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Abstract—Literature reports several future portable and
distributed power supplies in the watt-to-kilowatt range based on
rotating machinery equipped with a variable-speed permanent-
magnet generator. In order to generate a constant direct-current
output voltage, an ultracompact highly efficient low-power recti-
fier is required. A suitable concept, i.e., the half-controlled three-
phase pulsewidth-modulation boost rectifier (HCBR), is analyzed
in this paper. In previous literature, there is only limited informa-
tion available, particularly concerning current stresses, common-
mode characteristics, and operating principles. Therefore,
the HCBR topology analysis is completed in this paper.
Furthermore, a novel modulation scheme improving the power
electronics efficiency is proposed using space-vector analysis.
The integration into a compressed-air-to-electric-power system
with a generator rotating at 350 000 r/min is presented, and the
measurements verify the theoretical results with an efficiency
increase of 2% for the novel modulation scheme.

Index Terms—Electric drives, half-controlled boost rectifier
(HCBR), high-speed, permanent-magnet (PM) machines.

I. INTRODUCTION

U LTRAHIGH-SPEED microgas and air turbines with elec-
tric output power of a couple of watts to a few kilowatts

have been recently reported in literature [1]–[8]. The main
applications for such systems are power supplies in consumer
electronics, automobiles, aircraft and robots, portable/backup
generators, as well as domestic combined heat and power units.
Power density in electrical machines increases with increasing
rotational speed [9]. Therefore, for the highest power density,
these systems are operating at speeds between 100 000 r/min
and 1 Mr/min at power levels of up to several kilowatts [10].

In addition to ultrahigh-speed microturbine generator sys-
tems, there are applications with lower speed generators. In
[11], a wearable power system based on a combustion engine
is presented, supplying an average of 20 W for four days (with
peak power of 200 W) and has a total system weight of less
than 4 kg. The system is originally developed for power supply
of infantry soldier’s equipment but can also be used in civil ap-
plications. In addition, mesoscale energy harvesting technolo-
gies such as small-scale wind turbines and microhydropower

Manuscript received April 13, 2010; revised August 24, 2010, November 9,
2010, and December 18, 2010; accepted February 16, 2011. Date of publication
March 10, 2011; date of current version September 7, 2011.

D. Krähenbühl and C. Zwyssig are with Celeroton AG, 8005 Zurich,
Switzerland.

J. W. Kolar is with the Swiss Federal Institute of Technology Zurich, 8092
Zurich, Switzerland.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIE.2011.2126531

Fig. 1. HCBR L1,2,3 = 3.3 μH. For the modulation scheme with syn-
chronous switching, the sector detection must not to be implemented (gray).
The high-side diodes can be exchanged with MOSFETs in order to reduce
conduction losses or if bidirectional operation is required (gray).

systems are developed for battery charging, supplying
consumer electronics, or providing electricity for illumina-
tion [12]–[14].

All these systems employ a three-phase generator, usually
of permanent-magnet (PM) type, operating at a variable speed
depending on the load, which results in a variable three-
phase output voltage [15]. However, most applications in the
mentioned power range require a constant direct-current (dc)
voltage, and therefore, a rectifier is required. The high fun-
damental phase current frequency (due to high-speed turbines
and generators), the aim to build the system as compact as
possible (for portable devices), and the high converter efficiency
(in order not to compromise the overall system efficiency)
are the main challenges. In [16]–[23], several possible one-
and three-phase boost alternating-current (ac)–dc converters are
summarized, and in [26], these converters have been compared
concerning losses, total efficiency, volume, and control com-
plexity. Resulting from this evaluation, the half-controlled
three-phase pulsewidth-modulation (PWM) boost rectifier
(HCBR) is found to be the most suitable topology for high-
speed PM generators.

