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Abstract—This paper describes a new robust low-cost
harmonic-injection method for single-switch three-phase
discontinuous-conduction-mode (DCM) boost rectifiers. In the
proposed method, a periodic voltage is injected in the control
circuit to vary the duty cycle of the rectifier switch within
a line cycle so that the fifth-order harmonic of the input
current is reduced to meet the IEC555-2 requirement. Since the
injected voltage signal, which is proportional to the inverted
ac component of the rectified three-phase line-to-line input
voltages, is employed, the injected duty-cycle variations are
naturally synchronized with the three-phase line-to-neutral input
voltages. In addition, the injected harmonic signal naturally
contains desirable higher order harmonics, such as sixth, twelfth,
eighteenth, etc., which are more effective in improving total
harmonic distortions (THD’s) than harmonic-injection methods
based on the sixth-order harmonic only.

Index Terms—Boost converter, discontinuous conduction
mode, harmonic injection, power factor correction, three-phase
rectifier.

I. INTRODUCTION

T HE discontinuous-conduction-mode (DCM) pulsewidth-
modulated (PWM) high-power-factor boost rectifier for

three-phase applications was introduced and analyzed in [1].
The major advantages of this rectifier are that its input-current
waveshape automatically follows the input-voltage waveshape
and that it can achieve extremely high efficiencies because
the reverse-recovery-related losses of the boost diode are
eliminated. However, if the rectifier is implemented with the
conventional low-bandwidth output-voltage feedback control
at a constant switching frequency, which keeps the duty cycle
of the switch constant during a rectified line period, the
rectifier input current exhibits a relatively large fifth-order
harmonic. As a result, at power levels above 5 kW, the fifth-
order harmonic imposes severe design, performance, and cost
tradeoffs in order to meet the maximum permissible harmonic-
current levels defined by the IEC555-2 document [2]. Namely,
to meet the IEC555-2 specifications at input-power levels
above 5 kW, the DCM boost rectifier must be designed with
the output voltage much higher than the peak of the input
voltage [3]. Inevitably, such designs require higher voltage-
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rated switches, which are more expensive and usually have
more losses than their counterparts with lower voltage ratings.
Generally, to reduce the fifth-order harmonic and to improve
THD’s of the input currents, the duty cycle of the rectifier
switch needs to be properly modulated during a rectified line
period instead of being kept constant.

Recently, a number of duty-cycle modulation techniques
for the DCM boost rectifier have been introduced to reduce
the fifth-order harmonic of the input current and to improve
THD’s so that the power level at which the input-current
harmonic content still meets the IEC555-2 standard is extended
[3]–[6]. Specifically, the approach based on the variable-
switching-frequency control was presented and analyzed in
[4] and [5]. However, since the switching frequency of these
rectifiers directly depends on the input voltage and output
power variations, this technique suffers from a very wide-
switching-frequency range which decreases the efficiency and
makes the rectifier design, device selection, and control circuit
more complex.

To improve the performance of the DCM boost rectifier
at a constant switching frequency, sixth-harmonic injection
methods have been introduced in [3] and [6]. The injected
sixth-harmonic signal modifies the duty cycle of the rectifier
switch so that the fifth-order harmonic of the input current
and the overall THD’s are reduced to meet the IEC555-2
requirements. However, if the phase of the injected sixth-
harmonic signal is not well synchronized with the fifth-order
harmonic of the input current, the expected reduction of
the fifth-order harmonic and the improvement of the THD’s
cannot be achieved. For example, the proposed sixth-harmonic
injection circuit in [3], which employs a bandpass filter, has
a severe phase-shift problem which requires phase-detecting
and phase-locking circuits for reliable operation. In fact, the
harmonic-injection technique which utilizes the voltage ripple
of the rectifier output voltage and employs phase-detecting
and phase-locking circuits to properly synchronize the injected
signal with the rectifier input currents is proposed in [6].

In this paper, a robust low-cost harmonic-injection method
for the single-switch three-phase DCM boost rectifier and
its implementations are presented. To reduce the fifth-order
harmonic and improve THD’s of the rectifier input currents,
a periodic voltage signal is injected to vary the duty cycle
of the rectifier within a line cycle. The proposed harmonic-
injection technique uses a voltage signal which is proportional
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Fig. 1. Conventional single-switch three-phase DCM boost rectifier.

Fig. 2. Input currentsia; ib; and ic of the conventional single-switch
three-phase DCM boost rectifier. The currents are drawn assumingVa > 0

and Vc < Vb < 0.

