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Abstract-- This paper presents improved control
techniques for the three-phase three-wire dual-halfcontroller-converter (DHCC) using an interleaved pulsewidth-modulation (PWM) technique. Compared with the
hysteresis controller presented in earlier literatures, the
proposed PWM controllers require smaller filtering
elements and/or a lower sampling frequency. While the
same number of active switches are used compared to a
conventional voltage-source-converter (VSC), the current
rating for each device in DHCC is significantly lower. The
proposed system is free of shoot through and it provides
system redundancy. Both simulations and experimental
results are presented.

Hysteresis modulators are simple and effective; however,
it has inherent disadvantages of variable switching
frequency, which complicates the thermal design and
filter design. Also, successful implementation of such
current regulators demands fast sampling. In this paper,
PWM-based controllers are proposed that make DHCC a
more attractive topology for active rectifiers.
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I. INTRODUCTION
A half-controlled-converter (HCC) is a voltage-sourceconverter (VSC) having only three switches and six
diodes, as shown in Fig. 1 [1]. The converter can be
realized as either a common-emitter (CE) or commoncollector (CC) configuration. A CE configuration is
usually preferred due to its simple gate drive implementtation. In [1] a single HCC and its potential as controlled
rectifier are explored. The effect of series line reactor and
displacement power factor angle on the performance of a
single HCC is reported.
A dual-half-controlled-converter (DHCC) consists of
two paralleled complementary HCCs [2][3], and the
harmonic content in the total input current is significantly
reduced. The complementary configuration can be
realized using complementary converter topologies (i.e.
CE and CC) or by using a transformer with two
secondary windings of opposite polarities [2][3]. The
input current and power can be shared equally between
the two HCCs, resulting in a significantly lower current
rating for all the devices in a DHCC compared to a
conventional VSC rated for the same power. DHCC is
free of shoot-through and it provides system redundancy,
i.e. the system remains operational in case one of the two
HCCs fails, at the price of reduced power output and
increased harmonics. The issue of high DC output ripples
as presented in [2] is resolved by combining the two DC
links [3] while the input characteristics are identical. A
simpler controller is introduced in [3] that imposes a 0.5
pu hard peak current limit for each HCC.
Hysteresis controllers are reported in earlier literature
for regulating the HCC and DHCC currents [1][2][3] due
to the lack of a linear model and control means.
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Fig. 1. HCC configurations: CE (a) and CC (b) [1]

II. DHCC CONFIGURATIONS AND OPERATING PRINCIPLES
A DHCC rectifier is shown in Fig. 2 [3]. The isolation
transformer has two secondary windings of opposite
polarities, which effectively makes the two CE HCCs
complementary to each other. Each side of the transformer can be either Y or delta connection as long as the
two secondary circuits are coupled in the same magnetic
path. By paralleling complementary HCCs, the even
harmonics generated by each HCC are automatically
cancelled in the mains, but proper control techniques are
still needed to eliminate the non-triplen odd harmonics.

Fig. 2. DHCC rectifier [3]

Define three-phase voltages and commanded currents:
(1)

(2)

Define L to be the line inductance, and
the line
frequency in rad/sec. A full cycle of
can be divided
into six equal length periods. Taking the
period
as an example, without any active compensation between
two HCCs, the phase current in each HCC consists of the
following sequential segments:
For
,

(a)

(3)

where
flow,

is the angle at which phase-C current starts to

For

(4)

(b)
Fig. 3. DHCC phase current without active compensation, (a)
waveforms, and (b) spectrums

(5)

The above results confirm that the current in each
HCC contains even order harmonics while the total
current does not; however, non-triplen odd harmonics in
both HCCs add up in the total current. To eliminate these
harmonics, an active compensation technique was
presented in earlier literature that utilizes current
command cross-coupling and hysteresis switching
method [2][3]. In this paper, however, two different
PWM-based techniques are presented.

,

where
is the angle at which phase-B current either
reaches zero or rejoins the command, if
, then

(6)

III. FORMULATED CURRENT COMPENSATION
(7)

Otherwise (i.e.

