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Abstract—The forced commutated controlled series ca-
pacitor (FCSC) rectifier has been recently proposed to
power stand-alone variable-voltage variable-frequency gen-
eration systems, such as the full authority digital electronic
control (FADEC) system, in more electric aircraft. The em-
ployment of this rectifier helps to meet increasing power
demand requirements while maintaining low current har-
monic levels without the need for bulky filters. The FCSC
rectifier is controlled to maintain resonance with line fre-
quency variation by inserting variable capacitive reactance
in series with the variable-frequency generator’s inductive
reactance. Unity power factor operation with nearly pure
sinusoidal converter input currents is thus achieved, for
better utilization of the generator. The FCSC rectifier oper-
ation with a variable dc on-board load is analyzed in this
paper, including a description of the principle modes of op-
eration of the circuit. The enhancement in circuit’s output
voltage and output power achieved by replacing the con-
ventional diode bridge rectifier with the FCSC rectifier is
also demonstrated. Both rectifiers are analyzed numerically
using Saber/Synopsys over a wide range of operating volt-
ages and frequencies. Results are experimentally verified
using 1-kW laboratory test rig.

Index Terms—AC–DC power converters, forced commu-
tated controlled series capacitor (FCSC), more electric
aircraft (MEA), power factor correction (PFC).

I. INTRODUCTION

THE power levels required on board an aircraft and the
complexity of aircraft electrical loads have increased sub-

stantially with the advent of the more electric aircraft (MEA).
This has led to an increase in the use of power electronic

Manuscript received June 30, 2018; revised October 1, 2018 and
November 18, 2018; accepted November 25, 2018. Date of publica-
tion December 20, 2018; date of current version February 28, 2019.
(Corresponding author: Tahani H. M. Al-Mhana.)

T. H. M. Al-Mhana is with the Department of Electrical Engineer-
ing, University of Babylon, Hilla 4, Iraq (e-mail:, eng.tahany.hamodi@
uobabylon.edu.iq).

V. Pickert and D. J. Atkinson are with the School of Engineering, New-
castle University, Newcastle upon Tyne NE1 7RU, U.K. (e-mail:, volker.
pickert@newcastle.ac.uk; dave.atkinson@newcastle.ac.uk).

B. Zahawi is with the Department of Electrical and Computer Engi-
neering, Khalifa University, Abu Dhabi 127788, United Arab Emirates
(e-mail:,bashar.zahawi@ku.ac.ae).

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.2018.2886756

circuits and devices to enhance on-board power density, effi-
ciency and reliability, and to fulfill the requirements of power
quality standards while reducing weight, volume, and the envi-
ronmental footprint of the aircraft [1]–[4]. In recent years, the
aircraft industry has been moving toward the use of variable-
frequency, variable-voltage power supply systems to improve
efficiency and reduce aircraft’s volume and weight [5], [6]. In
addition, significant advantages can be achieved when moving
toward higher voltage on-board ac and dc power systems. These
include an increase in the effective capacity and a reduction
in current, which significantly reduces cable weight, mass, and
circuit power losses. For example, a hybrid power system ar-
chitecture of 230 V/360–800 Hz ac and ±270 V dc are used in
the most advanced MEA such as Boeing 787 and Airbus A380
[7]–[10].

To supply the on-board dc load and maintain MEA power
quality requirements, while coping with the main bus vari-
able frequency (360–800 Hz), different power factor correc-
tion (PFC) ac–dc converters have been employed. These can
be grouped into five main categories: active PFCs, buck, boost,
buck–boost, and multilevel converters [11]–[16]. A power fil-
ter is normally employed in these circuits to comply with the
strict regulations of current total harmonic distortion specified
by DO-160 [17].

