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New 24-Pulse Diode Rectifier Systems for Utility
Interface of High-Power AC Motor Drives

Sewan ChoiMember, IEEE Bang Sup LeeStudent Member, IEEEand Prasad N. Enjetenior Member, IEEE

Abstract—This paper proposes two new passive 24-pulse diodethe interphase transformer are chosen such that 24-pulse
rectifier systems for utility interface of pulsewidth modulated characteristics, with the elimination of fifth, seventh, eleventh,
(PWM) ac motor drives. The first approach employs an extended pjrtaenth, seventeenth, and nineteenth harmonics in the input

delta transformer arrangement, which results in near equal l ¢ Th th d h tend
leakage inductance in series with each diode rectifier bridge. This Ine Currents occur. us, the proposed approach exiends

promotes equal current sharing and improved performance. A the conventional 12-pulse operation to 24-pulse operation
specially tapped interphase transformer is then introduced with from the input current point of view, with slight complexity

two additional diodes to extend the conventional 12-pulse opera- in hardware. Further, a reduced voltampere 24-pulse sys-
tion to 24-pulse operation from the input current point of View. tam employing an autotransformer configuration is introduced

The proposed system exhibits clean power characteristics with A .
fifth, seventh, eleventh, thirteenth, seventeenth, and nineteenth (scheme 2), as shown in Fig. 6. The voltampere rating of the

harmonics eliminated from the utility line currents. The second Polyphase transformer in the second scheme is®,.28U),
scheme is a reduced voltampere approach employing autotrans- which drastically reduces the cost, weight, and volume. Both

formers to obtain 24-pulse operation. The voltampere rating of schemes 1 and 2 exhibit clean power characteristics and are
the polyphase transformer in the second scheme &23P, (PU). considered as important contributions

Detailed analysis and simulations verify the proposed concept, - . -
and experimental results from a 208-V 10-kVA rectifier system Detailed analysis of the tapped interphase transformer de-

are provided. sign and the resulting 24-pulse diode rectifier system are
discussed. The proposed systems are simulated on SABER and
experimental results from a 208-V 10-kVA laboratory system
are also provided.

Index Terms—AC motor drives, clean power, 24-pulse, utility
interface.

.- INTRODUCTION Il. PROPOSED24-PULSE APPROACH (SCHEME 1)

A number of methods have been proposed to lower har-Fig 2 shows the proposed 24-pulse system, which is iden-
monics generated by diode rectifier-type utility interfaces gal to the conventional 12-pulse system, with the exception
power electronics systems [2]-[6]. One approach is to uge a modified transformer configuration and the two diodes
a conventional 12-pulse converter which requires two sigonnected to a specially tapped interphase transformer. The
pulse converters connected through}” and A-A isolation secondary windings of the input transformer are configured
transformers (Fig. 1). An interphase transformer (IPT) is r¢n extended delta and generate balanced sets of three-phase
quired to ensure independent operation of the two three-phagitages with 30 phase shift for the diode rectifiers. The
diode bridge rectifiers. The operation of the conventional 12xtended delta arrangement provides equal leakage reactances
pulse converter results in the absence of the fifth and seveirtseries with rectifiers | and Il. More details on transformer
harmonics in the input utility line current. However, the totalvinding arrangements are discussed in Section |I-B.
harmonic distortion (THD) of input line currents are still high )
and do not qualify as clean power. A. Operation of the Tapped-Interphase Transformer

In this paper, to further increase the pulse number andThe tapped-interphase transformer has been discussed in
cancel several lower order harmonics, a specially tappg] for SCR converters with multiple taps, along with a
interphase transformer is introduced with two additional diodegsmplicated firing scheme. In this paper, it is shown that
connected (scheme 1), as shown in Fig. 2. The taps by employing only two taps and two additional diodes, con-

_ ventional 12-pulse operation can be extended to 24-pulse
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Fig. 1. Conventional 12-pulse system.
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Fig. 2. Proposed 24-pulse system (scheme 1).

off (P-mode), therefore, diodd), carries load current,.
The MMF relationship of the interphase transformer for the

