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Design Considerations for Auto-Connected Multi-Pulse Rectifiers
for High Power AC Motor Drives

Bang Sup Lee, Prasad N. Enjeti

ABSTRACT

Auto-connected multipulse (12/24 pulse) rectifier schemes are cost effective methods for reducing line current harmonics in
PWM drive systems. Employing these schemes to enhance utility power quality requires careful attention to scveral design
considcrations. In particular, cxcursion of de-link voltage at no load, effect of pre-existing voltage distortion, impedance
mismatches, uncqual diode drops on rectiticr current sharing and performance, are fully analyzed. Several corrective measures to
improve the performance of 12/24-pulse rectifier systems are also discussed. Finally, experimental results on a 460V, 60Hz,
400kVA commercial ASD, retrofitted with 12/24 pulsc rectifier systems are discussed in detail.

Key Words : Multipulsc converter, clean power, harmonic reduction, three-phase rectifier.

1. INTRODUCTION

Adjustable speed drives (ASDs) are finding expanding
applications in industrial and commercial systems. An ASD
controlled process simply results in better cfficiency, energy
savings, and high performance. Duc to the availability of
higher voltage and higher current IGBTs, farger VA, ASD
applications arc increasing at a faster rate. A majority of the
commercially available ASDs cmploys a 6-pulse diode
rectifier as an interface to the clectric utility. This type of
interface results in high harmonic content and poor THD.
Reference ' clearly documents harmonic related problems
in a power distribution network due to the proliferation of
nontincar loads. In larger VA, ASD applications,
compliance to IEEE 519 and IEC 1000-3 harmonic limits is
gaining increased momentum, 7!

Several approaches to reduce line current harmonics in ASD
systems arc bricfly summarized below, along with their
merits and demerits:

(a) Add a dc-link inductance (1-5%) and/or ac line chokes (3-
5%). With this approach, the input THD can be reduced
10.30% (maximum), but the 3" and 7% harmonic levels are
still above the limits specified in IEEE 519

(b) Install a 5" and 7" harmonic trap at the input of the ASD.
*The addition of traps results in a leading power factor, and
the potential for resonance conditions is high!"! Further, the
combined VA rating of the traps along with de-coupling ac
line reactors to avoid resonance is high.*

(c) Replace the diode rectifier with a PWM controlled IGBT
rectifier!"” With this approach, both line current harmonic
reduction and regeneration of the ASD load can be
achieved. The disadvantages include: higher cost (ASD cost
is nearly doubled); increased complexity in control,
particularly if optimum performance is desired under pre-
existing utility voltage distortions; higher de-link voltage
due to boost operation; outputs twice the common mode
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Fig. 1 A new 12-pulse rectifier system with low THD at the input utility supply.
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Fig. 2 Proposed auto-connected 24-pulse rectifier system

dv/dt transitions,this can result in accelerated motor
bearing degradation and necessitate input/output EMI
filters;

(d) Retrofit the ASD with multi-pulse rectifiers.™ These
rectificrs arc attractive due to their inherent ruggedness
and simplicity. Control circuits arc not required. In
addition, auto-connected multi-pulse rectifiers result in
low VA magnctics.”’x‘ However, carcful attention to
several design considerations is necessary to achieve
high performance features.

Two high performance low cost/'VA auto-connected 12/24
pulse rectifiers were recently introduced ™ and are shown in
Fig. | and Fig. 2. The autotransformer provides 215" phase
shift to rectifier 1 and H. Two zero-sequence-blocking
transformers  (ZSBTs) on a common core arc placed
symmetrically in series with each rectificr. The ZSBTs ofter
high impedance to zero sequence currents and thereby ensure
independent operation of rectifiers 1 & 1 with 120" conduction
of diodes. Also symimetrical placement of ZSBTs result in near
cqual impedance in the two parallel paths formed by rectifiers |
&L

