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A Minimum Switch Five-Level Unidirectional
Rectifier Without Any Voltage Balancing and
Pre-Charging Circuitry

Debranjan Mukherjee

Abstract—This paper proposes a three-phase, five-level, non-
regenerative pulsewidth modulated rectifier using only two active
switches (minimum required) per phase, which drastically reduces
gate driver requirement and hardware complexity. It draws
sinusoidal input current at close to unity power factor. All the
semiconductor devices are rated at only one fourth of the dc-link
voltage, and none of them requires any transient voltage balancing
snubber. A total of 8 out of the 14 diodes per phase undergo
soft switching transition under all operating conditions, which
increases its efficiency. No extra hardware circuitry for balancing
the flying capacitors (FCs) or the dc-link mid-point voltage are re-
quired, which further reduces hardware complexity and increases
the conversion efficiency. The proposed topology does not need
any sophisticated startup procedure for charging the FCs either,
which solves the problem of semiconductor overvoltage during
starting. A 3-kW laboratory prototype is built to experimentally
verify the proposed topology. The maximum efficiency obtained
from the prototype is 98.7 %, and it is always more than 96% for
the load range from 15% to its rated.

Index Terms—AC-DC converter, flying capacitor (FC), neutral
point clamped (NPC), reduced switch topology, three-phase recti-
fier, unity power factor rectifier.

1. INTRODUCTION

ULTILEVEL converters have gained popularity because
M of their lower device voltage rating, better harmonic per-
formance, lower switching frequency (and/or reduction in input
filter size), and lesser electromagnetic interference compared
to the conventional two-level converters [1]. For applications,
where a common dc-link is a requirement, the matured topolo-
gies are: 1) neutral point clamped (NPC) [2], [3], and 2) flying
capacitor (FC) based converters [4]. However, as the number of
levels increases, NPC topologies suffer from the disadvantages
of higher number of series connected clamping diodes and the
associated issues of transient voltage balancing, higher switch-
ing losses, balancing problem of the of the dc-link, and uneven
distribution of losses among the semiconductor devices. On the
other hand, with higher number of levels, FC topologies require

Manuscript received October 4, 2018; revised January 2, 2019; accepted
March 6, 2019. Date of publication March 10, 2019; date of current version
September 6, 2019. Recommended for publication by Associate Editor P. Bar-
bosa. (Corresponding author: Debranjan Mukherjee.)

The authors are with the Department of Electrical Engineer-
ing, Indian Institute of Technology Kharagpur, Kharagpur 721302,
India (e-mail: debranjan.iitkgp @ gmail.com; kastha@ee.iitkgp.ernet.in).

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/TPEL.2019.2904120

, Student Member, IEEE, and Debaprasad Kastha

, Senior Member, IEEE

excessive number of capacitors, which are costly and prone to
failure [5]. There are two hybrid topologies reported in the lit-
erature [6]-[8], which combine the advantages of the NPC and
the FC based converters. A single FC per phase based active
NPC is proposed in [6], while two FCs are used in a phase leg
in [7] and [8]. However, in [6], there are four pairs of series con-
nected switches in a phase leg, which require transient voltage
balancing snubbers. Also, uneven loss distribution among the
semiconductor devices creates problem in designing the cooling
system and limits its nominal power rating [9]. These problems
are mitigated in [7] and [8].

For ac—dc conversion systems, where regenerative operation
or reactive power control is not required or prohibited, such as
power supplies for telecommunications, aircrafts, naval propul-
sion systems, active front-end rectifiers for pumps, blowers,
and compressors, machine side converter for permanent magnet
synchronous generator (PMSG) based wind energy conversion
systems (WECS) etc., reduced switch unidirectional rectifier
topologies are preferred [10]-[19]. They have several advan-
tages, such as 1) requirement of less number of active switches
and gate drivers, which leads to higher power density, lower cost,
and lesser hardware complexity, and 2) high reliability due to
shoot-through free structure. To the best of the author’s knowl-
edge, the first ever three-phase reduced switch rectifier topol-
ogy can be found in [10]. 12 controlled switches of a three-level
NPC topology were replaced by diodes to arrive at this three-
phase, three-level, six-switch unity power factor rectifier topol-
ogy. Later, the circuit was modified in [11] and [12] to that of a
three-level, three-switch VIENNA rectifier. Several topologies
have been proposed in [13]-[18] for more than three-level op-
eration. However, all these topologies require extra circuitry for
various voltage balancing and devices with higher blocking volt-
age, which prohibits their use in medium voltage applications.
A five or higher level unidirectional topology is derived in [19]
[see Fig. 1(a)] from its bidirectional counterpart in [7] and [8]. It
uses low voltage devices and does not require transient voltage
balancing snubber for the series connected diodes, which makes
it suitable for medium voltage applications. However, it requires
12 active switches (four in a phase leg) for five-level operation,
of which, only half are active at any point of time depending on
the line current direction. Therefore, there is a scope to reduce
the number of active switches to half. In order to avoid over
voltage across the semiconductor devices during start-up, the
topology in [19] requires either FC pre-charging circuitry or a
sophisticated start-up procedure.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1.  Five-level hybrid topologies. (a) Four switch, (b) three switch, and (c)
two switch per phase.