To avoid the use of a filter and for better utilization of the
generator, a new PFC rectifier has recently been proposed [18]
to replace the conventional diode bridge rectifier normally used
to energize a dc load supplied by a variable-frequency, variable-
voltage permanent magnet (PM) generator in MEA. An example
of one such load is the full authority digital electronic control
system (FADEC). The new circuit, named as forced commutated
controlled series capacitor (FCSC) rectifier, is essentially a se-
ries compensation circuit characterized by its ability to improve
the overall power factor to almost unity while maintaining low
current harmonic distortion levels with no filter requirement over
a wide range of operating voltages and frequencies, fulfilling the
requirements of DO-160G [17]. In this paper, the steady-state
behavior of the FCSC-rectifier circuit is analyzed analytically
including a description of the principle modes of operation of
the circuit. Circuit steady-state waveforms and operating char-
acteristics are compared with those of a conventional diode
bridge rectifier at different operating voltages/frequencies and at
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Fig. 1. FCSC-rectifier feeding dc on-board load from a variable-
frequency PM generator in an MEA.

Fig. 2. Schematic diagram of the FCSC rectifier with a dc on-board
load.

different load levels. Simulation results are experimentally ver-
ified over a wide range of operating voltages and frequencies
using a 1-kW test bench, showing significant improvements
in system performance when compared with the conventional
diode bridge rectifier operation.

The remainder of the paper is structured as follows. Section II
gives a brief description of the FCSC-rectifier circuit topol-
ogy and its control strategy. An analysis of the FCSC-rectifier
modes of operation is presented in Section III together with a
description of the current commutation process. FCSC-rectifier
simulation results are presented in Section IV and compared
with the waveforms obtained when using a conventional diode
bridge rectifier. Section V presents an experimental verifica-
tion of FCSC-rectifier operating characteristics. Conclusions are
presented in Section VI.

II. FCSC-RECTIFIER CIRCUIT AND CONTROL

Fig. 1 shows a block diagram of the three-phase FCSC-
rectifier circuit. A forced-commutated, series compensation
capacitor is inserted between the variable-voltage, variable-
frequency generator and the diode bridge rectifier and controlled
to maintain resonance as the frequency of the supply is varied
[18]. A schematic diagram of the FCSC-rectifier circuit is shown
in Fig. 2. As the frequency of the supply is varied, the duty
cycles of the insulated gate bipolar transistor (IGBT) switches

are controlled to vary the injected series capacitive reactance
and match the generator inductive reactance. As a result, the
circuit impedance is minimized and a near sinusoidal ac current
waveform is injected into the rectifier at near unity power fac-
tor. The IGBTs switching frequency is relatively low at half the
frequency of the generator voltage, which helps in limiting the
circuit switching losses.

The value of the compensation capacitor CC is chosen so
that resonance occurs at the maximum operating frequency of
the circuit. When operating at a lower frequency, resonance is
maintained by controlling the duty ratio D of the IGBT switched
to reduce the effective capacitive reactance injected into the line
and match the reduced value of generator inductive reactance.
As the frequency of the generator voltage varies, D is increased
according to the relationship

D =
1
2

(
1 − fs

fmax

)

where fs is the operating frequency and fmax is the maximum
frequency of the circuit. The switch conduction angle δ is the
given by

δ = π

(
1 − fs

fmax

)
.

Initially, all IGBT switches are OFF, all circuit currents are
zero, and the diode conduction state is determined by the relative
magnitudes of generator voltages. However, once the FCSC cir-
cuit is in operation, it is important to note that the diode current
commutation process in the FCSC-rectifier circuit is different
from that in a conventional diode bridge rectifier. Fig. 3 shows
the timing diagram of all the diodes and IGBT switches of the
FCSC-rectifier circuit. Unlike a conventional rectifier circuit in
which the current commutates from one conducting leg to the
neighboring leg (say from D5 to D1 in the upper rail) resulting
in the familiar six-pulse dc voltage waveform, the current in the
FCSC rectifier commutates between the two diodes in the same
leg (say from D5 to D2) resulting in a six-pulse dc current wave-
form. In other words, the diode conduction periods in the FCSC
rectifier are determined by the direction of injected currents (the
upper diodes conduct when the corresponding line current is
positive and the lower diodes conduct when the current is neg-
ative). As a result, the FCSC rectifier always operates in the
continuous current mode, unlike the conventional three-phase
diode bridge rectifier that can operate in discontinuous mode,
resulting in distorted input current waveforms. In addition, the
FCSC rectifier can cope with a wide range of PM generator
frequency/voltage variations because it does not suffer from the
limitations imposed on conventional diode rectifier circuits by
the current overlap process (especially with high values of gen-
erator inductance and at higher operating frequencies or low
voltages).