The [2-pulse rectifier system (Fig. 1) can be upgraded to 24-
pulse (from the input current standpoint) with the addition of
two diodes in the interphase transformer (1PT) and is shown in
Fig. 2. The tapped IPT in 24-pulse system (Fig. 2)
automatically modulate the rectificr output currents I, and 1,
which results in 24-pulse characteristics in the input current i.c.
5° 7" 1™ 13" 17", 19" harmonics are climinated. The VA
ratings of the magnetics cmployed in 12/24 pulsc rectifier
systems are shown in Table 1.1

An important design consideration in 12/24-pulse systems
shown in Fig. 1 and Fig. 2 is to achieve equal current sharing
between rectifiers 1 & 11 In addition, near equal current
sharing is mandatory for harmonic cancellation and to achicve

low THD levels in the utility line currents. Further, the
cxcursion of no load voltage, cffect of unequal diode
forward voltage drops, pre-cxisting voltage distortion on the
rectitier performance, need to be considered and is a subject
matter of this paper. Scveral corrective measures arc also
proposed in this paper to achieve high performance
characteristics. Finally, experimental results on a 460V,
60Hz, 400kVA commercial ASDs, retrofitted with 12/24
pulse rectifier systems, are discussed in detail..

Table 1 Ratings of magnetic components for 12/24-pulse
rectifier systems
Polyphasc
Transformer | ZSBT IPT

VA ratings tor

12-pulsc rectificr 0.18 P, 0.066 P, 0.02P,
VA ratings for
24-pulse rectitier 0.23 P, 0.075P, 0.022P,

2. DESIGN CONSIDERATIONS

Fig. 1 and Fig. 2 show the topology of the 12/24 pulsc rectifiers.
Fig. 3 shows the winding configurations of the magnetic
components. In this scction, scveral design considerations arc
discussed in detail.

2.1 No Load Voltage

In the proposed  12/24-pulse rectifiers (Fig, 1, Fig. 2), the ZSBTs
and the interphase transformer (IPT) cannot support harmonic
voltage components (which is crucial for independent operation of
rectifier 1 & 1) unless an altemating magnetizing current begins to
flow in the loop p'q'qp formed by the two parallel rectifier
connections. Under nommal (load) conditions, 1, 1.» are larger and
the flow of altemating magnetizing current for ZSBT/APT is
possible. However, under light load 1, L and |, are low values and
the alternating magnetizing current cannot flow in the loop unless
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superimposed on a larger de-value. Therefore under light load, the
de-link voltage V,, is no fonger the average of voltages V,,; and V..

By examining the vector diagram of the transformer output
voltage (Fig. 4) the following can be deduced: under normal
(loaded) condition, the voltage sets iy, Ve Venn V.o,
Vize, Ve are active. The average de-link voltage can be
shown to be!™

e :iﬁ(l.()}ﬁ)l',‘,_ =1.3975),, (H

Under light load condition, the ZSBT and IPT are under
excited and the voltage sets Vo, Vi Visars Vel ctc. become
dominant. Fig. 5 shows the resultant output voltage under light
load. The resultant output voltage under light load can be
shown to be ™,

z\/i 1.999 (2)

———==1";; =1.56}
3 LI 1L

I denoload =
(e, n J_

Comparing (1) and (2) it can be concluded that the no load
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Fig. 3 Winding configurations of transformers

b b1

Fig. 4 Vector diagram of the polyphase autotransformer

voltage can be 11.6% higher than nominal. The rapid decrease
in V,, for an increasc in 1, from zero to Lot 18

evidenced in Fig. 5 (a) and (b). When 0< < 1, . the IPT
loses control and an over voltage in V,, is experienced.