The HCBR (or bridgeless boost topology, cf. Fig. 1) has
been introduced in [16]–[21] and as a single-phase rectifier
in [22] and [23], respectively. However, in previous literature,
there is only limited information available on the functional
principle. Utilizing space-vector analysis, Section II shows
that sinusoidal currents cannot be achieved over the entire
fundamental period and that only the positive current flow
can be modulated. In Section III, the standard modulation
form for the HCBR is presented, followed by the space-vector

0278-0046/$26.00 © 2011 IEEE
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Fig. 2. Space-vector representation assuming two positive and one negative
phase current, i.e., ia > 0, ib > 0, and ic < 0 (interval II).

simulation, the current stresses, and the common-mode (CM)
characteristics. Then, in Section IV, a novel modulation scheme
is proposed, recapitulating the space-vector simulation, the cur-
rent stresses, and the CM characteristics and thereby pointing
out the differences and the advantages of the novel modula-
tion scheme. Finally, the theoretical results are experimentally
verified with a compressed-air-to-electric-power system (see
Section IV).

II. HCBR SPACE-VECTOR ANALYSIS

The functionality of the HCBR can be analyzed with space-
vector representation of the three-phase quantities [27]. As-
suming continuous conduction in all three phases and currents
ia,b,c in phase with the back electromotive force (EMF) volt-
ages uemf,a,b,c, two different phase current conditions must be
considered (see Figs. 2 and 3).

First, the condition with two positive and one negative
phase current is considered, e.g., ia > 0, ib > 0, and ic < 0
[interval II in Fig. 2(b)]. In this case, the current in phases a
and b can flow through the diode D1/D3 to the high side
[metal–oxide–semiconductor field-effect transistor (MOSFET)
S2/S4 off, solid line in Fig. 2(a)] or to the negative dc rail
[MOSFET S2/S4 on, dashed line in Fig. 2(a)], whereas the
current in phase c must flow through the MOSFET S6 or
its body diode [solid line in Fig. 2(a)]. In this case, four of
eight possible space vectors are available, namely, uu,(100),
uu,(010), uu,(110), and uu,(000), which implies that sinusoidal
currents can be formed in interval II. With the same approach,
it can be shown that, also in intervals IV and VI, all neces-
sary space vectors for sinusoidal current formation are also
available.

Second, the condition with two negative and one positive
phase current is considered, i.e., ia < 0, ib > 0, and ic < 0

Fig. 3. Space-vector representation assuming one positive and two negative
phase current, i.e., ia < 0, ib > 0, and ic < 0 (interval III).

Fig. 4. Space-vector equivalent circuit and space-vector diagram of an HCBR.

[interval III in Fig. 3(b)]. In this case, the current in phase b
can flow through the diode D3 to the high side [MOSFET
S4 off, solid line in Fig. 3(a)] or to the negative dc rail
[MOSFET S4 on, dashed line in Fig. 3(a)], whereas the cur-
rents in phases a and c must flow through the MOSFETs
S2/S6 or their body diodes [solid line in Fig. 3(a)]. In this
case, only two space vectors are available, namely, uu,(010)

and uu,(000), which implies that no sinusoidal currents can be
formed in interval III. Similarly, it can be shown that, also
in intervals I and V, only two space vectors are available,
and therefore, no sinusoidal currents are achievable in these
intervals.

Sinusoidal phase currents ia,b,c in phase with uemf,a,b,c

would require an average converter voltage vector uu lagging
the induced voltage vector uemf , as shown in Fig. 4. However,
if only one voltage vector besides the zero voltage vector is
available, as it is the case in intervals I, III, and V, such
an average converter voltage vector cannot be achieved, and
therefore, it is impossible to achieve sinusoidal currents over
the entire fundamental period, whichever modulation strat-
egy is used. Furthermore, the space vector uu,(111) cannot
be applied because of the high-side diodes and the condi-
tion ia + ib + ic = 0.

Space-vector simulations of the two modulation methods de-
scribed in this paper, i.e., the standard synchronous modulation
scheme and the novel sector detection scheme, are described in
Sections III-A and IV-A.
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Fig. 5. Simulation results of the HCBR with the synchronous modulation
scheme L1,2,3 = 3.3 μH. Generator back EMF uemf,a (blue) and terminal
voltage ut,a (black), phase current ia, output voltage uDC, switching signals
for the three-phase legs TS2,S4,S6, as well as CM voltage uCM [including
the envelope, cf. (9) and (10)] and current iCM, are shown. The switching
frequency is fs = 200 kHz, and the fundamental frequency is ff = 5833 Hz
(350 000 r/min), whereas CY −GND was assumed to be 48 pF (cf. Fig. 7).