III. FCSC-RECTIFIER MODES OF OPERATION

The FCSC-rectifier circuit has six modes of operation in ev-
ery supply cycle, each lasting for 60°. Taking the supply phase
voltage va as a reference, Mode 1 starts at ωt = 0 and the period
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Fig. 3. FCSC-rectifier circuit timing diagram.

Fig. 4. Effective circuit during Mode 1-POA with an RC load.

0 < ωt < π/3 can be divided into three distinct subperiods de-
scribed here as principle operations A, B, and C. These principle
operation periods are repeated every 60° (every mode) and are
discussed in more detail as follows.

A. Mode 1, Principal Operation A (POA): 0 < ωt < π/6 –
δ/2: D1 , D5 , and D6 Conduct

During this period, no IGBT switch is ON and three diodes
are conducting (D1 , D5 , and D6). The subperiod ends at ωt =
π/6–δ/2 when the IGBT switch S4 is turned ON (where δ is the
conduction period of the IGBT switches). During this mode of
operation, iL = ia + ic = −ib .

Fig. 4 shows the effective circuit topology for this subperiod
when feeding a parallel RC load.

Applying Kirchhoff’s voltage law

Ls
d2ia
dt2

− Ls
d2ic
dt2

+ Rs
dia
dt

− Rs
dic
dt

+
ia
Cc

− ic
Cc

=
dvac

dt

2Ls
d2ia
dt2

+ Ls
d2ic
dt2

+ 2Rs
dia
dt

+ Rs
dic
dt

+ RL
diRL

dt
+

2 ia
Cc

+
ic
Cc

=
dvab

dt

RL
diRL

dt
− iC L

CL
= 0

ia + ic − iRL − iC L = 0.

Or, in a matrix form




Ls −Ls 0 0

2Ls Ls 0 0

0 0 0 0

0 0 0 0









ı̈a

ı̈c

¨ıRL

¨ıC L





+





R −R 0 0

2R R RL 0

0 0 RL 0

0 0 0 0









ı̈a

ı̈c

¨ıRL

¨ıC L





+





(1/Cc) −(1/Cc) 0 0

(2/Cc) (1/Cc) 0 0

0 0 0 − (1/CL )

1 1 −1 −1









ia

ic
iRL

iC L




=





v̇

v̇ab

0

0




(1)

where vab and vac are the line–line voltages, ia and ic are the
ac line current, Rs and RL are PM generator internal resistance
and load resistor, respectively, Ls is the PM generator internal
inductance, CC is the series compensation capacitance, and CL

is the load capacitance.

B. Mode 1, Principal Operation B (POB): π/6 – δ/2 < ωt
< π/6 + δ/2: S4 ON, D1 , D5 , and D6 Conduct

The transition between POA and POB occurs at ωt = π/6 –
δ/2 when the IGBT switch S4 is turned ON (bypassing the series
compensation capacitor), and all other IGBTs are OFF while S4
is turned OFF at ωt = π/6 + δ/2.
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Fig. 5. Effective circuit during Mode 1-POB with a parallel RC load.

Fig. 5 shows the effective circuit configuration during this
subperiod when current is supplying to a parallel RC load.

