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~ Abstract—in this paper, an integrated single-switch approachto - a grade-purpose ASD. The solution is either only practical for
improve harmonic performance of standard pulsewidth modula-  |ow-power applications or the price and complexity are too high.

tion adjustable-speed drives (ASD's) is presented. The approach is gome summaries on three-phase harmonic reduction techniques
essentially an add-on solution to a standard ASD topology. The ap- .
can be found in [1]-[5].

proach is based on circulating a third harmonic current to reduce
the harmonics of the line current. The dynamic braking chopper So far, most customers of ASD’s use the low-cost diode
available in standard ASD's is used to control the amplitude of the rectifier and accept the harmonic currents. Harmonic reduction
:_h"d harmonic circdultatiggtcurr_ent.t r,]AnaIy?is, degg”*f"’%ﬂd simula- 4 €duipment such as an active filter or active rectifier is only
ions are presented to determine the performance of the propose . . .
scheme V\Fl)ith different line impedance gnd with and Withou?dcr-)link used when there are severe problems with harmonic distortion.
inductance in the ASD. Utility input current distortion well below ~ Du€ to the new standards, such as IEEE 519-1992 and EN
15% is obtained. This paper also presents how this new approach 61000-3-2/EN 61000-3-12, a more general solution is desired
is capable of reducing the harmonic distortion in multiple drives. for the ASD.

The paper includes experimental results using a480-V 10-kWcom-  gyme requirements for the three-phase rectifier used for
mercial ASD retrofitted with the proposed approach. \
ASD'’s are as follows.

Index Terms—Adjustable-speed drive, harmonic distortion,

power quality, rectifiers, third harmonic injection. » The harmonic distortion of the input current should be

as low as possible. However, a unity power factor is not
necessary.
. INTRODUCTION « There should be no increased dc-link voltage, because

HE expanding use of electric loads controlled by power  higher dc-link voltage warrants redesign of the pulsewidth
electronics such as PC’s, TV's, stereos, and adjustable- modulation (PWM) inverter.
speed drives (ASD’s) has made power converters an important® The operation of the rectifier should be independent of the
and unquestionable part of modern society. Nevertheless, the line impedance.
increasing use of power converters has also led to an increase’ NO additional components in series with the power flow
of current harmonics drawn from the utility grid. path should be used, due to increased losses.
In the last decade, major focus has been on harmonic reduc-* Bidirectional power flow is normally not necessary.
tion techniques and, as a result of this, several useful harmonic® In general, an electrical isolation between the utility input
reduction techniques exist for the single-phase rectifier. How- and the output of the power electronic converter is not
ever, finding the right solution for the three-phase rectifiers is  needed.
still very difficult. This seems to be true especially for industrial * The cost, power losses, and size compared to the diode
ASD’s where the price and reliability have the highest priorities. ~ rectifier should be as small as possible.
Even though there exist many proposals for the three-phase redNote that the only requirement limiting the use of the diode
tifier, many of the existing solutions may not be qualified forectifier is the first requirement in the list above.
The third harmonic injection scheme for the three-phase
diode rectifier for reducing the harmonic currents has shown
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Fig. 1. Proposed integrated single-switch approach to improve harmo
performance of standard adjustable-speed drives.

» These schemes also have a high dc-link voltage due to the
boost operation and, therefore, increase the losses of the
PWM inverter.

The scheme presented in [8], compared to [9] and [10], ex-
hibits the following advantages.

* There are no additional components in series with the
power flow path.
» The dc-link voltage is the same as for the diode rectifier.
« The third harmonic circulating current is automatically
generated.
However, the scheme in [8] is most suitable for a rectifier with
a high dc-link inductance and small dc-link capacitors (e.g., dc
motor drives). Furthermore, the circulating third harmonic cur-
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rent is uncontrolled and the optimum total harmonic distortiorig. 3. The voltage/s, v between the dc-link midpointii” and the neutral

(THD) is valid only at one operating point.