III. HCBR STANDARD MODULATION SCHEME

When using the standard or synchronous modulation scheme
presented in [18], the same PWM signal is shared by all three
switches, which leads to a short circuit of the generator phases
during the turn-on interval of the PWM period that causes an
increase in the currents. The generator short circuit is a valid
operating state and corresponds to the space vector uu,(000), as
shown in Fig. 3. Simulation results for this modulation scheme
can be found in Fig. 5.

The output voltage can be controlled with a cascaded voltage
and current controller. To reduce complexity, the current mea-
surement is usually implemented with a single sensor in the
dc link instead of two current measurements in the generator
phases. The current must therefore be measured during the
off interval (DTs < t < Ts) of the PWM period, i.e., in every
space-vector state except uu,(000). The advantages compared
with more complex modulation schemes are the lower hardware
and computation effort, whereas the drawbacks are the phase
current waveform cannot be controlled and losses in the diodes
of the low-side MOSFETs appear, which could be omitted by
turning on the respective MOSFETs.

Fig. 6. Simulation of space vectors for the HCBR for the synchronous
modulation scheme. (Black) Back EMF. (Gray) Terminal voltage.

A. Space-Vector Simulation for Synchronous Modulation

In Fig. 6, the simulated space vectors for the HCBR for the
synchronous modulation scheme is shown. The points represent
the actual impressed terminal voltage and not an average volt-
age. It is pointed out that not only the seven possible active
space vectors are applied but also the vectors lying on the
hexagon are present during the off interval of the PWM period.
This is due to the floating potential of the phase that is not
conducting and, therefore, is connected neither to the positive
nor to the negative potential of the dc voltage. The potential of
this phase changes over a 60◦ interval (see Fig. 9) from 0 V to
uDC or vice versa. This happens because the high-side diode
of the phase with potential in between the values of the other
two phases cannot conduct during the MOSFET’s turn-off
period and, therefore, changes over a 60◦ interval until the
corresponding phase shows the highest or lowest potential for
the next 120◦.

B. Current Stresses for Synchronous Modulation

The losses in different components of the HCBR can be
calculated with the knowledge of the according root-mean-
square (RMS) currents for components with a resistive behavior
or with the average currents for components with a current-
independent forward voltage drop.

Assuming block-type currents, the current stresses in the
high-side freewheeling diodes are independent of the modula-
tion method and can be calculated as

iD,avg = Îi (1 − d(t))

ID,avg =
1
π

2π/3∫
π/3

Îi

M
sin(ωt)d(ωt) =

Îi

Mπ

ID,rms =

√√√√√√ 1
π

2π/3∫
π/3

Î2
i

M
sin(ωt)d(ωt) =

Îi√
Mπ

(1)

where M is the voltage transfer ratio, i.e.,

M =
uDC

ûemf(l−l),i
(2)
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TABLE I
CURRENT STRESSES FOR SYNCHRONOUS MODULATION

Fig. 7. Generator equivalent circuit, including the parasitic CM capacitance
CY −GND and the HCBR. The Pearson 2877 current sensor was used to
determine the CM characteristics.

where Îi is the amplitude of the block-type phase inductor
currents, i.e.,

Îi = IDC
Mπ

3
(3)

where the duty cycle can be defined as

d(t) = 1 −
uemf(l−l),i(t)

udc
= 1 − 1

M
|sin(ωt)| . (4)

The current stresses for the phase inductor, i.e., the power
MOSFETs, the antiparallel diodes, and the output capacitor, can
be calculated in a similar way [20] and are presented in Table I.

C. CM Characteristics

The HCBR is also analyzed concerning the CM charac-
teristics according to [31]. The rectifier can be modeled as
switching voltage sources. These voltage sources charge and
discharge the parasitic capacitance CY −GND between output
ground (generator casing) and generator star point (see Fig. 7),
which leads to a CM noise current flow (see Fig. 8) that could
disturb other sensitive electronic parts close by [23].