Applying Kirchhoff’s voltage law

Ls
d2ia
dt2

− Ls
d2ic
dt2

+ Rs
dia
dt

− Rs
dic
dt

+
ia
Cc

− ic
Cc

=
dvac

dt

2Ls
d2ia
dt2

+ Ls
d2ic
dt2

+ 2Rs
dia
dt

+ Rs
dic
dt

+ RL
diRL

dt
+

ia
Cc

=
dvab

dt

RL
diRL

dt
− iC L

CL
= 0

ia + ic − iRL − iC L = 0.

Or, in a matrix form




Ls −Ls 0 0
2Ls Ls 0 0
0 0 0 0
0 0 0 0









ı̈a
ı̈c
¨ıRL

¨ıRL





+





R −R 0 0
2R R RL 0
0 0 RL 0
0 0 0 0









ı̈a
ı̈c
¨ıRL

¨ıRL





+





(1/Cc) −(1/Cc) 0 0
(1/Cc) 0 0 0

0 0 0 − (1/CL )
1 1 −1 −1









ia

ic
iRL

iC L




=





v̇ac

v̇ab

0
0




. (2)

C. Mode 1, Principal Operation C (POC): π/6 + δ/2 < ωt
< π/3: D1 , D2 , and D6 Conduct

Transition to POC occurs at ωt = π/6 + δ/2 when S4 is
turned OFF. All IGBT switches are OFF and circuit configuration
and operation during this subperiod is identical to that during

Fig. 6. Simulated FCSC-rectifier waveforms at 480 Hz/100 V. vcc is the
voltage across the capacitor, vin is the line-to-line voltage at the rectifier
(diode bridge) terminals, vL is the load voltage, iS is the supply current,
and vs is the supply phase voltage.

POA. Corresponding circuit equations for operation with a re-
sistive (R) load and an inductive load (RL load) are given in the
appendix.

Mode 2 start at ωt = π/3 when ic changes polarity and the
current in diode D5 is commutated to D2 . During this mode,
iL = ia = −ib − ic . Circuit equations for Mode 2 (and all other
modes of operation) can be derived in a similar manner to those
shown above for Mode 1. The above equations can be incor-
porated in a computer program and solved to obtain all circuit
currents and voltages, power flows, etc., (solving a new initial
value problem at each circuit transition).

IV. SIMULATION RESULTS

The FCSC-rectifier circuit is simulated, and its waveforms
and operating characteristics are compared with those of the
conventional diode bridge rectifier in this section. Simulations
were carried out for a parallel RC load using Saber/Synopsys.
To allow for direct verification of the results, simulations were
conducted for voltages in the range 75–100 V over a 240 Hz
frequency range from 240 to 480 Hz, in line with the mini-
mum/maximum output voltage/frequency of the programmable
power source used in the test bench.

All the IGBT switches are switched OFF at the maximum
voltage/frequency operating point of 100 V/480 Hz. As the fre-
quency of the supply drops below 480 Hz, the IGBT switches
are controlled to obtain the appropriate conduction period δ and
maintain series resonance. Circuit parameters are as follows:
Rs and RL are of 2.5 and 30 Ω, respectively. CC and CL are
of 8 and 500 µF and Ls is of 13.75 mH. Fig. 6 illustrates the
circuit voltage and current waveforms when the system is oper-
ated at maximum voltage and frequency of 100 V and 480 Hz.
Interestingly, the rectifier input ac voltage vin is a square pulse
varying between the positive value of load voltage (+vL ), zero,
and (−vL ). Most importantly, however, the near sinusoidal ac
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Fig. 7. Simulated FCSC-rectifier dc current and the input ac current
waveforms at 480 Hz/100 V.

Fig. 8. Simulated FCSC-rectifier waveforms at 240 Hz/75 V.

line current is maintained in-phase with the generator ac voltage
waveform, giving a very high value of power factor (near unity).