P-mode is — No———f
I2(0.5N, = Ny) = L1 (0.5N, + Ny) (1)
L+ Iz =1, 2 P
where N, is the total number of turns of the interphase
transformer andX; is the number of turns between the To load

midpoint and the tapped points of the interphase transformer
[see Fig. 3(a)]. From (1) and (2), the output currents of the

1

—
[=]

two diode bridge rectifiers are given by @
I, = (0.5 -k, 3)
Iy = (054 k)1, (4) No
wherek = N, /N, andk = 0 signify the conventional center- lo2 FNd Io1
tapped interphase transformer and 12-pulse operation. When b —
voltage across the interphase transforfiigris negative, diode 1
D, is forward-biased and is turned on add, is reverse- To
biased and is off, therefore, diode, carries load current, To load

(Q-mode). Similarly, for@-mode the output currents of the
two diode bridge rectifiers become o)

L1 = (0.5+ k), G) . .
Fig. 3. Operation of the interphase
I = (05— k)I,. (6) P-mode. (b)Q-mode.
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Vcl A

Fig. 4. Vector diagram of the extended delta transformer.

Therefore, depending on the polarity of voltagg,, the Then, lengthk, for the secondary delta winding can be
magnitudes of rectifier output currenfs; and I, are mod- obtained by
ulated as shown in Fig. 10(d) and (e), and this changes the ky = 3k, = 0.8966 (PU). (9)
shapes of rectifier input currents, as shown in Fig. 1O(Cl’zi 5 shows the winding configuration on a three-limb core
Finally, the rectifier system exhibits 24-pulse Characteristiclg,g' imb A of the th?ee-limgb core. the MME egquation '
as shown in Fig. 10(a). The next sections describe detailsbc({j():rgmeS ' q
the analysis of input currents and the selectiorkofequired 1
for 24-pulse operation. VB3I = ky(Ieg + I2) + ska(lor = Loy + Lag = o). (10)

B. Extended Delta Transformer Arrangement Similarly, for core limbsB andC, the MMF equations become

Fig. 2 shows the proposed scheme 1. For scheme 1 to oper- 1

ate successfully as a 24-pulse system, the two-diode rectifier V3L = ky(hy + 2) + ng(Ibl — Lo+ 2 — Ie2)
bridges should be balanced and rectifier output currénts 1
and I,» be more or less equal in magnitude. In order to VI = k(Lo + L) + §k2(101 = Dy + L = Laz).(11)
achieve this, the input transformer leakage reactances in the ] ) )
secondary winding should be nearly equal. The conventioridi€n: from (10) and (11), input line curreff can be obtained
12-pulse A-Y transformer shown in Fig. 1 suffers from un-by
equal secondary turns, and this contributes to inequality in 1
leakage reactances for the two-diode bridge rectifiers. In orderl, = k; <Ia2 -1+ %(Ial — I+ 1o — 1. )). 12)
to overcome the limitation, an extended delta transformer is
pr?_shented n sqheme L C. Voltampere Rating of the Extended Delta

e vector diagram of the extended delta transformer at- .

o N . - ransformer and Design Example

rangement for rectifiers | and Il in Fig. 2 is shown in Fig. 4.
The required phase-shift angle between the two sets of threeThe extended delta transformer utilized in the proposed
phase voltages is 30to obtain 12-pulse operation. The exapproach is designed and the voltampere rating is calculated in
tended delta arrangement shown in Figs. 4 and 5 presents edfi§l Section. Assuming output powé, = 10 kVA and input
numbers of turns in the secondary windings, hence, near ecli-to-line rms voltagel’z, = 208 V, output voltageV,, of
leakage reactances in each line of the transformer second##§. Proposed rectifier system becomes
This, in turn, ensures equal loading of the two rectifier bridges, .
resulting in I,; and I, being equal. Assuming that the Vo =135V = 2808 V. (13)
m-agpitude of the Iing—to—neutral voltages of the seconda{yutput currentl, becomes
winding, such ad/,;, is 1 (PU), the extended length can

! ; : : P,
be obtained from thg geometnc. relationship of L =20 _356A. (14)
sin150°  sin15° @ Vo
1k

Assuming that output curredt, has negligible ripple, the rms
values of each of the winding voltages and currents can be
k1 = 0.5176 (PU). (8) obtained and listed as in Table I.

and, therefore,
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Fig. 5. Winding configuration of the extended delta transformer on a three-limb core.