“N". The current/s is in phase and shape with the voltage. The line current
can be reconstructed as a function of the dc-link output cufigand the

; : . . I
In this paper, an extension of the scheme in [8] is presentffsulating third harmonic currert,.

where the principal of operation basically is the same as in [8].
However, by employing an integrated single-switch boost con- .
verter in the scheme, it becomes suitable for improving the har-
monic performance of a standard PWM-ASD. The new aspects .
of this paper are: 1) analysis of the modified scheme of [8] ap-
plied to a standard PWM-ASD and 2) effective control of the .
circulating current. Furthermore, in Section 1V, it is shown how
the proposed approach is capable of reducing the line-side har-,
monic currents of multiple ASD’s.

The paper includes a detailed design procedure along with
component ratings. Detailed simulation and experimental re-
sults are also shown.

Il. PROPOSEDTOPOLOGY

Fig. 1 shows the circuit topology of the proposed scheme. In
this paper, a zigzag transformer is employed to create a neutral
“N.” Further, a single-phase transformer is connected between
“N" and the dc-link mid-point h.” On the secondary side of the

No additional components in the power flow path are
needed.

The dc-link voltage has the same level as with a diode
rectifier.

The operation of the new scheme is independent of the line
impedance.

The approach is an add-on solution. (Once the ASD is
modified for the presented scheme, the ASD can easily be
sold with the proposal if required.)

It has high reliability because the diode rectifier still works
even when the boost rectifier is down.

Using the diode and the IGBT of the dynamic braking
circuit, low cost can be achieved.

» Multiple drive connection is possible.

I1l. PRINCIPLE OF HARMONIC REDUCTION WITH THE

PROPOSEDSCHEME

single-phase transformer a single-phase boost power-factor-co~or description of the proposed scheme, the simplified dia-
rection circuit is implemented as shown in Fig. 1. Since thgram of Fig. 2 is used, since the boost converter behaves like a
voltage betweenN" and “h” is predominantly 180 Hz (third variable resistor.

harmonic), the single-phase boost converter action results inAs shown in Fig. 3 the shape of the voltagey between the
thirrd harmonic injected current; and drastically improves dc-link midpoint ‘h’ and the neutral of the zigzag transformer
the utility power quality performance of the ASD. It should bé N is triangular in nature due to the 12@onduction mode of
noted that the dc-link capacitor midpoint and a dynamic brakirige six-pulse diode rectifier. Interconnection between paifit “
chopper (insulated gate bipolar transistor (IGBT) and diodahd point “N” via a resistorR, results in a circulating current

exist in most standard ASD’s.

I3, in shape and phase with the voltaggy. This circulating

The advantages of the proposed scheme (Fig. 1) are the falfrent is essentially a third harmonic current and is injected

lowing.

into the three phases,” “5,” and “c

via a zigzag transformer.
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In each phase, a third of the circulating current is injected.
Depending of the conduction mode of the six-pulse diode rec-
tifier, three different modes are considered for each phase. For
phase 4,” these three modes are described below.

Mode 1: Phase &” is not conducting. In this case, a third of
the circulating current; is injected into the source. The source

current of phased”, I, equals

I3

I(ZS =
3

1)
Mode 2: This is the positive conduction mode. The upper
diode of phased” in the six-pulse diode rectifier is conducting.
Half of the circulating current is flowing into the rectifier via
phase &.” The other half is flowing into the rectifier via the
lower diode of phasel” or “¢.” The upper diode of phase:™

is also conducting the load current into the rectifier. Therefore,

the source current of phase,” I, equals B
I3 I3 I3 Fig. 4. Current THD of the input power as a function of the circulating current
Ios =1, + 5 - 3 =1, + g (2) in percentage of the output current and the short-circuit power. The dc-link

inductance of the six-pulse diode rectifier equals 2.6%.
Mode 3: This is the negative conduction mode. The lower
diode of phased” in the six-pulse diode rectifier is conducting.
Half of the circulating current is flowing into the rectifier via
phase &.” The other half is flowing into the rectifier via the
upper diode of phase” or “¢.” The lower diode of phase:”
is also conducting the load current back to the source. Therefore,

the source current of phase™ 1,,, equals
IaSI_Io+___:_Io+_' (3)

The source current can now be reconstructed as shown in
Fig. 3. A detailed description of the principles of the third har-
monic injection scheme can be found in [8].