Fig. 3. Normalized average input currentia;avg of the conventional sin-
gle-switch three-phase DCM boost rectifier for different voltage-conversion
ratios M .

to the inverted ac component of the rectified three-phase
line-to-line input voltages. As a result, the injected signal
is naturally synchronized with the three-phase line-to-neutral
input voltages. Moreover, the closed-loop feedback control
of the DCM boost rectifier is not affected by the proposed
open-loop harmonic-injection method.

Fig. 4. Normalized input-current harmonics of the single-switch three-phase
constant-frequency constant-duty-cycle DCM boost rectifier. Harmonics are
normalized with respect to the fundamental component.

II. BRIEF REVIEW OF OPERATION AND

INPUT-CURRENT HARMONIC ANALYSIS OF

THREE-PHASE PWM DCM BOOST RECTIFIERS

In this section, a brief review of the operation and input-
current harmonic-content analysis of the single-switch three-
phase PWM DCM boost rectifier, shown in Fig. 1, is pre-
sented, assuming the following.

1) The rectifier operates in DCM.
2) Switching frequency is much higher than line fre-

quency .
3) The three-phase input voltages are well-balanced undis-

torted sinewaves.
4) The input voltage can be considered constant during a

switching interval.
5) The output voltage and output current are approximately

constant.
6) All semiconductor components are ideal.
7) There are no power losses in the converter.
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Fig. 5. Comparison between input-current harmonic content of the DCM boost rectifier and harmonic-current limits of the IEC555-2 forM = 1:4,
Vout = 750 V, Vin(L-L) = 380 Vrms, and Pin = 5 to 10 kW.

(a)

(b)

Fig. 6. Injection circuit with isolation transformers: (a) schematic diagram and (b) key voltage waveforms.

Since the boost rectifier is operated in DCM with a constant
frequency and constant duty cycle, all three-phase input cur-
rents and are zero at the end of a switching period
immediately before boost switch is turned on. After switch

is turned on, and increase linearly to the peak
values which are proportional to the line-to-neutral voltages,
as shown in Fig. 2. Therefore, during the switch-on period
of the rectifier, each line current forms a triangular pulse
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with the peak value proportional to the associated line-to-
neutral voltage. As a result, during the switch-on period, the
average line currents are proportional to the line-to-neutral
voltages. When the switch is turned off, the input currents start
decreasing because output voltageis higher than the peak
of the input voltage. In DCM, the input currents reach zero
before the end of the switching period. Since the rate of the
input-current decrease is proportional to the difference between
output voltage and line-to-neutral voltage, the average line
currents during the switch-off period are not proportional to
the line voltages, i.e., even if the line voltages are perfectly
balanced and sinusoidal, the line currents are distorted.

The average line currents during a switching period of a
constant-frequency constant-duty-cycle DCM boost rectifier
were derived in [1] and [5]. The derivations assume that
switching frequency is much higher than line frequency ;
the well-balanced and undistorted three-phase input voltages
can be considered constant within each switching cycle, i.e.,

(1)

(2)

(3)

where is the peak line-to-neutral voltage and is
angular line frequency. According to [1] and [5], the average
input currents over a switching period are given by

(4)

(5)

(6)

where is the rectifier output voltage, is the duty ratio,
is the inductance of the input inductors, and is the voltage
conversion ratio defined as

(7)

From (4) to (7), the average input currents for different
voltage-conversion ratios are calculated and plotted as shown
in Fig. 3. The THD’s and harmonic contents of the average
input current for different values of can be calculated
by Fourier analysis. Fig. 4 shows the normalized harmonic
content of the rectifier input current as a function of,
whose practical range is from 1.2 to 2. As can be seen from
Fig. 4, the rectifier input-current spectrum which contains only
odd harmonics is dominated by the fifth-order harmonic, i.e.,

Fig. 7. Duty-cycle variations during a half of the fundamental line period.

Fig. 8. Optimal modulation indexm versus voltage conversion ratioM for
the minimum THD’s (solid line) and for the maximum output power (dashed
line).

the lowest order harmonic. For example, at , the
fifth-order harmonic is eight times larger than the seventh-
order harmonic which is the next largest. Also, it should be
noted that the value of the normalized fifth-order harmonic
monotonically decreases as the values of increase. In
fact, it decreases from slightly over 40% of the fundamental
component at to approximately 7% at .

Generally, the maximum input power at which the three-
phase constant-frequency DCM boost rectifier can meet the
IEC555-2 specifications is limited by the fifth-order harmonic
of the input current. As an illustration, Fig. 5 shows the fifth,
seventh, eleventh, and thirteenth harmonics of the DCM boost
rectifier with and input power levels from 5 to 10
kW, along with the corresponding IEC555-2 limits. As can
be seen from Fig. 5, for , the rectifier can meet
the IEC555-2 requirements only for power levels up to 5
kW because of the fifth-harmonic limitation. The higher order
harmonics, i.e., seventh, eleventh, thirteenth, etc., are well
below the IEC555-2 limits, even for power levels over 10 kW.