Fig. 7 demonstrates how the FCSC-rectifier dc output current
(iR ) consists of six pulses of the ac line currents. Clearly, there
is a duality of operation between the FCSC rectifier (feeding
a parallel RC load) and a conventional diode bridge rectifier
feeding an inductive RL load, where the square rectifier input
ac currents vary between the positive value of dc load current
+id , zero, and −id , and where the rectifier output dc voltage is
a six-pulse voltage waveform constructed of parts of the ac line
voltages. Based on this, the average FCSC-rectifier current can
be calculated as follows:

Idc =
1

π/3

∫ π/6

−π/6
Im cos ωt dωt

3
π

Im = 1.35 Irms

where Im and Irms are the maximum and rms values of the input
ac current, respectively.

Fig. 8 shows simulated FCSC-rectifier voltage waveforms
when operating at the minimum voltage/frequency of 75
V/240 Hz. The voltage across Cc is zero whenever one of the
corresponding shunt IGBTs is ON. Figs. 9 and 10 show the
corresponding conventional diode bridge rectifier voltage and
current waveforms for the same operating conditions. Compar-
ing Fig. 6 with Fig. 9 and Fig. 7 with Fig. 10, the ability of
the FCSC rectifier to improve the displacement factor of the ac

Fig. 9. Voltage and current waveforms for the conventional diode bridge
rectifier with an RC load operating at 480 Hz/100 V.

Fig. 10. Voltage and current waveforms for the conventional diode
bridge rectifier with an RC load operating at 240 Hz/75 V.

current waveform is highlighted. The phase difference between
the ac voltage and current waveforms is almost zero when using
the FCSC rectifier, meaning that the FCSC is able to correct
the power factor to be almost unity in such a system. Further-
more, there is a dramatic increase in the value of the average
output voltage when employing the FCSC rectifier to interface
the PM generator. The output voltage is reduced from 191 to
86 V (at 480 Hz) and from 144 to 98 V (at 240 Hz) when using
the conventional diode bridge rectifier because of the effects of
commutation overlap.

V. EXPERIMENTAL VALIDATION

A 1-kW laboratory test bench was assembled to experimen-
tally verify the behavior of the three-phase FCSC rectifier un-
der various operating conditions. The test bench arrangement
is shown in Fig. 11. The PM generator was emulated using
a 60 kVA Behlman programmable ac power supply. Three



5764 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 66, NO. 7, JULY 2019

Fig. 11. Experimental test bench arrangement.

Fig. 12. Photograph of the experimental test bench.

dual-gate driver circuits were used to drive the FCSC-rectifier
IGBT switches (IXDR 30N120 discrete IGBT modules). An
antiparallel diode was not needed because the FCSC rectifier
is controlled to maintain resonance and the stored energy in
the generator inductance is transferred to the series capacitor
without any extreme voltage peaks. Voltage and current sensors
were used to detect the input voltages and currents and a zero
crossing detector was used to synchronize the firing pulse and
determine the IGBT switch ON instances. A controller based on
a TMS320F28335 Texas Instruments digital signal processor
(DSP) was used to process the sensor’s and zero crossing detec-
tor (ZCD) card’s readings. A host computer was used to monitor
and control the system using National Instruments LabView. A
photograph of the test bench is shown in Fig. 12. A list of all
test circuit components and their ratings is given in Table I.

Figs. 13 and 14 show the experimental waveforms for opera-
tion at 100 V/480 Hz and 75 V/240 Hz, respectively. The figure
shows that the input current is almost sinusoidal and in-phase

TABLE I
LIST OF TEST CIRCUIT COMPONENTS AND THEIR RATINGS

Fig. 13. Experimental FCSC-rectifier waveforms at 480 Hz/100 V. vs :
supply phase voltage, is : input current, vL : dc load voltage, iL : dc load
current, and vCC : the voltage across the series capacitor.

with the generator voltage vs confirming the effectiveness of the
FCSC-rectifier circuit. IGBT timing pulses and the resulting se-
ries capacitor voltage are also shown. vcc is zero when S1 or S2
is closed in each half-cycle of the generator voltage waveform.
The dc load voltage vL is constant because of the presence of the
load capacitor CL . The corresponding experimental waveforms
for the conventional diode bridge rectifier operation are shown
in Figs. 15 and 16. The phase shift between the ac current and
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Fig. 14. Experimental FCSC-rectifier waveforms at 240 Hz/75 V.