),

(8)

So far, all segments of period
have been
presented; the other five periods are merely replicates of
(3) ~ (8) with different phase shift and phase index. The
total current waveform is plotted with dashed trace in Fig.
3, with 0.08 pu line reactance at unity displacement
power factor. The waveform shape varies depending on
the line reactance and the displacement power factor.

If the currents in two phases are directed into the HCC,
then it is a fully-controlled interval, otherwise it is a
partially controlled period. These two types of periods are
of equal length and are present in an alternating manner.
The key to synthesizing sinusoidal total line current is to
utilize the fully-controlled periods to compensate for the
partially-controlled periods of the complementary HCC.
The desired compensated phase current in each HCC
is illustrated in Fig. 4 with which a sinusoidal total
current can be achieved. The dashed traces are the
original currents in HCC and the solid traces are the
desired currents. However, this compensation is
infeasible, because the current direction cannot be
reversed during the fully-controlled periods. As a result, a
compromise must be made, i.e. either accepting a slightly
imperfect compensation as shown in Fig. 5, or adopting a
slightly lagging power factor for perfect compensation as
shown in Fig. 6.

(12)

Fig. 4. HCC original and new phase current with desired (nonfeasible) compensation

The other two periods
and
, as well
as all the complementary counterparts, are merely
replicates of (9) ~ (12) with the appropriate phase index.
The overall controller structure is shown in Fig. 8. The
two PWM carriers for two HCCs are interleaved with 180
degrees out of phase switching, so that the switching
ripple in the total current will be further reduced.
IV. COORDINATED VOLT-SECONDS MODULATION
The coordinated volt-second modulation is based on
the D-Q equivalent circuit of DHCC utility rectifier as
shown in Fig. 7, where E and idq are the source voltage
and current respectively, Ls is the transformer primary
side leakage inductance, Lm is the transformer magnetizing inductance, Lc is the converter side inductance
including transformer secondary leakage inductance, Rs is
total line resistance, vdq1 and vdq2 are the voltages
synthesized by the two HCCs respectively, idq1 and idq2
are the current flowing into the two HCCs respectively.
The D-Q voltage commands are calculated using (13) ~
(14) during each PWM interval. Note that the resultant
total D-Q voltage commands need to be further scaled
and assigned to both HCCs.

Fig. 5. HCC original and new phase current with feasible but
compromised compensation

Fig. 6. HCC original and new phase current with compensation at
10 degrees lagging power factor

Based on the circuit parameters and the operating
point, the instantaneous operating conditions of a DHCC
and the necessary compensation can be estimated using
(3) ~ (8), which are then used to calculate the voltage
commands and the resultant switching duty cycles during
each PWM period. This method is named “formulated
current compensation” because all the calculation and
control are based on estimated formulas.
Take the period
as example, the voltage
command calculations for an HCC in a DHCC are
presented below, where e(k) is the source phase voltage
measured at each sampling instant, i(k) is the measured
current, i*(k) is the current command, v(k) is the desired
voltage output of each HCC, and Ts is the sampling
period.
For
, only phase-A can be controlled,
(9)

For

, only phase-A can be controlled,
(10)

For

, only phase-A can be controlled,
(11)

For

, phase-A and B can be controlled,

Fig. 7. D-axis (upper) and Q-axis (lower) equivalent circuits of
DHCC rectifier system

(13)
(14)

The overall volt-seconds controller is presented in Fig.
9. Besides the D-Q voltage commands generated by a PI
regulator (i.e.
and
), decoupling terms as
well as volt-seconds compensation terms are incorporated
in (13) ~ (14) for improving the dynamic performances.
However, the resultant phase voltage commands
cannot be directly used for generating gate pulses,
because the neutral voltage of each HCC remains
unknown due to the lack of controllability, which is the
major barrier for utilizing PWM regulators in this case.
To handle this key issue, (15) below is proposed to
convert the neutral-referenced voltage commands into

ground-referenced values, and hence can be used for
generating gate signals. This function is represented in
Fig. 9 as the “Voltage Command Calculator” block. The

secondary side tied to HCC1 is assumed to have the same
polarity as the source.
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The conversion shown in (15) is in effect
“controlling” rather than “estimating” neutral voltages
by injecting a third harmonic component in the
modulation index.
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SIMULATION RESULTS

All the simulation results are presented in per-unit.
The voltage base is the phase-to-neutral voltage peak,
and the current base is the phase current peak.
A.