To meet the IEC555-2 specifications at power levels above
5 kW, the three-phase constant-frequency constant-duty-cycle
DCM boost rectifier needs to be designed with a higher
[3]. However, it should be noted that for a given power
line voltage, larger requires a boost switch with a higher
voltage rating. Therefore, to maximize the efficiency and
reduce the cost, the design with the minimumwhich meets
the specifications such as IEC555-2 or desired THD’s should
be used.

Since the fifth-order harmonic is the dominant harmonic in
the input-current spectrums, as shown in Fig. 4, the three-
phase input currents of the constant-switching-frequency
constant-duty-ratio DCM boost rectifier can be approximated
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Fig. 9. Normalized input-current harmonics of the single-switch three-phase DCM boost rectifier with the proposed harmonic-injection control. Harmonics
are normalized with respect to the fundamental component.

by neglecting the higher order harmonics as

(8)

(9)

(10)

III. N EW LOW-COST INJECTION-SIGNAL GENERATORS

In the circuit proposed in this paper, a signal proportional
to the inverted ac component of the three-phase line-to-line
input voltages is injected into the control circuit at node A in
Fig. 1 to modulate the duty cycle of the boost rectifier switch
and reduce the fifth-order harmonic of the line current. Two
implementations of the injection-signal generator are described
in this paper. One implementation uses three low-frequency
step-down transformers to generate the injection signal; the
other implementation does not require the transformers, but
instead employs operational amplifiers (opamps) to accomplish
the same task.

A. Implementation with Transformers

The circuit diagram of the injection-signal generator im-
plemented with three low-frequency step-down transformers,
along with its key waveforms, is shown in Fig. 6. Besides the
three transformers, the circuit in Fig. 6(a) also incorporates
three-phase diode bridge BR, blocking capacitor, and an
opamp with a feedback network ( and ). Three low-
frequency transformers are utilized for the voltage step-down
and isolation between the injection circuit and the power
stage. The primary terminals of the step-down transformers are
connected to the line-to-line input voltages and .
The secondary-side voltages of the transformers are rectified
by three-phase diode bridge BR. The dc component of rectified

voltage is eliminated by blocking capacitor . Since the
impedance of at the line frequency is much smaller than

, the voltage across is nearly identical to the ac
component of . Finally, the polarity of the voltage signal
is inverted by the opamp so that the desired injection signal

, shown in Fig. 6(b), is obtained.
Since the proposed injection-signal generator does not con-

tain a bandpass filter, but only a high-pass filter with the
corner frequency well below the frequency of the sixth-order
harmonic, the injection signal which contains sixth-order and
higher order harmonics does not suffer from any significant
delay. As a result, the injection signal phase is naturally
well synchronized with all the input currents and line-to-
neutral voltages. Moreover, this phase synchronization does
not drift with time, and it is not very sensitive to component
tolerances.

When signal , shown in Fig. 6(b), is injected at the
input of the PWM modulator (node A in Fig. 1), it modifies
the duty cycle so that the fifth-order harmonic of the input
current is reduced and the THD’s are improved. In fact, since
the variation of duty cycle is directly proportional to the
injected signal , the modulation of duty ratio during a line
cycle can be described as

(11)

where is the modulated duty cycle, is the duty
cycle in the absence of the modulation, and is the duty
cycle modulation. Since is proportional to the inverted
ac component of the rectified three-phase line-to-line input
voltages, the variation of duty cycle during a half of the
fundamental line period can be plotted along with the line-to-
neutral input voltage, as shown in Fig. 7. Moreover, can
be described as a function of modulation factorand angular
line frequency for the first quarter of the fundamental period
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Fig. 10. Comparison between input-current harmonic content of the DCM boost rectifier with the proposed harmonic injection and harmonic-current limits
of the IEC555-2 forM = 1:4, Vout = 750 V, Vin(L-L) = 380 Vrms, and Pin = 5 to 10 kW.

as

(12)

(13)

where is the modulation factor defined as

(14)

As shown in Fig. 6, is the transformer turns ratio and
is the feedback gain of the opamp, while is

the peak line-to-neutral input voltage, and is the output
voltage of the gain compensator shown in Fig. 1. It should be
noted that the expressions for given in (12) and (13) are
valid for a quarter of the fundamental period .
However, they can be easily extended to a whole line period
because of the waveform symmetry.