This over voltage phenomenon coupled with 10% increase in
input voltage may cause nuisance tripping of an ASD and also
neeessttate the design of the de-link components and the IGBTs
to withstand this over voltage situation at no load. This problem
can be addressed by keeping 1, as low as possible, which in
tum implics that the magnetizing current of ZSBT and IPT
must be as low as possible. Introducing a small air gap in IPT to
avoid saturation under current unbalance is customary and may
aggravaic the possibility of over voltage. Section 3 discusses
additional corrective measures.
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Fig. 5 (a) Output voltage at no load operation
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Fig. 5 (b) Output voltage at partial load operation

2.2 Effect Of Unequal Impedance’s And Diode
Forward Voltage Drops

Fig. 6 (a) shows the de equivalent circuit of the two rectifier
parallel paths along with the Toad. V.. V.; represent the de-
output voltages of rectifier 1 & 11 respectively. Ry, Ryp
represent the ohmic impedances. 2V, 2V, represent the
forward voltage drops of conducting diodes in the two rectifiers
1 & 11 Fig. 6 (b) shows the variation of de-link voltage V., as a
function of load current. It also demonstrates that l.; and 1,
may be uncqual if Ry, # Repand 2V #2V .
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2.3 Effect Of Pre-Existing Utility Voltage
Distortion On Rectifier Performance —
Analysis

In many industrial systems with nonlincar loads, it is
common to measure 2.5% to 5% pre-cxisting 5" and 7"
harmonic voltage distortion (also termed as background voltage
distortion). This can occur when other nonlincar loads such as
ASDs and SCR converters arc operating in the vicinity. Pre-
existing voltage distortion can  significantly affect rectifier
performance.””

From the rectificr topology in Fig. | and Fig. 2 it is clear that
the pre-cxisting voltage distortion on the input supply, is
processed by the phase-shifting transformer and the rectifier
output voltages arc altered. This can potentially cause the de
currents 1, and 1> to be uncqual.

From vector diagram shown in Fig. 4, the linc to ncutral
voltages arc ¥, ., 17, , and ¥,.. Further, from Fig. 4,

Val =V, ‘kl Ve
Vi =V =k Vea

Va=Ve =k Vo (3

<

where k, is the autotransformer tums ratio. To achieve £15°
phase shift ¥

k) =0.268/43 4)

Load Voltage

i
i
|
! !
1 L,

02

Fig.6 (b) Voltage regulation diagram

Similarly,

Vaz =V +k Vi
lrchz = V/) + ’I"I ,;(. a

lr;(' Tk Vu/) (5)

i

Vea

Let us now assurmnc that the input utility voltage ¥, .17, and
7. contain 5™ 7" harmonic pre-existing voltage distortion.
Let,

I, =1 sint f j+Fs sin 501+ 05 )+ V5 sinf 7wt +67 )

Vyy = ¥y sinf of =120° 5+ ¥ sint 501 + 85 +1207 )
+1g sin( Tor+67-1207)

Fo= ) sing o +1207 )+ Vs sin Swr +65 =120 )

+F7 sin( Tor+67 +1207) (6)

where Vs, V5 are magnitudes and 6s, 6, are phasc angles of
5™, 7" harmonic voltage distortion, respectively.
Substituting (6) into (3) we have,

Vo=V sing ot )= 3k V) sin wf =90 )+ Vs sin( 5ot +85 )
ul 1 i 5 5

—ﬁ/{ Vs sinf 5o0+85 +90° )+ V7 sin( 7o +07 )
(g 5 7 7

—Bk5 sin( Tor +87 =90 (7

Next, substituting k, from (4) into (7) we have,

V=W sint @r+15° )+ Vs sin( 501+ 157

15 sin( 700+ 87 +15” ) (8)

where 1/ =1.0351] , Vs =1.035F5 , 17 =1.035F7 . Similarly, Vi,

and V,, can be found and given by,

g0

Vo =V, sint on =105 )+ Vs sin( 501 +85+1057 )

+17 sin( Tt +67-105" ) 9

Vo= by sint oot +135° )+ Vs sing Sof+05 =135 )
l | 5 5

+1% sin( Tot+67 +135° ) (10)

Now, the rectifier 1 output voltage V., (sce Fig. | and Fig.
2)is given by,!'"