WINDING VOLTAGES AND CURRENTS OF THEEXTENDED DELTA TRANSFORMER

TABLE |

Rms. Rms.
Expression Value
Primary 1| 0.4553 1, 1621 A
winding current
Primary A V3V, 20785V
winding voltage
Secondary delta =y 0.2357 1, 839 A
winding current
Secondary delta [Vial V3K,V 107.58 V
winding voltage
Secondary extended L. 0.4082 I, 1454 A
winding current
Secondary extended [V K Vix 62.11V
winding voltage

Hence, the equivalent voltampere rating of the extended delta
transformer is

1
kVAeq - 5 kVAtOt

=10.47 (kVA) (16)

This illustrates that the required transformer voltamperes for
the proposed scheme is almost the same as the conventional
delta-wye transformer voltamperes of 10.35 kVA [9].

D. Input Line Current of the Proposed Approach

In this section, the input line currents are analyzed and the
interphase transformer tapping ratiois selected so that the
proposed scheme performs as a 24-pulse system from the input
current point of view.

From the rectifier input currenf,; of Fig. 10(c), it can
be seen that the waveforms have half-wave and quarter-wave
symmetry. Therefore, the Fourier series of the rectifier input
current, I,; shown in Fig. 10(c), can be represented as a
function of k& as follows:

oo

>

n=odd,
non-triplen

I (t) = by (k) sin(nwt). (17)

Then, the total voltamperes of the extended delta trar§|'nce the waveform of each input current is identical except

former becomes

1
kVAtot =3- |Il| : |‘/ab| +6- g . |Ia1 _Ic1| : |Vk2|

+6- | La1] - [Vaa]
=20.94 (KVA).

(15)

for a 120 phase difference,

oo

>

n=odd,
non-triplen

Li(t) = by (k) sin(n(wt +120))  (18)
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Fig. 6. Proposed 24-pulse system (scheme 2). (a) Circuit diagram. (b) Shell-type zero-sequence blocking transformer (ZSBT). (c) Windingooonfigurat
of the interphase transformer.

Lia(t) = Z by () sin(n(wt — 30)) (19) bn(k) = 0 for n = 11 and 13 can be found to be
n=odd, Ny .
non-z)iplen k= Fo = 0.2457. (23)
I (t) = Z by (k) sin(n(wt + 90)). (20) Therefore, substituting the value bfn (23) into (22) results
n=odd, in the elimination of the fifth, seventh, eleventh, thirteenth,
mon-triplen seventeenth, and nineteenth harmonics in the input line current
Then, from (12) and (17)—(20), input line curreff(t) be- 1,, yielding 24-pulse characteristics from the input current
comes standpoint.
L(t) = Z b, (k) gy sin(nwt + ¢,,) (21) [ll. PROPOSED24-RULSE APPROACH (SCHEME 2)
n=odd, Fig. 6(a) shows a reduced-voltampere approach to the pro-

non-triplen

posed 24-pulse system. This approach employs a polyphase
where b, (k), g, and ¢, are given by (22), at the bottom ofautotransformer to provide 3(hase-shifted voltages to recti-
the page. From (22, = 0 for n = 5,7,17,19,29,31, etc. fier bridges | and Il. The voltamperes transmitted by the actual
(e, n =6m=+1,m = 1,3,5, etc.) and the value of for magnetic coupling is only a portion of the total voltamperes

6
) oo <%>> o
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Fig. 7. Equivalent circuit of proposed 24-pulsesystem with ZSBT in dc link. (a) Top group of rectifiers | and Il. (b) Bottom group of rectifiers | and II.