In a standard PWM-ASD, the harmonic content of the
input current depends both on the dc-link inductance and the
ac-line reactance. However, the input current seldom has a
square-wave form as assumed in the description above. In
some cases, the input current can be discontinuous. Therefore, B[
finding the optimal amplitude of the circulating current that
results in the lowest current THD in an analytical way is quiteig. 5. Current THD of the input power as a function of the circulating current
cumbersome. In this paper, the SABER simulator is used ﬁ@rp_ercgntage of the output current and the' _short-circuit power. There is no
the analysis part. The analysis is based on per-unit quantiffisak inductance in the six-pulse diode rectifier.
with the following definitions:

ratio between the short-circuit powst,. at the point of con-
input line—line voltagd’,, =1 per unit nection and the fundamental input power of the ASD After
output powerP, = 1 per unit a total of 90 simulations to analyze the input current THD, the
results are shown in Figs. 4 and 5.
) It can be seen from Fig. 4 that using a dc-link inductance of
output dc currenf, = £, /V, = 0.7407 perunit 2 694 and a circulating currenfs) of approximately 150% of
base impedancg, =V? /P, = 1 per unit. the output currenti() results in an input current THD of less
than 15% and it is independent of the line reactance. On a weak
The scheme of Fig. 2 is implemented in SABER. The capauatility grid (Rs. = 20), a circulating current of 120% gives a
itor banks in the dc link equal 10.5% (percentage of the baggnimum THD of 9%. Fig. 5 shows that the circulating current
impedance as defined above). The simulations are done whits to be somewhat higher (180%) when no dc-link inductance
and without a 2.6% dc-link inductance. The frequency is 60 Hz used. Only at a weak grid%,. = 20) can an input current
and the ac impedance is varied, i.e., the short-circuit t&tio THD of 15% be achieved. Here, the circulating currdp) pas
is varied from 20 to 500. The short-circuit ratio is defined as thanly to be 140% of the output current,j.

rectifier output dc voltagd’, = 1.35 per unit
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The power dissipated in the resistor equals the circulating ct
rent times the voltag®}, . The voltagé;, ;- and the currents

Source current and fft (Rsc =
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20)
(ArHz) :f{Hz)

20.0 i . : ‘ X
can be presented as [8] JRTTY! SE N ; abs(fft(i(short.ia_source))
5 £ 1008 R S
Viv =Va sin(3wt) T osofp--.-- deoonoes boeeees domoons
R 0.0 ] -l H .
Iy = — I3 sin(3wt) (4) 00 05k 10k 15k 20k
f(Hz)
wherew is the angular frequency of the fundamental voltage ¢ (A :t(s)
utility grid. 2.0 ; i(short.ja_source)
The instantaneous power losses in the resiBtocan be cal- 100 v
culated as g 00 e
Y ST | N A A A Codnlo.
+ 3V2 -20.0 i i
P3inet = Vapds —— (1 — 6wt)). 5 .
3 nst T ( cos(6w?)) ©) I].II]? 0.075 0.08 u.ulss n.llm 0.085 0.1

. t(s)
It should be noted that, by employing the boost converter tu
emulate the variable resisté. (Fig. 2), the only power 10SS€SFig. 6. Line current and the Fourier spectrum. The short-circuit ftio =
are the switching and conduction losses in the converter. 20 and the THD of the line current is 9%.

IV. PERFORMANCE OF THEPROPOSEDSCHEME Source Current and fft, (RSt = 500)
For galvanic isolation of the boost converter, a single-pha (AMz) :1(Hz)

20.0 . . .
transformer is required. The output of the boost converterisc¢ 150 J.....4-.._... R abs(ffi(i(short.la_source)),
nected to the dc-link capacitor bank of the ASD and, therefor g 100 /- i RS S
the boost converter needs no outer voltage loop control. For = 59 (|} ... .. R Comeees O
tegration of the boost converter in the ASD, the diode and tl 0.0 ! W L H
IGBT of the braking chopper circuit of the standard ASD i 0.0 05 10k 18k 20K
used. f(Hz)