Current Command Cross-Coupling
The current command cross-coupling technique
presented in [3] is simulated and the results are
presented below as a benchmark for comparison. The
simulation is done at unity displacement power factor,
with a 40 kHz sampling frequency and 0.14 pu line
reactance. The current peak in each HCC is restricted
to 0.5 pu.
Define
as the rated current; the current in
each HCC is 53.5% of
in terms of RMS value,
and about 51% in terms of peak. The THD of the total
phase current is 3.8% while the THD of the current in
each HCC is 40%.
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Fig. 10. DHCC current waveforms using current command
cross-coupling

However, further investigations reveal that the
above presented control technique may result in
untamed current peak in each HCC under certain
circumstances. Therefore, an additional step (16) is
added after (15) for neutral voltages adjustment, where
the “limit” is the upper limit of the current amplitude in
each HCC, i.e. 0.5 pu in this case.
Again the two PWM carriers are interleaved with a
180 degree phase difference, so that the switching
ripples in the total current will be further reduced.
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Fig. 11. Spectrums of DHCC current waveforms using current
command cross-coupling

B.

Formulated Current Compensation
The simulation of formulated current compensation
is done with a 10 kHz PWM frequency and 0.14 pu
line reactance. In order to achieve ideal compensation,
a 10 degrees lagging power factor is adopted. As a
result, the current amplitude is slightly increased by
1.5%, which is almost negligible.
The current in each HCC is 53.4% of
in
terms of RMS value, and about 51.5% in terms of
peak. The THD of the total phase current is 3.5% while
the THD of the current in each HCC is 29%. Notice
that the even-order harmonics in each HCC are much
lower than in case-A.

1.5

54% of
in terms of RMS value, and about 56%
in terms of the peak value. The THD of the total phase
current is 4.2% while the THD of the current in each
HCC is 42%. However, the 2nd harmonic in each HCC
is significantly reduced which reduces the current
amplitude and RMS values.
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Fig. 16. DHCC current waveforms using coordinated voltseconds modulation, with limiter
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Fig. 13. Spectrums of DHCC current using formulated current
compensation
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Coordinated Volt-Second Modulation
The simulation of coordinated volt-seconds modulation is done at unity displacement power factor, with
10 kHz PWM, and 0.14 pu line reactance. The results
presented in Fig. 14 and Fig. 15 are derived without
incorporating (16). The resultant current in each HCC
is 59.2% of
in terms of RMS value, and about
72% in terms of peak. The THD of the total phase
current is 3.2% while the THD of the current in each
HCC is 64.3%. Note that the even-order harmonics in
each HCC are higher than the other two cases.
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Fig. 17. Spectrum of DHCC current waveforms using
coordinated volt-seconds modulation, with limiter

A transient condition is simulated and the results are
presented below. The load is decreased by 50% at 0.4
sec and restored to 100% at 0.6 sec. The system shows
perfect stability throughout the transient.
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Fig. 12. DHCC current waveforms using formulated current
compensation
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Fig. 18. DHCC phase currents during load transient

Fig. 14. DHCC current waveforms using coordinated voltseconds modulation, without limiter
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coordinated volt-seconds modulation, without limiter

Next, the additional adjustment (16) is activated in
the controller, and the corresponding results are
presented below. The resultant current in each HCC is
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Time [sec]

0.7

0.8

Fig. 19. DHCC DC-link voltage during load transient

VI. OBSERVATIONS AND DISCUSSIONS
The current command cross-coupling method with
hysteresis regulator used in [2][3] is simple and robust,
and it is straightforward for restricting the peak current