Fig. 2.

Five-level unidirectional dual FC-NPC based rectifier topology.

In this paper, a new circuit topology is derived from [19],
which retains all its advantages and overcomes the drawbacks
as discussed in the previous paragraph. For that, the switches and
diodes in Fig. 1(a) are rearranged as shown in Fig. 1(b) and (c).
This gives two alternatives to the existing topology (see [19]).
A three-switch per phase topology is shown in Fig. 1(b), and
two switches are required in a phase leg in Fig. 1(c). The two-
switch topology is illustrated in Fig. 2, which has the following
advantages.

1) Only six (two per phase) controlled switches are required,

which is minimum for a five-level topology.

2) The blocking voltage of each devices is same and is V/4

(where the dc-link voltage is V).

3) No pre-charging circuit or sophisticated start-up operation

is needed.

4) No transient voltage balancing snubber circuit is required

for the series connected diodes.

5) A suitable modulation technique can balance the dc-link

and regulate the FC voltages; hence, no extra hardware
circuitry is necessary.
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6) Ofthe 14 diodes, eight diodes (shaded in Fig. 2) in a phase
leg go through soft switching, which makes the circuit
more efficient.

7) No shoot-through problem, which increases reliability.

The control and modulation strategy for the proposed rectifier
must regulate the following: 1) the input line currents, 2) indi-
vidual dc-link voltage, and 3) all the FC voltages. The first two
control objectives can be ensured by the control strategies pro-
posed in [12], [19], [20]-[26]. The control approaches in [20],
[21], and [25] do not require any ac input voltage sensors, which
reduces cost and increases the power density and reliability. A
resistance emulation technique is employed in [20] and [21],
which makes the power factor equal to unity at the rectifier in-
put terminals. However, the scalar control strategy in [20] does
not provide closed loop regulation of the dc-link mid-point volt-
age. An observer based sensorless control is implemented with
programmable power factor in [25]. A simple implementation of
voltage sensorless input current vector oriented control strategy
is presented in [19], which ensures unity terminal displacement
factor following space vector approach. This control strategy is
used in this paper to control the proposed rectifier. To regulate
the FC voltages, a suitable modulation strategy is also designed
in this paper.

The rest of this paper is organized as follows. In Section II,
the proposed topology and its operating modes are analyzed
in detail. The modeling, control, and the modulation strategies
are presented in Section III. The advantages of the proposed
topology and the effectiveness of various controllers are verified
by experimental results in Section IV. In Section V, conclusions
are drawn.

II. PROPOSED TOPOLOGY AND ITS OPERATING STATES

The converter proposed in this paper is shown in Fig. 2. In
a phase leg, there are six pairs of series connected diodes and
two single diodes (total 14 diodes, D1, DaR, ..., D14g for “R”
phase) are used. Two active switches (51, Sor for “R” phase)
and two FCs (C' g, Cog for “R” phase) are also used in a phase
leg. The voltage rating each of the diodes, switches, and the
FCs is equal and is one fourth of the dc-link voltage, V/4. Two
capacitors (Co1, Cpz) are used in series to obtain the dc-link
with a mid-point (“O”). The individual dc-link capacitor volt-
ages are controlled at half of the dc-link voltage, V/2, and the
FCs are at V/4. The switching signals are considered “1” when
the corresponding switch is “ON” else it is “0.” The phase cur-
rent is considered positive when it flows from the ac supply to
the switching network as shown in Fig. 2.