The periodic function described by (12) and (13) can be
expressed in terms of the Fourier series representation as

(15)

From (15), it can be seen that the generated injection signal
contains not only the sixth-order harmonic, but also higher
order harmonics such as 12th, 18th, etc. These higher order
harmonics help improve THD’s more than if only the sixth-
order harmonic is injected.

By substituting in (4)–(6) with the modified duty ratio
defined in (11), the average input current in the

presence of the signal injection can be described as

(16)

where term is neglected, since it is much smaller than
the unity. Using (8) and (15), the average input current

Fig. 11. Input-current THD’s as functions of the voltage-conversion ratio of
a constant-frequency DCM boost rectifier with constant duty cycle (dashed
line) and with modulated duty cycle using the proposed harmonic-injection
method (solid line).

defined in (16) can be calculated as

(17)

where the constant is defined as

(18)

i.e., it is proportional to modulation index .
Similarly, the input currents and can also be

calculated as

(19)
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Fig. 12. Schematic diagram of the harmonic-injection circuit with a difference opamp. The key circuit waveforms are the same as in Fig. 6(b).

Fig. 13. Schematic diagram of the 6-kW single-switch 3-� DCM boost rectifier.

(20)

Therefore, from (17) to (20), the THD’s of the input currents of
the three-phase constant-frequency DCM boost rectifier with
the proposed harmonic-injection control is given by

THD’s

(21)

From (17) to (21), it can be seen that for a given voltage
conversion ratio, the THD’s are a function of modulation index

.
At any given voltage-conversion ratio , optimal modula-

tion index , which produces the minimum THD’s, can be
determined from (18) and (21). Fig. 8 shows the calculated
values of optimal modulation index for the minimum THD’s
(solid line) as a function of . To maximize the input power
of the rectifier at which the IEC555-2 specifications are met,
modulation index should be determined so that the ratio
of the seventh-order harmonic and the fifth-order harmonic is
equal to corresponding IEC555-2 limits, i.e.,

A
A

(22)

where 1.14 and 0.77 A are IEC555-2 limits for the fifth- and
seventh-order harmonics, respectively. It should be noted that
the effects of the higher order harmonics are not significant
in comparison with the fifth- and seventh-order harmonics.
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(a) (b)

(c) (d)

Fig. 14. Input voltageVa (100 V/div) and input currentia (5 A/div) waveforms of the experimental 6-kW DCM boost rectifier without harmonic-injection
control at: (a)Vin(LL) = 456 Vrms, (b) 417 Vrms, (c) 380 Vrms, and (d) 304 Vrms.

Fig. 15. Measured full-power input-current harmonics of the experimental DCM boost rectifier without harmonic-injection control at different input voltages.

Moreover, the higher frequency harmonics can be easily
eliminated by an electromagnetic interference (EMI) input
filter. Fig. 8 shows the calculated values of optimal modulation
index for the maximum input power (dashed line) as a
function of .

Using the optimal modulation index for the maximum
input power, a normalized harmonic content of the rectifier
input current can be calculated as shown in Fig. 9. It can be
seen that the magnitudes of the fifth, seventh, and thirteenth
harmonics are linearly proportional to one another.

Fig. 10 shows the estimated normalized fifth, seventh,
eleventh, and thirteenth harmonics of the input current of the
DCM boost rectifier with harmonic-injection control for input
power levels from 5 to 10 kW. The harmonics are obtained
by assuming that line-to-line input voltage
V and output voltage V , i.e., assuming

. The IEC555-2 limits for each
of the harmonics are also shown in Fig. 10. As can be
seen from Fig. 10, employing the proposed injection method,
the maximum power of the rectifier at which the IEC555-2
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(a) (b)

(c) (d)

Fig. 16. Input voltageVa (100 V/div) and input currentia (10 A/div) waveforms of the experimental 6-kW DCM boost rectifier with the proposed
harmonic-injection control at: (a)Vin(LL) = 456 Vrms, (b) 417 Vrms, (c) 380 Vrms, and (d) 304 Vrms.

Fig. 17. Measured full-power input-current harmonics of the experimental DCM boost rectifier with harmonic-injection control at different input voltages.

requirements are met is extended to 8 kW. As shown in Fig. 5,
the corresponding maximum power for the rectifier without
harmonic injection at is only about 5 kW.