To evaluate the proposed scheme, some simulations are m 200 ' ' ' (A):Ys)
using the SABER simulator. The simulated system consists ootV _____ i{shortia_source)
a 10-kW three-phase rectifier, 480-V line-to-line voltage, an 2 oIl % N A N
the frequency is 60 Hz. The utility grid is modeled by some lin =™ _ /1l Mo Ll L TN
inductance. The base impedance of the rectifier eqdals= _20.0 Vol 0
23.04 Q (calculated as defined in Section Il). The total capac 0.07 0075 0.08 0.085 0.09 0.095 01
itance of the dc-link capacitor banks equals 10.5% of the ba 1(s)

impedance. The transformers are ideal with no leakage induc-

tance and a high magnetizing inductance. The transformer rati@ 7. Line current and the Fourier spectrum. The short-circuit f&tio =
of the single-phase transformer is 1:4. The switching frequenty and the THD of the line current is 13%.

of the boost converter is about 8 kHz. The short-circuit r&tio

is varied from 20 to 500. Again, simulations are made with anghjje the short-circuit ratio equals 500. The amplitude of the
without a 2.6% dc-link inductance. circulating current on the primary side of the single-phase trans-
formeris 21.1 A (rms). The output curreht equals 15 A.

A. With DC-Link Inductance In a system with a weak utility grid, the performance of the
As expected, varying the ac-line impedance and thereby th®posed solution is almost as good as with the dc-link induc-

short-circuit ratio has shown that there is small difference in tfi@nce. This is shown in Fig. 9. The THD of the current is 10%

behavior of the proposed system between a weak and a straid a short-circuit ratio of 20. The amplitude of the circulating

utility grid. The current and the Fourier spectrum of the curregtirrent on the primary side of the single-phase transformer is the

are shown in Figs. 6 and 7. same as that with dc-link inductance, 17.7 A (rms). The output
The THD of the current is 9% with a short-circuit ratio ofcurrentl, equals 15 A.

20, while the THD is 13% with a short-circuit ratio of 500. The

amplitude of the circulating current on the primary side of th€. Adaptation of the Proposed Scheme for Multiple Drives

single-phase transformer is 17.7 A (rms). The output cutignt

Interconnection of multiple drives is also possible. Two
equals 15 A.

10-kW ASD'’s are connected in parallel as shown in Fig. 10.
. , By interconnection of the dc link, it is assured that both diode
B. Without DC-Link Inductance rectifiers are equally loaded, even when one of the ASD's is

As expected, without the dc-link inductance the harmonic dibraking. For preventing load oscillations, the connection has
tortion of the input current is increased at a high short-circuid be made on the line side of the dc-link inductance. The
ratio. This is shown in Fig. 8. The THD of the current is 23.6%midpoints of the dc-link capacitors in the ASD’s are connected
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Source current and fft (Rsc = 500)
ArHz) :f(H
200 ' ' ' a(m :f)t ‘( hZ) i :
_ 150 -----.E _______ E....-.-.E ------- S( (I(S ort.la_sourl:e))l
£ 100 | : ‘
| I Co T 5
S5O0+{g----- il Fommee- Ty "
0.0 anll. BN &. . n
I T T T 1
0.0 0.5k 1.0k 1.5k 2.0k 1
f(Hz) @
. Zigzag
(A):1(s) Transformer “ 1
i(short.ia_source) N 1,
<
Fig. 10. Interconnection of two ASD’s. One uses the dynamic braking chopper
v i ' for the proposed scheme, while the other uses the dynamic braking chopper for
T T T T T ] braking resistor.
0.07 0.075 0.08 0.085 0.03 0.035 0.1
Ys)
Source current and fft (Rsc = 100)
Fig. 8. Line current and the Fourier spectrum. The short-circuit ftio = 0.0 (Adhz) :(Hz)
500 and the THD of the line current is 23.6%. 30'0 : : : abs(fft(i(short.ia_source))’
= oy o .
5 200 J{R-wn--domaaaan e F PR
Source current and fit (Rsc = 20) ~ 1o {f----- -E ------- :L ------ a: .......
200 (A/Hz) :f(H2) 0.0 N . -
b T T T - < a T T T T 1
JRTTY O S S abs(ffi(i(short.ia_source)); 00 05k 1.0k 15k 20k
N \ | ) f(Hz)
5 10.0 cemmed e D et EEEEE
< ' , ) (A) (s}
S0{----- deae [ — doooo- 40.0
, . ' i{(short.ia_source)
0.0 nm. 20.0 1
I ¥ T T L
0.0 0.5k 1.0k 1.5k 2.0k < 00
f(Hz) -20.0
200 (A):Ys) -400 1 ; ; ; | : |
: . i j i(short.ia_source) 0.07 0.075 0.08 0.085 0.09 0.095 0.1
10.0 AR R SR t(s)
(AN 1 | I | RPN SO S S R VR A
-100{}---- Lyt ---,-----i ------- Fig. 11. Line current and the Fourier spectrum with interconnection of two
-200 . } : . ASD'’s. The THD of the line current is 11.6%. Both ASD’s operate at full load.
T T T T 1 T 1
0.07 0.075 0.08 0.085 0.03 0.095 0.1