Fig. 15. Experimental diode bridge rectifier waveforms at 480 Hz/100 V.

voltage waveforms is evident, as is the reduction in rectifier dc
output voltage.

Compared with the conventional diode bridge circuit, the use
of the FCSC rectifier enhances the output voltage, output power,
and power factor of the system. Table II shows a comparison of
the output/input characteristics of both topologies at different
load conditions for operation at the nominal aircraft frequency of
400 Hz. When supplying a constant load resistor (RL = 30 Ω),

Fig. 16. Experimental diode bridge rectifier waveforms at 240 Hz/75 V.

TABLE II
COMPARISON OF RECTIFIER CHARACTERISTICS AT 400 HZ (Vin = 90 V)

TABLE III
COMPARISON OF RECTIFIER CHARACTERISTICS AT DIFFERENT

VOLTAGE/FREQUENCY OPERATING POINTS (RL = 30 Ω)

the FCSC rectifier enhances the output voltage by 64%, output
power by 202% and corrects the power factor from 0.57 lag-
ging to almost unity. Even bigger improvements are achieved
at higher power outputs (lower values of load resistance).
Table III shows the same comparison carried out for operation
at three different voltage/frequency operating points with a 30 Ω
constant load resistance. Bigger improvements are obtained at
higher voltages and frequencies because of the adverse effects
of commutation overlap on the performance of the conventional
diode bridge rectifier.

It must be noted, however, that to supply the on-board dc load
with power in an MEA at the correct voltage, a dc–dc converter
will be needed between the diode bridge rectifier and the dc load
to regulate the output voltage level. This part of circuit operation
is not considered in this paper that focuses on the rectification
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Fig. 17. Effective circuit during Mode 1-POA with a resistive load.

process and the steady-state performance of the FCSC-rectifier
circuit.

VI. CONCLUSION

In this paper, an analysis of the performance characteristics
of the FCSC rectifier was proposed as a replacement to the
conventional diode bridge rectifier that interfaces a stand-alone
variable voltage, variable frequency PM generator, and on-board
dc loads in MEA. Analysis results were verified experimentally
using a 1-kW test rig. The use of the FCSC rectifier is limited
to circuits with high series inductance generators/sources and is
not an alternative to active PFC converters for a grid operation.

FCSC-rectifier ac input current and dc output voltage wave-
forms were shown to be the dual of conventional diode bridge
rectifier waveforms, with a fundamentally different current com-
mutation process producing a six-pulse dc current waveform.
The series compensation FCSC-rectifier circuit produced near
sinusoidal ac current waveform in-phase with the generator volt-
age over a wide range of operational voltages and frequencies
achieving operating power factor values of almost unity. Com-
pared with conventional diode rectifier operation, the FCSC
rectifier also provided substantial improvements in dc output
voltage and output power because it overcame the problems as-
sociated with the commutation overlap process in conventional
circuits.

APPENDIX

Circuit Equations: Mode 1, POA; 0 < ωt < π/6 – δ/2: D1 ,
D5 , and D6 conduct

During this mode of operation, iL = ia + ic = −ib .
1) Resistive load (RL ): Fig. 17 shows the effective circuit

topology during this subperiod, with the FCSC rectifier
supplying current to a resistive load (RL ).

Applying Kirchhoff’s voltage law, the circuit can be described
by the following equations:

Ls
d2ia
dt2

− Ls
d2ic
dt2

+ Rs
dia
dt

− Rs
dic
dt

+
ia
Cc

− ic
Cc

=
dvac

dt

2Ls
d2ia
dt2

+ Ls
d2ic
dt2

+ (2Rs + RL )
dia
dt

+ (Rs + RL )
dic
dt

+
2 ia
Cc

+
ic
Cc

=
dvab

dt
.