Finally, the comparison between the THD’s of the constant-
switching-frequency, DCM boost rectifier without and with
the proposed harmonic injection is given in Fig. 11. As can
be seen from Fig. 11, the reduction of the THD’s with the
proposed injection technique is the most significant for

. Specifically, for , the reduction in the THD’s is

at least 5%. For larger values of , the injection approach
is less effective. For example, for , the reduction of
the THD’s of the circuit with the injection is less than 1% in
comparison with that without the injection.

B. Implementation Without Transformers

The injection signal generator can also be implemented
without the bulky low-frequency step-down transformers, as
shown in Fig. 12. In the implementation in Fig. 12, the three-
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TABLE I
MEASURED INPUT-CURRENT HARMONICS OF THEEXPERIMENTAL 6-kW DCM BOOST RECTIFIER WITH THE

HARMONIC-INJECTION CONTROL AT FULL POWER AND DIFFERENT INPUT VOLTAGES

TABLE II
MEASURED FULL-POWER EFFICIENCY OF THEEXPERIMENTAL 6-kW DCM BOOST RECTIFIER WITH THE

PROPOSEDHARMONIC-INJECTION CONTROL AT DIFFERENT INPUT VOLTAGES

phase line voltage is first rectified by three-phase bridge
rectifier BR and then attenuated by resistive voltage divider

. The scaled-down line voltage developed across
is then inverted by difference amplifier OP1 which is

referenced to the control ground. It should be noted that the
control ground is isolated from the ground of three-phase input
voltages by M resistors. The dc component of
the output voltage of difference amplifier OP1 is eliminated
by blocking capacitor . Since the impedance of blocking
capacitor at the line frequency is much smaller than

, the voltage across which is desired signal is
nearly identical to the ac component of the output voltage of
difference amplifier OP1. Finally, is injected in the circuit
in Fig. 1 at point A through a buffer, OP2. As in the case of
the implementation with the transformers, voltage signal
is naturally in phase with all input currents and line-to-neutral
voltages. The performance of the circuit in Fig. 12 is identical
to that of the circuit in Fig. 6. However, the injection circuit
shown in Fig. 12 has a smaller size and is less expensive than
the circuit shown in Fig. 6.

IV. EXPERIMENTAL RESULTS

To verify the performance of the proposed injection
technique, a three-phase 6-kW DCM boost rectifier for the
304–456-V line-to-line input voltage range (380 V

20%) and V was built. The circuit diagram of
the power stage is given in Fig. 13. The rectifier was designed
with a constant switching frequency of 45 kHz.

Fig. 14 shows the oscillograms of input voltage and current
waveforms of the experimental circuit without harmonic-
injection control at full power and different input voltages,
while Fig. 15 shows the measured input-current harmonics
under the same conditions. As can be seen from Fig. 15, the
fifth-order harmonic of the input current is over the IEC555-2
limit for the nominal input voltage (380 V ) and higher.

To evaluate the performance of the proposed injection
approach, both implementations of the injection circuit (with
and without step-down transformers), shown in Figs. 6(a)
and 12, were built. Fig. 16 shows the oscillograms of input
voltage and current waveforms of the experimental circuit with
harmonic-injection control at full power and different input
voltages.

The measured input-current harmonics of the experimental
rectifier at full power and at different input voltages are
summarized in Fig. 17. It should be noted that the measured
performances of both implementations were also identical. As
can be seen from Fig. 17, the magnitudes of the fifth-order
harmonic as well as the higher harmonics are well below the
IEC555-2 limit in the entire input voltage range (304–456
V ).

Finally, Table I shows the measured rms input-current har-
monics at different input voltages, while Table II shows the
full-power measured efficiency of the rectifier at the same
range of input voltages. The rectifier exhibits the maximum
efficiency of 98% at the maximum input voltage of 456 V.
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The minimum efficiency of 96% occurs at lower line (304
V ).

V. CONCLUSION

In this paper, a new robust low-cost harmonic-injection
method for single-switch three-phase DCM boost rectifiers has
been described. In the proposed method, a periodic voltage
which is proportional to the inverted ac component of the
rectified three-phase line-to-line input voltages is injected in
the control circuit to vary the duty cycle of the rectifier switch
within a line cycle so that the fifth-order harmonic of the
input current is reduced to meet the IEC555-2 requirement.
Moreover, the injected duty-cycle variations are naturally syn-
chronized with the three-phase line-to-neutral input voltages
without using expensive phase-detecting and phase-locking
circuits. The analysis of the injected signal and modified
harmonic currents of the rectifier has been presented and
verified on a laboratory prototype. The measured input-current
harmonics of the 6-kW prototype rectifier were found to be
well below the IEC555-2 limits over the entire input voltage
range (304–456 V ). The rectifier efficiency is about 97%
at full load and nominal line.
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