VZSBT

and is shown to be 0.Z23 (PU). This results in 77% reduction
in size of the phase-shifting transformer compared to scheme 1ij
To ensure independent operation of the two-diode bridge
rectifiers with input autotransformer, a zero-sequence blockingV‘L
transformer (ZSBT) becomes necessary [9] and is shown in
Fig. 6(b). The ZSBT exhibits high impedance to zero-sequence '
currents and promotes 120onduction for each rectifier diode. 071
It should be noted that ZSBT's are placed symmetrically
in the dc link, which results in equal current sharing in
output. The next few sections detail the operating of ZSBT Vp’
voltage analysis, and voltampere calculation. Now, with the |
use of the specially tapped interphase transformer describe¥?’
in Section II-A, the proposed scheme 2 in Fig. 6 also exhibits
24-pulse characteristics. The value bf tap ratio of the Fig. 8. \oltage across the ZSBT and voltage across the interphase trans-
interphase transformer, and input current expressiod fare former.
identical to scheme 1. Thus, scheme 2 ensures the elimination
of the fifth, seventh, eleventh, thirteenth, seventeenth, and ) ) ]
nineteenth harmonics in the input line currents. It should 0de at the highest potential will conduct the currént
noted that scheme 2 employs reduced voltampere componefft§ cathodes of the diodes, B, and S are at a common
contributing to lower cost, weight, and volume, as well akotential,Vy [Fig. 7(a)]. Therefore, the diode with its anode
having equal current sharing in output. The next few sectiofis the highest potential will conduct the curreli and the

detail the operation and function of each component of ifhest of the diodes are reverse-biased. Similarly, in the bottom
proposed 24-pulse system. group [Fig. 7 (b)], the diodes with their cathodes at the lowest

potential will conduct, and the rest of the diodes are reverse
biased. Thus, the voltage across the ZSBT depends on the
A. Zero-Sequence Blocking Transformer (ZSBT) conduction sequence of diodes. Fig. 8 shows the instantaneous
The ZSBT exhibits significant impedance for zero-sequen¥@veshapes of voltagek;,, V;, V), Vy, and V,, due to the
current components, thereby eliminating unwanted conductig@nduction of positive and negative groups of diodes, as shown
sequence of the rectifier diodes in an autoconnected systéinfig. 7(a) and (b). Now, from Fig. 7(a) and (b) we have
With a properly designed ZSBT, each rectifier bridge (I and

1) operates independently with 12@onduction of each diode Vzser = (Vo = Vo) — Vi (24)
in an autoconnected system [10]. Va1 = Va2 for 5T~ 4T (25)
1) Voltage Analysis with ZSBTFor the purpose of detailed T\ Vi = Vo for %T ~T

voltage analysis, an equivalent circuit of the proposed 24-pulse
system in Fig. 6(a) is developed and is shown in Fig. 7. Thehere Vzspr is the voltage across the two ZSBT's in the
equivalent circuit consists of two positive and negative group#rcuit and7” is one period ofl;.
of diodes, as shown in Fig. 7(a) and (b). Fig. 8 shows the plot otzsgr computed from [(24), (25)]

In the top group, the cathodes of the diodes 1, 3, andttie instantaneous voltages generated due to the conduction of
are at a common potential;,. Therefore, the diode with its diodes. Mathematically})zsgr can be expressed in Fourier
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Fig. 9. Reduced voltampere delta-type polyphase transformer for 24-pulse system. (a) Vector diagram. (b) Winding configuration.

series as across the ZSBT is 180 Hz. This results in small size, weight,

and volume.
Vzspr(wt) = Vir(—0.25 cos(3wt)

+ 0.07sin(6wt) + 0.03 cos(9wt) +--). (26) g Polyphase Autotransformer

It should be noted thatzsp contains only tripplen frequency The vector diagram of the proposed delta-type autotrans-
components, hence, if properly designed, it impedes the fldgrmer connection and the winding configuration on a three-
of tripplen harmonic currents or, in other words, ensurdignb core are shown in Fig. 9(a) and (b), respectively. The
independent six-pulse operation of the two rectifier bridgeskcessary phase-shift angle betweerb, , ¢c; andas, bs, ¢ is

and Il. The average dc output voltagg [Fig. 6 (a)] is given 30°. Therefore, from Fig. 9(a) the length becomes

by [9]