It is essential to study the variation of current ratings
as a function of the operating conditions; and for the
volt-seconds modulation it is also useful to investigate
the effectiveness of current limiting technique under
different operating conditions. The coordinated voltseconds modulation is assumed for the discussions in
this section.
Fig. 20 illustrates the variations in the current peak
and RMS values in each HCC as a function of line
reactance, both with and without the current limiting
technique. Without the peak current limiter, as the line
reactance increases, both peak and RMS current values
in each HCC increase accordingly, and the peak value
increases faster. This is caused by the increase of the
2nd harmonic current. However, by introducing peak
current limiter (16), the current rating is effectively
reduced especially for the peak value. Note that the
traces of peak and RMS current values with peak
current limiter overlap each other.
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Fig. 20. Simulated current in HCC as a function of line reactance

As shown in Fig. 21, the THD variation caused by
the current limiting technique is insignificant with
different line reactance values.
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Fig. 21. Simulated current THD as a function of line reactance

Fig. 22 presents the variations in the HCC current as
a function of displacement power factor with 0.12 pu
line reactance. A positive angle designates a lagging
power factor. Generally speaking, both the peak and
RMS values of HCC current keep declining as the
power factor becomes more lagging until they level out
at approximately 10 degrees lagging. This result means
that, although the total current is minimal at unity
power factor given any certain output power, the
minimum current in each HCC may actually be
achieved at a slightly lagging power factor. The current
limiting technique proves to be very effective but has
limited impact for leading power factors, and it is not
critical for lagging power factors since a lagging power
factor itself contributes to the current rating reduction.
As shown in Fig. 23, the THD variation caused by the
current limiting technique is again insignificant across
the operating power factor range.
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Fig. 22. Current in HCC as a function of power factor angle
6.0%
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THD [%]

in each HCC to 0.5 pu. However, it requires large
filtering elements and/or fast sampling. Also, it results
in undetermined switching frequency as well as
possible switching oscillation instabilities.
The formulated current compensation is based on
estimated operating conditions and therefore its
performance relies heavily on the parameter estimation
accuracy. This method has the lowest device current
rating because the resultant even harmonics in each
HCC are minimal. Utilizing fixed-frequency PWM
enables interleaved switching, which plays a crucial
role in further reducing current ripples on the mains. In
this type of computed current reference, if there is any
error in reference due to a mismatch between the
estimated and actual circuit parameters, then the error
never gets corrected irrespective of the closed-loop
operation and thus it is often criticized as open loop
current regulator. This problem, however, can be
resolved by incorporating a closed-loop estimator for
fine-tuning the line reactance estimation.
Coordinated volt-seconds modulation is a closedloop controller with a fixed switching frequency and
lower sampling rate, and the resultant current and DClink voltage are smoother and more stable. Compared
with the formulated current compensation, it can
operate over a wider range of power factor. It is also
confirmed in the simulations and experiments that the
system performance is not very much affected by the
parameter estimation accuracy. With the neutral
voltage adjustment technique, the current rating can be
restricted to similar level as the other two control
techniques. Based on the simulations and analyses
results, the coordinated volt-seconds modulation
approach can be considered as the most preferred
current regulation technique for the interleaved DHCC
system, which will also be the focus of experimental
demonstrations.
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Fig. 23. Current THD as a function of power factor angle

The key to choosing a proper device current rating,
which is also a major future work of DHCC rectifier,
involves a detailed device loss calculation, especially
given the fact that the currents in HCCs are highly nonsinusoidal. Given the special current waveforms in an
HCC, the most practical analysis approach is to embed
the loss calculation in the circuit simulation. To be
more specific, at each simulation step, the
instantaneous current value can be used to extract from
the datasheets the corresponding device voltage drop,
turn-on/off losses, reverse recovery losses, etc., hence
the dynamic loss profile is obtained, which can be
further integrated with the device/converter thermal
equivalent circuit
model, enabling dynamic
characterization of thermal profile.

Fig. 25 and Fig. 26 present the DHCC operation at
unity power factor without and with peak current
limiter respectively. An autotransformer is used as the
grid source, and its leakage inductance results in the
somewhat noisy source voltage waveform.