D. Envelope of the HF CM Voltage

Assuming uemf,a > uemf,b > uemf,c (sector 2 in Fig. 9),
ia + ib + ic = 0, and all three switches are in the turn-on state,

Fig. 8. Simulation results of the HCBR with the sensorless 60◦ sector
detection modulation scheme L1,2,3 = 3.3 μH. Generator back EMF uemf,a

(blue) and terminal voltage ut,a (black), phase current ia, output voltage uDC,
switching signals for one-phase leg TS2, as well as CM voltage uCM [including
the envelope, cf. (11) and (12)] and current iCM, are shown. The switching
frequency is fs = 200 kHz, and the fundamental frequency is ff = 5833 Hz
(350 000 r/min), whereas CY −GND was assumed to be 48 pF (cf. Fig. 7).

the CM voltage is∣∣∣∣∣∣
uCM = −uemf,a + Ldia

dt

uCM = −uemf,b + Ldib

dt

uCM = −uemf,c + Ldic

dt

∣∣∣∣∣∣
⇒ 3uCM = −(uemf,a + uemf,b + uemf,c)

+ L

(
dia
dt

+
dib
dt

+
dic
dt

)
= 0

⇒ uCM = 0. (5)

If all three switches are turned off, the CM voltage is∣∣∣∣∣∣
uCM = −uemf,a + Ldia

dt + uDC

uCM = −uemf,b + Ldib

dt

uCM = −uemf,c + Ldic

dt

∣∣∣∣∣∣
⇒ 3uCM = −(uemf,a + uemf,b + uemf,c)

+ L

(
dia
dt

+
dib
dt

+
dic
dt

)
+ uDC = uDC

⇒ uCM =
uDC

3
. (6)
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Fig. 9. Sector definitions for the HCBR and the according MOSFET states for
the sector detection modulation scheme.

Still assuming uemf,a > uemf,b > uemf,c (sector 2 in Fig. 9)
but only two conducting phases, i.e., ia + ic = 0, and all three
switches are in the turn-off state, the CM voltage is∣∣∣∣ uCM = −uemf,a + Ldia

dt + uDC

uCM = −uemf,c + Ldic

dt

∣∣∣∣
⇒ 2uCM = uemf,b + L

(
dia
dt

+
dic
dt

)
+ uDC

⇒ uCM =
1
2
(uemf,b + uDC) (7)

and if all three switches are turned on (but only two switches
are conducting), the CM voltage is∣∣∣∣ uCM = −uemf,a + Ldia

dt

uCM = −uemf,c + Ldic

dt

∣∣∣∣
⇒ 2uCM = uemf,b + L

(
dia
dt

+
dic
dt

)
= uemf,b

⇒ uCM =
1
2
uemf,b. (8)

For synchronous switching, the envelope is

uCM = 0 all switches on (9)

uCM =
1
2
(uemf,i + uDC) all switches off (10)

as illustrated with a blue and a red curve, respectively, in Fig. 5.
uemf,i is the back EMF of the phase that is not conducting and,
therefore, changing every 60◦.

The relevant CM capacitance CY −GND (see Fig. 7) has been
measured for the generator presented in Section V-B with an
impedance analyzer. The total capacitance of the three short-
circuited phases of the generator and the generator casing
is 48 pF. With this value, the CM current and voltage have
been determined with simulations in GeckoCIRCUITS [32], as
presented in Fig. 5.

IV. HCBR NOVEL MODULATION SCHEME

As mentioned in Section II, the current flows from the
phase with the highest terminal voltage to the phase with the
lowest terminal voltage, whereas the remaining phase is not

conducting. This means that sharing the PWM signal with all
three phases is useless for two phases. The phase sequence
periodically changes every 60◦; therefore, with detecting sec-
tors 1–6, according to Fig. 9, a novel modulation scheme,
which is referred to as sector detection scheme, can be realized.
The sectors can be determined without a position sensor but
with only measuring the machine terminal voltages [28]. In
contrary to the synchronous modulation scheme, the PWM
signal is now only connected to the switch of the phase showing
the highest terminal voltage and, therefore, changing to the
next phase every 120◦. Assuming sector 1 in Fig. 9, e.g.,
uemf,a > uemf,c > uemf,b, the PWM signal is connected to the
switch S2 corresponding to the phase of the highest terminal
voltage uemf,a, whereas the switch S4 corresponding to the
lowest terminal voltage uemf,b is continuously turned on. The
terminal voltage uemf,c, which lies in between the other two,
does not carry any current, and therefore, the corresponding
switch S6 is turned off. This modulation scheme leads to a short
circuit of the generator phases showing the highest and lowest
potentials during the turn-on time of the switch, which causes
an increase in the generator currents. During the turn-off time of
the according switch, the current is charging the capacitor. This
modulation leads to block-shaped phase currents similar to six-
step brushless dc motors [29], [30]. In Fig. 8, simulation results
are shown. The current amplitude variation with a frequency
corresponding to six times the fundamental frequency is due
to the limited bandwidth of the current controller. The output
voltage can be controlled with a cascaded voltage and current
controller, which is similar to the synchronous modulation
scheme.