33 k1 = tan(15°) = 0.2679 [pu] (32)

‘/o,av = T Vir %

=1.398V5L (27)
cos(15°)
where Vi, is the rms of the line to line utility voltage. [or:
The 'V, . is about 3.5% higher than a conventional six-pulse k
Systerﬁ. I =1 + 1o + 713(-&2 —Iyo+ Iy — Ioy). (33)

2) Voltampere Rating of the ZSBTro compute the voltam- .
pere rating of the ZSBT, the rms voltage and rms currentl) Voltampere Ratings of the Autotransformer and Inter-
magnitudes are necessary. The voltage across the ZSBT [(#)gse TransformerThe rms value of the current through the
is plotted in Fig. 8. Also, Fig. 10(d) shows the currefpy Winding with &, length [Fig. 10(c)] is
carried by the ZSBT winding. The voltampere rating of the e
ZSBT can be calculated as follows: Ta1 = 045481, (34)

and the input currenk, from the MMF equations is as follows

(28) The currently, 1.1, 142, 32, and ., have the same rms value

asli, given in (34). The delta connected winding [Fig. 9(b)]
From (26), we have the rms voltage across the ZSBT @grrent can be expressed as [9]

follows:

VAZSBT = VZSBT,rms X Iol,rms-

V3L = ki(Ies — Iy). 35
VZSBT,rms =0.185VLr. (29) ' 1( ? 1) ( )
The rms current through the ZSBT as shown in Fig. 10(d) }Iéherefore, from (34) and (35), we have
given by I, = 0.07751,. (36)
Iol,rms = 0.5671,. (30)

The rms voltage of the winding witk; length is
Therefore, from (27) to (30), the voltampere rating of the v
ZSBT is Vaal = k1 —= = 0.1107V,,. 37
=k (37)
VAZSBT = 0.185VLL X 0.567[0 = 0.075P0 (31) - i
The rms voltage of the delta connected winding is

where P, is the output powe(V, x I,).

It should be noted that the voltampere rating of the ZSBT is Vi = \/§Va — 0.7157V,. (38)
small. Further, the lowest frequency component of the voltage
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Fig. 10. Simulation results of the proposed system. (a) Input line cufiengb) Frequency spectrum df;. (c) Rectifier input currenf,;. (d) Rectifier
output currentl,; . (e) Rectifier output currenk,. (f) Voltage across the ZSBT. (g) Voltage across the interphase transfdrmer

Thus, from (34)—(38), the equivalent voltampere rating of thEhe operation of the tapped interphase transformer is discussed
polyphase transformer is given by in Section II-A. From Fig. 6(c), the voltampere rating of the
interphase transformer can be written as

‘/l,rms-[ol,rms + ‘/Q,rms-[oQ,rms + ‘/3,rn1s-[o3,rms
VAg = .

6 x Loy X Vyor +3x I x Vi
X Jar X Vaar +3 X L X Vah ) 93p (39 2

2

VAR = (40)
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Fig. 11. Experimental results of the proposed 24-pulse system. (a) Input line cliyt@nt A /div). (b) Frequency spectrum df, (THD measured 3.4%).
(c) Rectifier input currently; (20 A/div). (d) Rectifier output currenf,; (20 A/div).