When all the controlled switches are “OFF,” the proposed rec-
tifier works as a three-phase diode bridge rectifier. The current
flow paths for this condition are shown in Fig. 3(a) when the
phase current is “positive,” and Fig. 3(e) shows the current flow
paths for “negative” phase current. In both the cases, there are
two possible current paths, one of which in each case has both
the FCs connected in series. The current paths in Fig. 3(a) (for
positive current) ensure that the minimum value of the sum of
the FC voltages (vc, , + v, ) be the same as the top dc-link
voltage (vc,, ). Similarly for the negative current [see Fig. 3(e)],
the minimum value of (vc,,, + vc,,) is equal to the bottom
dc-link voltage (v¢,,). Because of this feature of the proposed



MUKHERJEE AND KASTHA: MINIMUM SWITCH FIVE LEVEL UNIDIRECTIONAL RECTIFIER WITHOUT ANY VOLTAGE BALANCING

+ =v/2
A Coxr==v/4Co !

Dor
ZE Dior

(2 (00)

Dar Dsr

N Cor j—_ -\T/H Co2 -
DQRK ]?‘loR DQR][ EOR
() (00) ®©1)

Fig. 3.
negative current.

Swo
Swi —-I—
\—m—' ™™ Converter {
Rstart L __l_

Fig. 4.  Start-up circuitry for the converter.

topology, neither a pre-charge circuitry for the FCs nor a sophis-
ticated starting algorithm is required to prevent overvoltages on
the semiconductor devices during starting. In order to limit the
inrush current, series resistors (Ryy¢) are used during starting
[27] and are bypassed by the switch (S5,,2) as shown in Fig. 4.
For the laboratory prototype of the proposed rectifier, Ryt 1S
equal to 410 €2. The supply voltage is maintained at 125 V, and
no load is applied across the dc-link during starting. Evolution of
various voltages: top and bottom dc-link voltages (vc,,, Vcy,)s
and the FC voltages of the “R” phase (v¢, ,,,vc,,) are shown
in Fig. 5. It shows that various voltages of the proposed topol-
ogy are naturally balanced during starting and do not require
any special charging circuitry and/or any sophisticated starting
algorithm unlike [19].

When both the switches in a phase leg are turned “ON,”
the rectifier input gets connected to the dc-link mid-point [see
Fig. 3(d) and (h)], and the rectifier input voltage, vro, becomes
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Fig. 5. Various capacitor voltages during starting.

zero. For this switching state, the mid-point current (i for “R”
phase) from the rectifier side becomes equal to the correspond-
ing phase current. Under this condition, no current flows through
the FCs of that phase leg.

Various switching states, when at least one of the controlled
switches is turned “ON” are shown in Fig. 3(b), (c), (f), and (g).
Furthermore, Table I shows the circuit configurations for various
switching states. For positive line current, there are two states
(10 and 01), which generate the same rectifier input voltage,
vro = +V/4. However, the state (10) discharges the top FC,
C1R, and the state (01) charges it. Hence, these two redundant
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TABLE I
OPERATING MODES OF THE PROPOSED RECTIFIER

Switching signals  State

(S1r S2Rr) Sr Cir Cor for

0 0) +2 +V/2 N.A N.A 0

+Ve (10) +1D +V/4 D N.A 0
O 1) +1C +V/4 C N.A +Ve
(11 0 0 N.A N.A +Ve

(0 0) -2 -V/2 N.A N.A 0

Ve 01 -1D -V/4 N.A D 0
(10) -1C -V/4 N.A C -Ve

(11) 0 0 N.A N.A -Ve

X: Don’t care condition, C: Charging, D: Discharging, N.A.: Not affected

TABLE I
COMPARISON OF THE 5. CONVERTER TOPOLOGIES

Extra
. . LF Hardware /
Topology Switch Diode FC devices Starting
Procedure
Bidirectional
NPC*1 24 36* 0 0 DC-link
balancing
FC 2 0 8 0 ke
charging
FC-ANPC*! [6] 12424 0 3 0 FC
charging
DFC-ANPC [7] 36 0 6 12 FC.
charging
Unidirectional
FC
*1 *
[16] 12 24 9 0 charging
[177% 12 24412 0 12 DC-link
balancing
[18]+1 6+6* 42+ 0 0 DC-link
balancing
[19] 12 24 6 12 FC.
charging
Proposed 6 30+12* 6 24 None

LF : Low frequency
“: Series connection of high frequency switching devices
“I: Required extra hardware circuit for transient voltage balancing

switching states are used to regulate the voltage of the top FC
for positive line current. Similarly for negative phase current,
the state (01) discharges the bottom FC, Cs g, and the state (10)
charges it. Appendix A describes the design formulas for various
components of the converter topology.