The advantages of this novel modulation scheme compared
with the previously reported modulation scheme are the lower
switching and conduction losses because the current in the
lower switches is always flowing through the MOSFETs and
not through the body diodes, and high-frequency (HF) switch-
ing only appears in one half-bridge at a time.

As a side effect, the generator speed can be calculated with
the sector detection unit, which can be used for monitoring and
controlling of the turbine generator system.

A. Space-Vector Simulation for the Sector Detection Scheme

In Fig. 10, the simulated space vectors for the HCBR for
the sector modulation scheme is shown. In contrary to the
synchronous modulation scheme, in the sector modulation
scheme, the three MOSFETs are never simultaneously closed,
and therefore, the space vector uu,(000) is not applied. Instead of
the short-circuit space vector uu,(000), a vector in the direction
of uu,(100), uu, (010), or uu,(001) is applied during the on
interval of the PWM period; the amplitude varies due to the
floating phase with a potential between the positive or negative
potential of the dc link.

Assuming uemf,a > uemf,c > uemf,b, e.g., sector 1 in Fig. 9,
and switch S2 is turned off during the PWM interval, and switch
S4 is continually turned on, the corresponding space vector
is lying between uu,(101) and uu,(100) (floating phase uemf,c

changing from uDC to 0 V), whereas if switch S2 is turned
on during the PWM interval, the corresponding space vector
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Fig. 10. Simulation of space vectors for the HCBR for the sector modulation
scheme. (Black) Back EMF. (Gray) Terminal voltage.

TABLE II
CURRENT STRESSES FOR THE SECTOR DETECTION SCHEME

is in the direction of uu,(001) depending on the amplitude of the
floating phase uemf,c.

B. Current Stresses for the Sector Detection Scheme

Assuming block-type currents, Table II presents the current
stresses in the phases, the power transistors [MOSFETs or
insulated-gate bipolar transistors (IGBTs)], the freewheeling
diodes, the antiparallel diodes, and the output capacitor of
the HCBR for the sector modulation scheme. In contrary to
the synchronous modulation scheme, the current stresses and
losses in the antiparallel (body) diodes are zero. Due to the
constant conducting state of the power switch during the 120◦

interval, the current stresses in the switch are higher compared
with the synchronous modulation scheme. Therefore, when
using the sector detection modulation scheme, the conduction
current in the MOSFET or IGBT is increased by the conduction
current of the antiparallel (body) diode (cf. Tables I and II).
Therefore, compared with the standard modulation scheme, a
MOSFET with a slightly higher current rating could be chosen.
However, for a fair comparison of the two modulation schemes,
the same hardware (and, therefore, silicon area) is used for
both modulation schemes. However, the ohmic losses in the
MOSFET ON-resistance are lower than those in the voltage
drop of the body diode, and therefore, the overall losses are re-
duced, and this results, together with the lower switching losses,
in higher system efficiency, particularly at high output power.

Fig. 11. Simulated quasi-peak CM conducted emission when using the syn-
chronous modulation scheme and a switching frequency of fs = 200 kHz.

Fig. 12. Simulated quasi-peak CM conducted emission when using the sector
detection modulation scheme and a switching frequency of fs = 200 kHz.