Us) Source current and fft (Rsc = 100)

(AdHz) :T(Hz)
Fig. 9. Lline current and the Fourier spectrum. The short-circuit tip = . : : : abs(fft{i(short.ia_source))
20 and the THD of the line current is 10%. : H H

20.0

(AHz)

together to ensure that the circulating current is divided equal : : :
between both rectifiers. 00 N T T 1
Fig. 11 shows the result when both drives are operating und ’ ) f(Hz2) ’
full-load condition. The simulations are made with a short-cir
cuit ratio Rs. = 100. Fig. 12 shows the result when one of 40.0
the drives operates at half load and the other drive operates 200
full load. It is shown that the differences in the loads of bott € 0.0
drives do not influence the harmonic performance of the prc  -200 ! : e\t
posed scheme. The current THD equals 11.6% and 12.5%, | -400-; : : : ,

T
i 0.06 0.07 0.08 0.09 0.1
spectively. ts)

(A):Ys)

i(short.ia_source)

D. Discussion of the Simulated Results ) . ) o )
] ) ) ) ] Fig. 12. Line current and the Fourier spectrum with interconnection of two
It is demonstrated that, for a low short-circuit ratio, a singlexSD’s. The THD of the line current is 12.5%. One ASD operates at full load

digit current THD can be achieved, and when series inductarfédle the other operates at half load.

(either dc or ac inductance) is used, as in the case with the

dc-link inductance, a THD well below 15% can be achievethjgher in this case. To fulfill the demands of independent opera-

even for a (very) high short-circuit ratio. Only in the case dfon of the line impedance, stated in Section I, one should use an
no series inductance and a high short-circuit ratio is the resattditional inductance. Either an ac inductance or, as presented
not satisfying. Also, the circulating current becomes somewhatthis paper, a split dc-link inductance can be used. However,
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Fig. 13. \oltage across the windings on a zigzag transformer. 0 5 10 15 20 25 30 35 40
Harmoric Order
the interconnection of multiple drives should only be donewhe : : , [ , : .

dc-link inductances are used to prevent load oscillations. / » - /\ - 4 ‘ ﬂ
off} - S

V. DESIGN EXAMPLE /
: - : . Z of b oo
In this section, the design of the zigzag transformer, th g 0 nop

single-phase transformer, and the boost converter are preser .| \ / Vi o \ /ﬂ\ | : \l‘\

in per-unit quantities. Ry \j < ‘ "V \ oo
Ratings of various components are calculated basedonarn LY ; ; ; : ;

tifier using a dc-link inductance, henck, = 1.20 x I,,. 0 0005 001 0015 002 0025 003 0035 004

Time [ms]
A. Zigzag Transformer Voltampere Rating

The Voltage across the Zlgzag transformer IS I”ustrated 'ﬁg 14. Fourier spectrum and a time p|0t of the line current without use of the
. . . .r{)roposed scheme. Current THD = 60%. Load is approximately 5.8 kW.

Fig. 13. The voltage on the primary (and secondary) winding

V.wq Of the transformer is

Van Vab
Viea = N (6)
The current in the phase windingk,£) is 1.2 « I, /3. Thus,
the voltampere rating of the transformer is
Vap 1.2-1,  1.2-1,- Vg

VAZigzag =3 ? 3 3 = 0.296 pu. (7)

Harmonic current [A]