On the basis of the above analysis, the proposed topology is
compared with other existing five-level bidirectional and uni-
directional topologies as in Table II. The comparison is made
on the basis of the number active switches, diodes, FCs, and
the low frequency semiconductor devices. Special requirements
such as dc-link voltage balancing circuitry and sophisticated
start-up procedure for FC charging are also listed in the table.
The number of high frequency series connected devices and the
requirements of voltage balancing transient snubbers are indi-
cated in the table. It appears from the table that the active switch
and gate drive requirements are minimum for the proposed topol-
ogy. All the existing topologies listed in Table II require either
extra hardware circuitry for dc-link voltage balancing or a so-
phisticated start-up procedure for FC-voltage balancing. How-
ever, the proposed topology does not require any extra hard-
ware or a sophisticated algorithm for balancing various voltages.
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The number of low frequency devices is maximum for the pro-
posed topology, which gives an improvement in efficiency.

III. MODELING AND MODULATION

A. Switching Cycle Average Model

At any instant, the rectifier pole voltages with respect to the
de-link mid-point (Vx o ; X = {R, Y, B}) are determined by the
switching states and the corresponding phase current directions
as given in the following:

Vv .
Vxo = 1(2 — S1x — Sax) sgn(ix) (1)

where sgn(ix ) is the polarity of the corresponding phase current
andis +1 when the phase current is positive as shown in Fig. 2 and
is —1 otherwise. In the continuous conduction mode, neglecting
the ripples in the dc-link and FC voltages, (1) can be averaged
in a switching cycle and written as follows:

Vv .
UxX0 = 2(2 —dix —dax) sgn(ix) (2)

where dyx and dox are the duty ratios of the corresponding
switches.

For a three-phase three-wire system, the rectifier input volt-
ages with respect to the supply neutral, “N” (vx ) are related
to vx o as follows:

vxo = vxn + K(t) 3)

where K (t) is the zero sequence component. If the rectifier is
controlled at unity terminal power factor [20], [28] then, the
following can be written:

UXN — ReiX (4)
where R, is the emulated resistance [20]. Combination of (2),
(3), and (4) gives the following:
R.ix  K(t)
V/4 v/4
Equation (5) is used to generate the switching pulse pattern as
described in the next section.

2mX = (27d1X7d2x)Sgn(ix): (5)

B. Modulation Strategy

A level-shifted and phase-shifted pulse width modulation
(PWM) strategy [29], [30] is adopted for the proposed rectifier.
Fig. 6 shows the modulation process to generate the switching
pulses for the active switches of “R” phase. The modulation
method follows (5) as follows:

(I —dix)sgn(ix) + (1 —dax)sgn(ix) =2mx.  (6)

Under normal operating condition, the balancing of the FCs re-
quires the duty ratios d; x and dyx must be the same, hence,

(1 —dix)sgn(ix) = (1 —dox)sgn(ix) = mx. (7)

Equation (7) is implemented by the level shifted — phase shifted
(LS-PS)-modulator as shown in Fig. 6. The carrier signals C x
and Cyx are compared with the modulation signal mx to
generate the switching pulses for S;x and Ssx, respectively.
The carrier signals C7x and Csx are chosen from (C1, Ci2,
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Fig. 6. Carrier based modulation strategy.
TABLE III
CARRIER SIGNAL GENERATION FOR THE SWITCHES
|me| < 0.5 | |mg| > 0.5
ma <0 | (C13,C23) | (Cia,C24)
mz >0 | (C11,C21) | (Ciz2,C22)
(Ci1x,C2x)
Fig. 7. FC voltage controller.

C13, C1q) and (Cyy, Caa, Cas, Cay), respectively, as shown in
Table III. The generation of the carrier signals in real time is
shown in Appendix B.