C. Envelope and Simulations of the HF CM Voltage

Resulting from (5)–(8), the CM voltage envelope for sector
detection modulation is

uCM = max
(

1
2
uemf,i, 0

)
PWM switch = on (11)

uCM =
1
2
(uemf,i + uDC) all switches off (12)

as illustrated with a blue and a red curve, respectively, in Fig. 8.
uemf,i is the back EMF of the phase that is not conducting
and, therefore, changing every 60◦. The marginal difference
compared with synchronous modulation of the CM voltage
envelope is negligible and has no influence on the quasi-peak
CM conducted emission measurements (cf. Figs. 13 and 14).

In Figs. 11 and 12, i.e., the simulated quasi-peak CM con-
ducted emission for the synchronous and sector detection mod-
ulation schemes, respectively, a CY −GND value of 48 pF and a
switching frequency of fs = 200 kHz are shown. Considering
the rough model of the CM behavior, simulations (see Figs. 11
and 12) and measurements (see Figs. 13 and 14) are in good
agreement. In addition, simulations and measurements with a
switching frequency of fs = 400 kHz are in good agreement.

V. MEASUREMENTS

A. Experimental Setup

In [8], a miniature compressed-air-to-electric-power system,
which is based on a single-stage axial impulse turbine with
a rated rotational speed of 350 000 r/min and a rated electric
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Fig. 13. Measured quasi-peak CM conducted emission when using the syn-
chronous modulation scheme and a switching frequency of fs = 200 kHz. The
CM component of the input currents is measured with a current probe Pearson
2877 in order to obtain only the CM signal. The blue signal represents the
quasi-peak noise floor.

Fig. 14. Measured quasi-peak CM conducted emission when using the sector
detection modulation scheme and a switching frequency of fs = 200 kHz. The
CM component of the input currents is measured with a current probe Pearson
2877 in order to obtain only the CM signal. The blue signal represents the
quasi-peak noise floor.

TABLE III
GENERATOR DATA

power output of 60 W, is presented. With a passive resistive
three-phase load, a maximum electric output power value of
124 W at 370 000 r/min has been experimentally determined. In
Table III, the measured generator data are compiled. This sys-
tem has been used to experimentally characterize the rectifier
that has been theoretically analyzed in this paper.

The experimental setup of the HCBR is shown in Fig. 15.
The main power devices are MOSFETs (IRF6644 DirectFET)

Fig. 15. HCBR electronics, including the valve control electronics
(90 mm × 30 mm × 9 mm). Used power devices: MOSFETs (IRF6644
DirectFET), diodes (IR 12CWQ03FNPbF), and ac inductors (Vishay–Dale
IHLP2525CZER2R2M01).

and diodes (IR 12CWQ03FNPbF), as well as three ac inductors
(Vishay–Dale IHLP2525CZER2R2M01) when using a switch-
ing frequency of 200 kHz. The switching frequency is chosen
such that the current ripple is 2 A. Only relying on the generator
inductance, this leads to a switching frequency of 400 kHz; with
additional ac inductors, the total inductance can be doubled,
and the switching frequency can be reduced to 200 kHz when
allowing for the same current ripple of 2 A.

The same hardware has been used for all measurements,
e.g., when using the higher switching frequency (400 kHz), no
additional ac filter inductors have to be used. They are bypassed
on the hardware by directly soldering the motor phases to the
drain of the MOSFETs. Only the motor inductors are used
in this configuration method. For a switching frequency of
200 kHz, the total phase inductance (internal generator induc-
tance plus external ac inductors) must be higher (in order to
have the same current ripple), and therefore, the ac inductors
are not bypassed. Further details about the experimental setup
can be found in [26].

B. CM Measurements

In order to verify the proposed CM propagation model and
the simulation shown in Fig. 12, CM measurements have been
carried out, employing an HF current probe Pearson 2877 with
a nominal bandwidth of 200 MHz.

The current sensor produces an output signal of 1 V/A at
an external 50-Ω termination, (which lies in parallel to the
internal 50-Ω termination of the sensor), which corresponds to
an attenuation GPearson of

GPearson = 20 · log(1) = 0 dB. (13)

The measurement at the line impedance stabilization network
(LISN) equivalent input resistance RLISN/3 = 50 Ω/3 appears
with a gain GLISN of

GLISN = 20 · log(50/3) = 24.4 dB. (14)

Therefore, the gain of the measurement result with the
Pearson 2877 current sensor Gtotal is given by

Gtotal = GLISN − GPearson = 24.4 dB. (15)
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Fig. 16. Measurement results of the HCBR with the synchronous modulation
scheme at 350 000 r/min, switching frequencies of (a)/(b) fs = 200 kHz and
(c)/(d) fs = 400 kHz, and output power values of (a) 40 W and (c) 50 W,
as well as (dashed vertical line) output power step changes of (b) from 15 to
40 W and (d) from 15 to 50 W. (Channel 1) Terminal voltage. (Channel 2)
Phase current. (Channel 3) Output voltage. (Channel 4) PWM signal for all
three switches.