B. Single-Phase Transformer and Boost Converter Voltamper
Rating

The transformer ratio of the single-phase transformer shoul
be chosen with care. Since no outer voltage control loop is nec
essary, the output of the boost rectifier is connected directly tc

las [A]
N
4

L L L

0 0005 0.0t 0015 002 0025 003 0035 004

the capacitor banks of the ASD. In a boost converter, the dc-linl 20 ; ; % ; ; ; /""\\ :

voltage must always be somewhat higher than the amplitude ¢ = 10F 1 e R NS SR

the input voltage. In [8], it is shown th&f, ;- basically is given 5 ohy — lad PAN AN A AN, 3\ ,x*”“'\_

by Vi.x = 0.169V,,. Since the output voltage is35V,; and % N Vwf /0w e N

a boost factor of 1.5 is normal for a boost converter, the trans 0|~ \F © T I Y TN

former ratio %" can be calculated as 0 o005 001 o015 002 0025 003 0035 004
1.35- Vg Time [ms]

k= = 3.77. 8
1.5-0.169 - /2 - Vy ®

The voltampere rating of the single-phase transformer is thBg. 15. Fourier spectrum and a time plot of the line current with the use of the
proposed scheme. Current THD = 19%. Load is approximately 5.8 kW. Lower

given by plot shows the third harmonic current of one transformer phase as well as the
V Asingle—pt =0.169-V, -1.2-1, = 0.15 pu 9) phase current in the diode rectifier itself.
single—phase - - a . o — . .

The single-phase transformer has to be designed to OPEIRR The rectifier of a 480-V 10-kW commercial ASD is used
at a frequency of three times the fundamental line frequen? ‘be retrofitted with the proposed approach
The voltampere rating of the boost converter is the same as t She value of the de-link inductance is 1 6 mH (2.6%) and

valtampere rating of the single-phase transformer. the value of the two dc-link capacitors is 2.2 mF (total 10.5%).
VI E R The rectifier is connected close to a 480-V 60-Hz 75-kVA
- EXPERIMENTAL RESULTS transformer with 6% short-circuit impedance. Therefore, the

An experimental setup is builtin the Power Quality and Powshort-circuit ratio is approximately 125. The rectifier is loaded
Electronics Laboratory, Texas A&M University, College Stawith a 77£2 power resistor; this equals approximately 5.5 kW.



HANSEN et al. HARMONIC PERFORMANCE OF STANDARD PWM ASD’S

1195

sented. The approach is essentially an add-on solution to stan-
dard ASD’s. The proposed scheme has shown that significant

b J?’WW% I, Wﬂa 5 /,“"%wn
f

A

(1]

(2]

Fig. 16. Current and voltage of the primary side of the single-phase (3]

transformer. Lower plot shows the voltagé » when the converter is not
switching.

(4]

[5]

The boost converter is of the continues conduction mode
(CCM) type. The control is performed by two integrated [g]
circuits (current controller and multiplier). The reference to the
current controller is given by multiplying the rectified voltage
Vi~ and an rms current reference. The rms current reference ig]
in this setup given manually. The switching frequency is about
6 kHz.

Fig. 14 shows the line current and the Fourier spectrum
without the proposed approach. The power is about 5.8 kW.
The current THD equals 60%. Also, a small amount of a third [9]
harmonic current can be seen, which indicates some degree of
unbalance on the utility grid.

Fig. 15 shows the line current and the Fourier spectrum Witﬁlo]
the proposed approach. The current THD equals 19%. It is
clearly shown that the amount of the fifth and seventh harmonic
current is significantly reduced. The lower plot of Fig. 15 shows
the phase current of the zigzag transformgrand the current
of the rectifierl,,.. It should be noted that the peak current of
the rectifier is not higher with the new proposed approach than
without, so no derating of the diodes is necessary.

Fig. 16 shows the current and the voltage on the primary side
of the single-phase transform& 5. The lower plot of Fig. 16
shows the voltage while the converter is not switching. It can | §
seen that the curredt is in shape and phase with the voltag:
‘/h]\"-

(8]

VII. CONCLUSION

reduction of ASD-generated harmonics is possible with the pro-
posed approach. The advantages compared to other solutions,
such as no extra components (extra losses) in series with the
power flow and independence of the line impedance, makes this
approach a potential solution for ASD’s.

Also, advanced programming of the current reference has not
been considered so far, but it is likely that applying a more in-
telligent current control than used in this paper can reduce the
harmonic current distortion further. Future work on this scheme
should, therefore, consider this possibility.
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