND EXPERIMENTS

To confirm the validity of the theory of the new 24-
pulse rectifier, the performance of the rectifier was
evaluated through simulations. TABLE-I shows circuit
constants and measured data in the simulations. The
theory of the operation is based on “continuous current
condition” and it realizes when the ac inductor Lc has a
large inductance. Thus, an ac inductor with a great
inductance (i.e., 25.2 [mH] or %IX of 40.2 [%]) is
employed in the simulations.

Figure 4 (a) or (b) show the line-to-line voltage vxy, or
the line current i, on the utility/mains side in the
simulations, respectively. TABLE-II (a), (b-S) and (c-S)
show harmonic contents of the ideal 6, 12, 18, and 24-
pulse waveforms as well as the line-to-line voltage vxyq
and the line current i, in the simulations, respectively.

The line-to-line voltage vxyo in the simulation shown
in Figure 4(a) draws an almost ideal staircase waveform
of 24-pulse. The harmonic contents of the voltage is
similar to those of the ideal 24-pulse waveform as seen in
TABLE-II (a) and (b-S), and the THD (THD-vxyo) of the
voltage is only 6.73% and this is almost the same to the
ideal case (i.e., 7.5%).

From the waveform shown in Fig. 4(a) and the
harmonic contents shown in TABLE-II (a) and (b-S), the
line-to-line voltage vxyo can be recognized as a 24-pulse
waveform. Thus the validity of the theory for
synthesizing the 24-pulse voltage waveform in the
proposed rectifier is confirmed.

Because of the fine waveform of the voltage vxyo and
a large inductance of the line inductor Lac, the line
current i, in the simulations shown in Fig. 4(b) draws an
almost pure sinusoidal waveform. The THD (THD-i,) of

TABLE-I
CIRCUIT CONSTANNS OF SETUP AND MEASURED DATA
OBTAINED FROM SIMULATIONS

Circuit Constants
AC side Inductor Lsc [mH] 25.20 (%IX=40.2 [%])

DC side Capacitor Cpc [UF] 24,000
Measured Data
Measured Items | Data

(a) Utility / Mains Side

Line-to-Line Voltage
200.0
VAB [VRMS]
Line Current
8.75
In [Arms]
Apparent power S [kVA] 3.03
Active power P [kW] 2.33
Total Harmonic Distortion of 054
Line Current iy THD.ip [%] i
Total Power Factor 7PF [%] 76.90
(b) DC Output Side
Output Voltage
185.9
Vour [Vave]
Output Current
10.80
IOUT [AAVE]
Output Power Pour [kW] 2.01

this current i, is only 0.54%.

The line-to-line voltage vxy, in the experiments shown
in Figure 5(a) draws a distorted waveform compared with
the ideal one. The dominant reason of the phenomena
seems to be errors of the winding ratios of the T and
practical features of the component such as leakage
inductance of the transformers. Detail analysis of the
reason remains and under processing. Though, the step
number of the line-to-line voltage vxyo is 24 and the step
levels are reasonable. From the harmonic contents of the
line-to-line voltage vxyo in experiments shown in
TABLE-II (b-E), it is known that the voltage waveform is
better than ideal 12-pulse waveform but worse than ideal
24-pulse waveform. The THD (THD-vxy,) of the voltage
Uxyo in experiments is 8.75 [%] and this value is much
smaller than that of ideal 12-pulse waveform (i.e., 15
[%]) and slightly worse than that of ideal 24-pulse
waveform (i.e., 7.5 [%]). Thus, effectiveness of the 24-
pulse rectifier for reducing harmonics of the line-to-line
voltage vxyo can be confirmed through the experimental
results.

As a result of harmonic reduction of the line-to-line
voltage Uxyo, the line currents (iy etc.) draw almost
sinusoidal waveform in the experiments as shown in Fig.
5 (b). The THD of the current is only 1.48% in this case.

IV. CONCLUSIONS

To overcome the problem of conventional 18 and 24-
pulse diode rectifier, i.e., necessity of phase-shifting
transformers with very complicated windings, a 24-pulse
diode rectifier with 12-pulse topology and pulse-doubler
schemes hybrid has been proposed. The operating
principle and experimental results are described and
validity of the theory of the rectifier is briefly confirmed
in this paper.

Detail practical study with higher power level is
remained and now under preparation.
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TABLE-II
HARMONICS CONTENT OF LINE CURRENT i, AND LINE-TO-LINE VOLTAGE vxyo
(@) (b) (©
Harmonic Contents of Ideal 6-, 12-, Harmonic Contents of LINE-TO- Harmonic Contents of
Harmonic 18- and 24-Pulse Waveforms LINE VOLTAGE uvxyo in Proposed LINE CURRENT i, in Proposed
Order Rectifier Rectifier
K FI(J, K) HV(K): VXYO(J, K)/ VXY(](I) HI(K): IA(J, K) /IA(I)
Pulse-Number J (b-S) (b-E) (c-S) (c-E)
6 12 18 24 Simulations Experiments Simulations Experiments

1 1 1 1 1 1 1 1 1
2 0 0 0 0 0 0.002 0 0.001
3 0 0 0 0 0 0.006 0 0.002
4 0 0 0 0 0 0.002 0 0.001
5 0.200 0 0 0 0.007 0.013 0.002 0.013

6 0 0 0 0 0 0.002 0 0
7 0.143 0 0 0 0.005 0.012 0 0.005
8 0 0 0 0 0 0.007 0 0.001
9 0 0 0 0 0 0.004 0.001 0.001
10 0 0 0 0 0 0.005 0 0.001
11 0.091 0.091 0 0 0.026 0.057 0.003 0.004

12 0 0 0 0 0 0.002 0 0
13 0.077 0.077 0 0 0.025 0.044 0.002 0.003
14 0 0 0 0 0 0.007 0 0.001

15 0 0 0 0 0 0.004 0 0

16 0 0 0 0 0 0.006 0 0

17 0.059 0.059 0,059 0 0.003 0.009 0 0

18 0 0 0 0 0 0.002 0 0

19 0.053 0.053 0,053 0 0.002 0.005 0 0

20 0 0 0 0 0 0.006 0 0

21 0 0 0 0 0 0.003 0 0

22 0 0 0 0 0 0.004 0 0

23 0.043 0.043 0 0.043 0.035 0.009 0.002 0

24 0 0 0 0 0 0.002 0 0

25 0.040 0.040 0 0.040 0.030 0.003 0.002 0
THD [%] 30 15 11 7.5 6.73 8.75 0.54 1.48
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