VIII. NOMINAL DC-LINK VOLTAGE
The nominal DC-link voltage selection also has a
significant impact on the system performance. Fig. 24
shows the HCC current rating and total current THD as
functions of the DC-link voltage. Simulations have
been carried out using coordinated volt-seconds
modulator operating at unity displacement power
factor, and the load is varied according to the DC
voltage to maintain the same power output, which
means the input voltage and current remain the same.
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Fig. 25. Experimental results at unity power factor without peak
current limiter in each HCC; upper: source voltage; lower: total
current and currents in both HCCs
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Fig. 24. Current rating and THD as functions of DC-link voltage

Fig. 26. Experimental results at unity power factor with peak
current limiter in each HCC; upper: source voltage; lower: total
current and currents in both HCCs

Fig. 27 and Fig. 28 present the DHCC operation at 5
degrees lagging power factor without and with peak
current limiter respectively.

As the DC-link voltage increases, the HCC current
ratings drop slightly because the peak current limiter
becomes more effective with more available voltage;
on the other hand, however, the increase in the line
current THD is also mainly attributed to the limiter.
Each time the limiter is triggered, the modulation
pattern has a step change, resulting in steep variations
in the currents, which become more severe with a
higher DC-link voltage. Therefore the nominal DC-link
voltage needs to be chosen with considerations in both
current ratings and harmonics.
IX. EXPERIMENTAL RESULTS
The experimental results of coordinated voltseconds modulation are presented in this section. The
two secondary sides of the transformer have slightly
different leakage inductance, causing slightly uneven
current sharing between the two HCCs. The average
phase inductance is approximately 0.15 pu.

Fig. 27. Experimental results at 5 degrees lagging power factor
without peak current limiter in each HCC; upper: source
voltage; lower: total current and currents in both HCCs

and limitations of both techniques are discussed and
compared with the hysteresis regulator presented in
earlier literature. The analyses suggest that the
coordinated volt-seconds modulation may be the most
promising control technique for DHCC, and the
corresponding experimental results have confirmed the
theoretical analyses. The considerations in converter
current rating and DC-link voltage selection have been
discussed. Enabled by the proposed control techniques,
the DHCC promises to be a very economic solution for
active rectifiers with improved system reliability and
fault redundancy.
Fig. 28. Experimental results at 5 degrees lagging power factor
with peak current limiter in each HCC; upper: source voltage;
lower: total current and currents in both HCCs

The above results have proven the effectiveness of
volt-seconds modulation technique and its associated
peak current limiter. More experiments are carried out
and the resultant current ratings are plotted in Fig. 29.
The results show a good comparison with theory, e.g.
Fig. 22. These results confirm that the peak current
limiter is less effective in the leading power factor
region, and not necessary for 10 degrees lagging power
factors.
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APPENDIX
Simulation parameters:
Source voltage = 1 pu;
Input power = 1 pu;
DC-link voltage = 2 pu;
DC-link capacitor = 0.55 pu
Experiment setup parameters:
PWM frequency = 10 kHz
Source phase voltage peak = 85V
Input line current peak = 22A
Total line inductance for HCC1 ~ 3.3mH (0.159pu)
Total line inductance for HCC2 ~ 2.9mH (0.140pu)
DC-link voltage command = 160V
DC-link capacitor = 4800 uF
DC load ~ 10Ω
Output power ~2500W
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Fig. 29. Experimental results: maximum and RMS currents in
each HCC with and without peak current limiter

Load transients have also been demonstrated in the
experiments where two step changes in the DC load is
applied, i.e. from 100% to 75% and back to 100%. The
experimental results show that the system is stable
throughout the load transient. As shown in Fig. 30, the
peak variation of the DC-link voltage during load
transients is about 3.6%.
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This paper presents two PWM-based control techniques that boost the overall system performance of the
three-phase three-wire DHCC rectifier. The benefits

[1] J. Kikuchi, M. D. Manjrekar, T. A. Lipo, "Performance
improvement of half controlled three phase pwm boost
rectifier", Proceeding of IEEE Power Electronic
Specialist Conference, vol.1, pp. 319 – 324, January
1999.
[2] J. Kikuchi, M. D. Manjrekar, T. A. Lipo, “Complementary half controlled three phase PWM boost rectifier
for multi-DC-link applications", IEEE APEC, vol. 1,
pp.494-500, 2000.
[3] D. Panda, T. A. Lipo, “Boost Rectifier with Half-Power
Rated Semiconductor Devices”, U.S. Patent NO.
US007006366B2, 2006.