Vo =V SW, + 1 SHy 1S, (11)

where SW,, SW,, SW; are rectifier switching functions.
and the switching functions are given by,
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Fig. 7 (a) Variation of rectifier | & It output voltages V1, Vi
as a function of pre-existing 5" harmonic voltage
distortion magnitude and phase
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Fig. 7 (b) Vaniation of rectifier | & Il output voltages V, Vi
as a function of pre-existing 7" harmonic voltage
distortion magnitude and phase

Sy = ¥ (i(‘n.\'ﬂ)sin afwr+15"
n=odd \ 11T Y

SHy =SW(wr—1207
Sy =Sy or+1207 ) (12)

Substituting (8) to (10) into (11) and cxtracting the dc
component from the resulting multiplication yiclds,

b

ol ™

, V_’ L,’
M_{Vl 7_;\_(}“,(6;79()0)‘77(}”((_)7 ¥()()1))J (13)
T : h

Using the procedure outlined above, the rectifier-11 output
voltage V,» in the presence of pre-existing voltage distortion in
the utility voltage can be shown to be,

2 ' 1*.’ ;"
Voa :i{—}[r' - ; Cos( 05 +90" )—«77-('0.\167 +90” )J (14)

We can sce from (13) and (14) that the de output voltage of
cach rectificr is not only a function of the magnitude of the pre-
existing voltage distortion, but also the phase angle 85 and ;.
As 05 and 67 increase, the de output voltage, V., of rectifier |
increascs, whereas, the de output voltage, V,» of rectifier 11
decreases. As shown in Fig. 7, as 65 and 6, approach 90°, the
difference between V,,; and V., increases resulting in larger
voltage unbalance at the rectifier output. As a conscquence, the
rectifier output currents 1, I, can be significantly unbalanced,
thus deteriorating the pertormance. This is demonstrated in the
calculation example in the next section.

2.4 Calculation Example

The following example gives a numenical description of the
effect of uncqual impedance, forward diode drop voltage, and
5% pre-existing 3™ and 7" harmonic voltage distortion in the
input utility voltage to the unbalance current sharing problem.,

Consider the de-equivalent circuit of the 12/24-pulse rectifier
systems shown in Fig. 6(a). Let the nominal finc to linc rms
voltage (V) of the three-phase utility supply be 460V. Let us
also assume 5% of 5™ and 7" harmonic voltage distortions on
the utility supply. The output voltages, V., and V,, can be
calculated using (13), (14), and Fig. 7. Assuming 05 = 6, = 9(0°
for worst case, we have

Vot =1.398F, 1 past 14.014.00714) = 654. 11 (15)
Voo = 1398V payps(1—.01-.00714 )= 632,011 (16)

Let us assume the diode forward voltage drops Vg = Ve =
IVand Ry, = Ry = 0.2Q and Ry, = 1€ (for 400 kW), Then,
the output voltage V,, can be tound by (17),

_ (Vu] =2 )Rc:/l Rivad +("102 -2 )sz/] Rivad
¢ Rm/l Rivurd + Reg2 Rioad +Rt‘t/] R('(/Z

ey
=582.77V

(17)

Then, the output currents 1, and I,»can be calculated and are
shown to be,

=it =le 346,65 A (18)
cyl

1p=te2 2V _ 2360 A (19)
sz/z

I,=1l,+1,>= 58285 A (20)

Now, defining pereentage unbalance in the current as,
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ol

\’11,_/
) i

%o Current Unbalance =
o

x100% = 18.95% 2h

From (18) to (21) it is clear that significant current
unbalance can result duc to pre-existing utility voltage
distortion. The above example can be recomputed to cvaluate
the mismatches in diode forward voltage drop and ohmic
impedances. These mismatches may further aggravates the
current unbalance situation.

3. PROPOSED CORRECTIVE MEASURES

In this section, several corrective measures o improve the
12/24-pulse rectifier performance arc explored. Since the
proposed systems arc auto-connected for low cost'VA, they
must operate in parallcl. The previous  scctions  have
demonstrated that current sharing is an important aspect that
must be addressed.