Fig. 18. Effective circuit during Mode 1-POA with an inductive load.

Or, in a matrix form
[

Ls −Ls

2Ls Ls

] [
ı̈a
ı̈c

]
+

[
Rs −Rs

(2Rs + RL ) (Rs + RL )

] [
ı̈a
ı̈c

]

+

[
(1/Cc) −(1/Cc)
(2/Cc) (1/Cc)

] [
ia

ic

]
=

[
v̇ac

v̇ab

]
. (3)

2) Series inductive load (RL): Fig. 18 shows the effective
circuit configuration for this sub-period when feeding a
series inductive load (RL).

Applying Kirchhoff’s voltage law

Ls
d2ia
dt2

− Ls
d2ic
dt2

+ Rs
dia
dt

− Rs
dic
dt

+
ia
Cc

− ic
Cc

=
dvac

dt

(2Ls + LL )
d2ia
dt2

+ (Ls + LL )
d2ic
dt2

+ (2Rs + RL )
dia
dt

+ (Rs + RL )
dic
dt

+
2 ia
Cc

+
ic
Cc

=
dvab

dt
.

Or, in a matrix form
[

Ls −Ls

(2Ls + LL ) (Ls + LL )

] [
˙ıa
ı̇c

]

+

[
Rs −Rs

(2Rs + RL ) (Rs + RL )

] [
ia

ic

]

+

[
(1/Cc) − (1/Cc)
(2/Cc) (1/Cc)

] [
ia

ic

]
=

[
v̇ac

v̇ab

]
(4)

where LL is the load inductance.
Circuit Equations: Mode 1, POB; π/6 – δ/2 < ωt < π/6 +

δ/2: S4 ON, D1 , D5 , and D6 Conduct
During this mode of operation, iL = ia + ic = −ib .
1) Resistive load: The effective circuit topology during this

subperiod is shown in Fig. 19.
Applying Kirchhoff’s voltage law

Ls
d2ia
dt2

− Ls
d2ic
dt2

+ Rs
dia
dt

− Rs
dic
dt

+
ia
Cc

− ic
Cc

=
dvac

dt

2Ls
d2ia
dt2

+ Ls
d2ic
dt2

+ (2Rs + RL )
dia
dt

+ (Rs + RL )
dic
dt

+
ia
Cc

=
dvab

dt
.
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Fig. 19. Effective circuit during Mode 1-POB with a resistive load.

Fig. 20. Effective circuit during Mode 1-POB with an inductive load.

Or, in a matrix form
[

Ls −Ls

2Ls Ls

] [
ïa

ïc

]

+

[
Rs −Rs

(2Rs + RL ) (Rs + RL )

] [
i̇a

i̇c

]

+

[
(1/Cc) − (1/Cc)
(1/Cc) 0

] [
ia

ic

]
=

[
v̇ac

v̇ab

]
. (5)

2) RL load: Fig. 20 shows the effective circuit configuration
with a series RL load.

Applying Kirchhoff’s voltage law

Ls
d2ia
dt2

− Ls
d2ic
dt2

+ Rs
dia
dt

− Rs
dic
dt

+
ia
Cc

− ic
Cc

=
dvac

dt

(2Ls + LL )
d2ia
dt2

+ (Ls + LL )
d2ic
dt2

+ (2Rs + RL )
dia
dt

+ (Rs + RL )
dic
dt

+
ia
Cc

=
dvab

dt
.

Or, in a matrix form

[
Ls −Ls

(2Ls + LL ) (Ls + LL )

] [
˙ıa

ı̇c

]

+

[
Rs −Rs

(2Rs + RL ) (Rs + RL )

] [
˙ıa

ı̇c

]

+
[

(1/Cc) −(1/Cc)
(1/Cc) 0

] [
ia

ic

]
=

[
v̇ac

v̇ab

]
. (6)
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