1) FC Voltage Control: Under normal operating condition,
the duty ratios of d; x and dsx must be equal to balance the FC
voltages. However, a feedback controller is needed to compen-
sate the effects of the non-idealities present in the system. For
that, the duty ratios are modified by the FC voltage regulators
as follows:

{(1—d/1X)Sgn(ix) =mx +Amx =mix )

(1—dyy)sgn(ix) =mx — Amx = max.

It is to be noted that the modified modulation signals do not
change the switching cycle average value of the rectifier input
voltage as (8) follows (5). A positive Amx, as in (8), decreases
the “ON” time of S;x as compared to that of S5x, which in-
creases the top FC voltage for positive phase current, and, for
negative phase current, the bottom FC voltage is decreased. Pro-
portional controllers are used to compute the feedback term,
Amx, as shown in Fig. 7.

2) DC-Link Mid-Point Voltage Control: Switching cycle av-
erage current flowing into the mid-point of the dc-link from a
phase leg, ip x (as depicted in Fig. 2, ip ), can be calculated as
follows:

i _ doxix ; forix >0 9)
ox dixix ; forix <O0.

At steady state, d; x and dsx are considered equal for balanc-
ing the FC voltages; hence, from (5), (7), and (9), we have the
following:

dixix =daxix
o Reixlix| K(t),.
=1ix { V/2 + V/2 \Zx| .

The average mid-point current for all the three phases, 7o, can
be expressed as follows:

10X

(10)

io = Z iox
X=R,Y,B
‘ Reixlix| K(t),
= 3 e 3T .
X=R,)Y,B X=R,Y,B V/2 V/2

(11)

For a three-phase three-wire system, we have the following:

Z ix =0.

X=R,Y,B

12)

Hence, 7y can be made equal to zero for the following choice of
K(t):
>ox=nryp [Leix|ix|]

K(t) = Ko(t) = — Y x—rysp lixl]

13)

Being a zero sequence component, K(t) has no control over
the line current. It ensures zero average current flowing into the
dc-link mid-point from the rectifier side. A feedback controller
is needed to compensate the effects of the non-idealities and/or
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Fig. 8. Laboratory prototype of the proposed five-level rectifier.

TABLE IV
RATINGS AND PARAMETERS OF THE EXPERIMENTAL SETUP

System Ratings and Parameters

Rated Input Voltage 125V
Frequency 50Hz
DC-link Voltage 220 V
Rated Input Current 15 A
Filter Inductance (excluding auto-transformer) 1.25 mH

DC-link Capacitor
Flying Capacitors
Controller Parameters

3000 pF each
2000 pF each

Carrier Frequency 1 kHz
Line current controller’s bandwidth 250 Hz
DC-link voltage controller’s bandwidth 25 Hz
DC-link mid-point voltage controller’s bandwidth 25 Hz

FC voltage controller’s proportional gain 0.005 per Volt

unbalance dc-link loading present in the system. The controller
can be designed following the procedures as discussed in [19].

IV. EXPERIMENTAL RESULTS

A laboratory prototype (see Fig. 8) is built with discrete com-
ponents [MOSFETs (IRFP260NPBF) and diodes (VS-60CPU02-
F)] to experimentally verify the performance of the proposed
rectifier. For experimentation, the rectifier is connected to the
three-phase grid through an auto-transformer and filter inductors
(1.2 mH). The auto-transformer output voltage is set to 125 V
at the rectifier side. The dc-link is controlled at 220 V and con-
nected to a resistive load box. The controller is implemented in
an OPAL-RT (OP4500) real time simulator, which takes seven
analog signals (two line currents, two dc-link voltages, and three
FC voltages) and generates the gate signals for the six MOSFETs.
Ratings and parameters of the controller are listed in Table I'V.

A. Steady State Waveforms

Fig. 9 shows various experimental waveforms at steady state.
The input ac voltage is maintained at 125 V, and the output
dc-link voltage is regulated at 220 V with a resistive load of
2.22 kW. Fig. 9(a) shows the line current waveform (i) along
with the three PWM line-line voltages (vry, vy g, and vpRr).
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The line current is seen to be sinusoidal without any zero cross-
ing distortion; the line—line voltages are with nine-levels, which
is the characteristic feature of a five-level converter. The unity
displacement factor operation at the rectifier input terminals is
shown in Fig. 9(b). The line current iy is seen to be in phase
with the “R”-phase voltage with respect to the grid neutral, v, 5,
which is generated inside the controller. The average “R”-phase
voltage with respect to the dc-link mid-point, v}, along with
its PWM waveform (vyo) are also shown in Fig. 9(b). It is to be
noted that v, differs from v}, by a common mode voltage as
calculated using (3) and (13). Fig. 9(c) shows the effectiveness
of the dc-link mid-point voltage controller and the FC voltage
controllers. In this figure. the individual dc-link voltages (vo1,
Vep2) are seen to be controlled at 110 V, and the FC voltages
(Ve1r» Ve2r) are regulated at 55 V.