3.1 Magnetic Components —Design Considerations

For the 12/24 pulse rectifier systems to operatc properly,
design of magnctic components (auto-transformer, ZSBT &
IPT) to exhibit ncar cqual leakage reactance’s and ohmic
impedance in both of the rectifier parallel paths is vital for
current sharing. The magnetic components for the 12/24 pulse
rectificr systems must be designed for balanced winding
resistance and leakage inductance. Since the components are
rich in harmonic components, high-frequency  winding
technique must be deployed. The optimum design for the
autotransformer consists of winding the sccondary arms as
bifilar or scctioned side by side. To reduce proximity cffccts
and losses, the primary winding should be split with the
secondary arms and sandwiched in the center. The ZSBT s
primarily sensitive to winding resistance as cxplained in
section 2.2. The de resistance between two bridges, on both the
positive and negative side. should be balanced. The winding
sets should be bifilar or sectioned side by side. Since all
windings are wound on a common core, the resulting de
component cancels. This allows the ZSBT to be designed for
high magnetizing inductance minimizing undesirable, third
order harmonic currents. The IPT must bc wound using
similar methods as the ZSBT. The difference here is that the
de component is non-zero and the magnetic component must
support the sixth order harmonic component. The maximum
de offsct current must be determined to define the core gap.

3.2 Other Considerations

“urrent sharing ability can be enhanced by using matched
paiv of diodes in the rectifier 1 & 11 This however, may not be
always possible or preferred in commercial applications.

Further, it is imperative that one keep the lead lengths of cables
be the same between connections in both the parallel paths.
This can help equalize the ohmic impedance. To address the
voltage excursion under light load, it s necessary to keep Lo as
small as possible. This can be achieved by keeping the air-gap
in the IPT to be zero or equal to a small valuc.

n;p::iﬁ
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i Tothe

} rest of 3
| the circuit

I

|

a2

Fig. 8 Application of HBRs in a 12-pulse recfifier system

3.3 Use Of Harmonic Blocking Reactors (HBRs)

If one follows the corrective measures suggested in sections
3.1 & 3.2 and achieve equal impedance in both of the rectifier
parallel paths, significant current unbalance can still occur due
to the pre-cxisting voltage distortion. Scction 2.3 and the
example in section 2.4 demonstrate that pre-cxisting 5" and 7"
harmonic voltage distortion on the clectric utility can causc the
two rectifier output voltages V,; and V., to shift in oppositc
dircetions (Fig. 7). Small changes in the de values in V,,, and
V> can alter the rectifier [ & 11 current sharing significantly.
To counter this effect harmonic-blocking reactors (HBRs) can
be employed. ? Reference [9] details the application and
design of HBRs and the connection diagram is shown in Fig. 8.

HBRs arc cssentially coupled reactors which offer high
impedance to 5" 7™ harmonic current components and near
zero impedance to fundamental current components. Also
HBRs (duc to coupling) ensure rectifier [ input current to be
dependent on rectificr 11 and vice versa. This action contributes
to balanced operation of rectifier I & M

3.4 Use Of SCRs In 24-Pulse Rectifier Systems

The previous section (3.3) suggested the use of HBRs to
balance the rectifier output currents; however, HBRs constitute
an additional magnetic component, which could add to weight
and complexity of the system. A simple alternative for 24-pulse
systemns is suggested in the following manner:
Replace the two diodes connected to IPT with two SCRs (Fig.
9). By controlling the firing angle of the SCRs in closed loop,
the average rectifier output currents Ly, and li,, . can be
made cqual and current balance can be achicved. In addition to
improved current balance with SCR control, the IPT saturation
can be avoided. Thus, the IPT design can be further optimized
with minimal or no air gap. Thus the modificd 24-



Design Considerations for Auto-Connected Multi-Pulse Rectifiers for High Power AC Motor Drives 419

1
vV, a
Vp Gt b3
Vc V'b 5 5
. 2
F] JC E I
i

Yvyvy

at
fhq
leq

'a24
'ln?<
Ic2<

Redctifier |

P zsBT, ||

Redctifier Il

Fig. 9 Proposed 24 -pulse topology with SCR control

pulsc schemce with two SCRs (Fig. 9) is a high performance
rectifier scheme.