From (30) and Fig. 8, we have rms currentsipf, I,», and Therefore, the rms voltages &f, V5, and V3 are given by
1,3 as follows:
(45)

(46)

‘/l,rms = ‘/Q,rms = 0-2543an,rms = 0.021V,

Iol,rms = IoQ,rms = 0.5671, ‘/3,rms = 0-4914Vrn,rms = 0.04V,,.

and I,z rms = 0.2321,
(41)
wherel,; = I,1 — I,» [see Fig. 6(c)]. Substituting (41), (45), and (46) in (40), the voltampere rating

The rms voltage across the interphase transformer (Fig.®)the interphase transformer is given by

s aiven b
is given by VArr = 0.0165P,. (47)

The lowest frequency component of the voltg@dé,) across
the interphase transformer (Fig. 8) is 360 Hz; this results in

1 T
Vrn,rms = T/O Vn%dt
smaller size, weight, and volume.

N TR Y
= \J ?/0 <<r\/§> (V2Vir) Sln(wt)> dwt
0 42)

IV. SIMULATION RESULTS

Schemes 1 and 2 of the proposed 24-pulse approach are
simulated on SABER and the results are presented in this
and the voltage%7, V2, and V3 can be written in terms of the section. Fig. 10(g) shows the voltage across the interphase
voltage across the interphase transforigr as transformer. Fig. 10(f) shows the voltage across the ZSBT
depicting tripplen components. The rectifier output curdgnt

A4Y - V2 - W — 0.2543 (43) is shown in Fig. 10(d). Notice the current is modulated, due to
Vi Vi No the action of tapped interphase transformer and the alternative
Vs _ 2Ny —0.4914 (44) conduction of diodesD,, and D,, and the currentd,; and

Ve N 1, are equal. Fig. 10(c) shows the rectifier | input current
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Fig. 11. (Continued) Experimental results of the proposed 24-pulse system. (e) Rectifier output cigserfe0 A/div). (f) Voltage across the ZSBT
(50 V/div). (g) Voltage across the interphase transformer (25 V/div).

1,:. Fig. 10(a) and (b) show input line curreft and its fre- proposed 24-pulse system exhibits superior performance and
quency spectrum, respectively. Thus, Fig. 10(a) demonstratésan input power characteristics.
24-pulse operation with the fifth, seventh, eleventh, thirteenth,
seventeenth, and nineteenth harmonics eliminated in the input
line currents. VI. CONCLUSION
In this paper, two new 24-pulse diode rectifier systems have

V. EXPERIMENTAL RESULTS been proposed for high-power motor drives. In the proposed

scheme 1, it has been shown that a conventional 12-pulse

A 208V 10-kvA 24-pulse rectifier system, as shown i Y tem can be transformed to a 24-pulse system by employing
Fig. 6, has been constructed in the laboratory and is connec aapped interphase transformer and, in scheme 2, a passive

to supply a bank of dc-link capacitors. A resistive load bank Is, o X
then used to load the dc link and to simulate an inverter-fed e}?A_fdpulse rectifier system has been shown with the use of a

&duced voltampere autotransformer. The resulting systems
drive load. The proposed system was connected in a 24—pué§ P g sy

. : . . . . Bibit clean power characteristics with the elimination of
configuration, and the results are discussed in this section b

Fia. 11 how th d svst ted i ':gfth, seventh, eleventh, thirteenth, seventeenth, and nineteenth
'9. (a)—_(g) showne proposed sysiem connected in a %‘rmonics in the input line currents and are low cost in nature.
pulse operating mode with the two additional diodes and t

X X ) alysis and simulation results verify the basic concept. Ex-
tapped mterphase_ tra.nsformer. (Fig. 6). Fig. 11(N) shows t Srimental results demonstrate the superiority of the proposed
VzssT1 Voltage which is essentially zero sequence. Fig. 11( hemes 1 and 2
shows the voltage across interphase transfofijerFig. 11(d) '
and (e) show the two rectifier input currents; and 1,2,
respectively. It is clear that the two rectifier output currents
are automatically modulated by the action of the tappegl] IEEE Recommended Practices and Requirements for Harmonic Control
interphase transformer and the two additional diogsand - & L Fo0 g e e o manice involved in input
D,. Fig. 11(a) shows the resulting input current at half load,™ ; '

: ; and output of rectifier with interphase transformdEEE Trans. Ind.
input current THD of 3.4% was recorded. It is clear that the Applicat, vol. IA-22, pp. 790-797, Sept./Oct. 1986.
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