Accordingly, the actual measurements are 24.4 dB below
the measurements detected by an electromagnetic compatibility
test receiver. Therefore, this correction factor has to be consid-
ered for the conducted emission measurement presented.

In Fig. 14, a quasi-peak CM conducted emission measure-
ment when using sector detection modulation and a switching
frequency of fs = 200 kHz is shown, whereas in Fig. 13, a
quasi-peak CM conducted emission measurement when using
synchronous modulation and a switching frequency of fs =
200 kHz is presented. The measurements have been carried
out with a spectrum analyzer with input impedance of 50 Ω.
The first peak at 200 kHz is related to the rectifier switching
frequency.

The standard International Special Committee on Radio
Interference (CISPR) 11 was chosen for establishing the
performance requirements, where the frequency range of
0.15–30 MHz is considered for class-A equipment. The limits
for this are represented through a red curve in Figs. 12–14.

C. Waveform and Efficiency Measurements

In Figs. 16(a)/(c) and 17(a)/(c), measurements with an
HCBR at 350 000 r/min and switching frequencies of 200 and
400 kHz are shown. With the sector detection modulation
scheme (see Fig. 17), the 120◦ block-type waveform for pos-
itive phase current and the rather high current ripple of ap-
proximately 2 A can be seen, whereas the waveform for the
modulation scheme with the synchronous modulation scheme
(see Fig. 16) slightly differs from a 120◦ block type for pos-
itive phase current. All measurements show good agreement
with the simulation results in Figs. 5 and 8, respectively. In
Figs. 16(b)/(d) and 17(b)/(d), a load step on the dc side and the

Fig. 17. Measurement results of the HCBR with the sector detection modula-
tion scheme at 350 000 r/min, switching frequencies of (a)/(b) fs = 200 kHz
and (c)/(d) fs = 400 kHz, and output power of (a)/(c) 50 W, as well as (dashed
vertical line) output power step changes of (b) from 30 to 60 W and (d) from 15
to 75 W. (Channel 1) Terminal voltage. (Channel 2) Phase current. (Channel 3)
Output voltage. (Channel 4) PWM signal for one switch.

Fig. 18. Comparison of (lines) simulated and (circles/squares) measured
efficiency values with the HCBR with the (circles) sector detection modulation
scheme and (squares) synchronous modulation scheme at different output
power levels and different switching frequencies.

resulting dc voltage and phase current waveforms are shown.
In Fig. 18, simulated and measured efficiency values of the
HCBR with the sector detection and synchronous modulation
schemes at different output power levels and different switching
frequencies are presented. Using a higher switching frequency
instead of additional ac inductors increases the efficiency by up
to 3% at high output power levels and reduces the total inverter
volume. Compared with the standard modulation scheme, the
novel sector detection modulation scheme results in an effi-
ciency increase of about 2% over the entire operating area.

VI. CONCLUSION

The HCBR is an ideal choice for an interface between a
variable-speed PM generator and a constant dc output voltage.
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In this paper, the previously missing analysis on the HCBR has
been provided, including the space-vector representation, the
current stresses, and the CM characteristics.

With a novel modulation scheme referred to as the sector
detection modulation scheme, both switching and conduction
losses in the semiconductors can be lowered, and therefore, the
power electronics efficiency is increased. In an experimental
setup, this results in an efficiency increase of approximately
2% over the entire operating range. Further experimental results
show that increasing the switching frequency can result in a
higher total efficiency value because additional ac inductors
(and, therefore, their losses) can be omitted. The novel control
strategy is not limited to low-power high-speed permanent
magnet generators and could be implemented in various appli-
cations were an HCBR is used.
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