4. EXPERIMENTAL RESULTS

In this section experimental results on a 460V, 60Hz,
400kVA, ASD retrofitted with 12/24-pulse rectificr systemn are
discussed. Two industrial proto-types of the 12/24-pulsc
systems were constructed with the assistance of an industrial
sponsor. Tests were conducted on industrial setting powering
an ASD load. The output load was varied from 3% to 90% and
the results arc tabulated in Tables 2 and 3. Fig. 10(a) to Fig.
10(h) show some of the captured waveforms. In the 12-pulse
version, the THD of the input current varied from 53% to
8.31% for an output load variation 3% to 90%. The current
unbalance is minimal (4.81%) at 90% load and worst (17.2%)
at 20% load. It is also clear from Tabie 2 that the rectifier output
voltage V,; and V> vary with load condition. Also it was
noticed that V,,; and V., were lower at 3% load compared to
20% load (Table 2), this was attributed to somewhat low input
linc condition at the time when the test was conducted.

Fig. 1 1(a) to Fig. [ [(h) and Table 3 show the results from the
24-pulsc configuration (Fig. 2). The ASD load was again
varied from 3% to 80%. The resultant input current THD of the
24-pulse system is superior compared to the 12-pulse. Also,
there seems to be some improvement in the current sharing
ability in 24-pulsc configuration. Further, the output voltage V,,
at light load (3%) in 12/24-pulsc systems did not increase as
Lz >liai Overall, the 24-pulse system exhibited superior
performance for >50% load from the utility interface point of
view.

5. CONCLUSION

In this paper, deign considerations for 12/24-pulsc rectifier

systems have been presented. It was shown that design
mismatches in impedance, diode drops and pre-cxisting voltage
distortion could significantly affect the performance. Scveral
corrective measures have been proposed to address these issucs.
Finally, cxperimental results on a 460V, 400kVA, ASD
retrofitted  with  12/24-pulse rectificr systems have been
presented to demonstrate the feasibility of the proposed
schemes to reduce harmonics generated by large VA, ASDs.

Table 2 Measured values from a retrofitted 460V, 400kVA
ASD retrofitted with a 12-pulse rectifier system

Yoof Full Load | 3% 20% 50% 90%

1, 28.56A 93 40A 216.0A | 3788A
Lot 11.60A 39.00A 90.70A | 171.1A
[ 15.58A 55.20A 117.1A | 1884A
I, (1, 1) 27.18A 94, 20A 207.8A | 359.5A
Current 14.64% 17.20% 12.70% | 4.81%
Unbalance

THD inl, 53% 18.72% 11.27% | 831%
V., (s) 635.6V 6372V 629.6V | 6276V
V2 (rms) 638.8V 6384V 633.6V | 6268V
V, (mims) 634.0V 6364V 6320V | 6268V

Table 3 Measured values from a retrofitted 460V, 400kVA
ASD retrofitted with a 24-pulse rectifier system

% ot Full Load 3% 20% S0% 80%

I, 30.36A 95.90A 216.8A | 339.6A
1 10.12A 41.50A 105.0A | 177.0A
I 8420A 59.00A 126.6A | 186.8A
I, (1,,+1,5) 18.54A 100.5A 232.6A | 363.8A
Current 9.17% 17.41% 9.72% 2.09%
Unbalance

THD in |, 52.77% 15.37% 7.36% | 52%
vV, (rms) 6392V 635.6V 6332V | 6322V
V,» (ms) 412V 634.8V 630.8V | 632.8V
V, (mms) 649.2V 634.6V 637.6V | 6424V
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Fig. 10 Experimental Results from a 460V, 400kVA ASD retrofitted with a 12-Pulse Rectifier system
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(a) Utility input current, 1, at 50% full load,

(e) Utility input current, 1, at 80% full load,
THD=7.3%, (100A/div).

THD=5.2%, (200A/div).
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(c) Rectifier l input current /,,, at 50% full (9) Rectifier Il input current 1,5, at 80% full
load (100A/div)

load (100A/div)
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(d) Output voltage, V,, at 50% full (h) Output voltage, V,, at 80% full
load (200V/div)

load (200V/div)

Fig. 11 Experimental Results from a 460V, 400kVA ASD retrofitted with a 24-Pulse Rectifier system
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