B. Sharing of Blocking Voltages Across the Series Connected
Diodes and Associated Switching Losses

There are six pairs of series connected diodes in a phase
leg. Three pairs [(D1r, D2r), (D14r, D13r), and (Dyr, DsRr)]
are operationally similar to the other three pairs [(D7r, Dgr),
(D]_QR, DllR)’ and (DIOR’ DgR)], respectively. Flg 10 shows
their blocking voltages at steady state with 2.22 kW load power.
Furthermore, 100-k{2 resistors, connected across each of these
diodes, ensure equal sharing of the blocking voltages, which is
evident from these figures. In Fig. 10(a) and (b), PWM switch-
ing is observed in the diode blocking voltages only when the
line current is negative. It is to be noted that during this inter-
val no current flows through these diodes, and, hence, there is
no switching loss. In Fig. 10(c), when the line current is posi-
tive, and hence, current flows through the diodes (D4, D5), the
diode blocking voltages are switching between zero (conducting
mode) and half the rated voltage (V//8, in this case, it is 27.5).
Therefore, the switching loss is less during this interval. During
the interval when the line current is negative, these diodes block
the rated voltage (55 V); however, during this interval, no current
flows through them, and hence, there is no switching loss. These
results point out that the use of low voltage series connected de-
vices is possible for this topology without any transient voltage
balancing snubber. Also, 8 of the 14 diodes per phase undergo
soft switching transitions, which improves efficiency.

C. Quantitative Plots

Fig. 11(a) shows that the total harmonic distortion (THD) of
the line current (i g) decreases as the load power increases. THD
is more than 5% when the load power is lower than 20% of the
rated. The controller for this rectifier is implemented in a way to
make the terminal displacement factor unity. However, because
of the input filter inductors, the source displacement factor will
be less than unity depending on the line current. Fig. 11(b) shows
the variation of the displacement and the power factors at the
source with load power. The source power factor is always more
than 0.998 for a load range from 20% to the rated. The converter
efficiency with different load power is plotted in Fig. 11(c). The
maximum efficiency obtained for this converter is 98.7%, and
the efficiency is always more than 96% for the load range from
15% to its rated.
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Fig. 9. Experimental results showing various steady state waveforms of the proposed rectifier (input voltage: 125 V, 50 Hz, output dc-link voltage: 220 V,
load: 2.22 kW).
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Fig. 10. Experimental results showing the balancing of the blocking voltages of the series connected diodes (input voltage: 125 V, 50 Hz, output dc-link
voltage: 220 V, load: 2.22 kW).
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Fig. 11.  Quantitative plots. (a) THD, (b) source displacement factor and power factor, and (c) efficiency as a function of load power.
D. Starting Transients soms/ /B Auto Stop Sl
The proposed topology behaves as a diode bridge rectifier IR
when no gate pulses are applied. Fig. 12 shows that when the
source voltage is 125 V (L-L), the individual dc-link voltages @ a
were 80 V. It also shows that prior to applying the gate signals,
the FC voltages were half the individual dc-link voltages, which T
eliminates the requirements of any pre-charging circuitry, unlike Vco1— Ucoz —~
in [19]. During this interval, the line currents show the charac- / b 110V
teristic waveform of a diode bridge rectifier. As the controller is N ——— —{CIR —r—
turned ON in Fig. 12, veo1 and veogo are regulated at 110 'V, while u S5V
the FC voltages are regulated at 55 V. The input line currents 100ms

also become sinusoidal. It takes about 100 ms to reach to the 0 <l 507 <& 507 =B 507

steady state.

Fig. 12. Experimental results showing various starting responses of the
proposed rectifier with the control strategy.

E. Transients During Load Change

Fig. 13 shows the transient response of the line current (i),
individual dc-link voltages (vco1, voo2), and one of the FC volt-  to 2.22 kW and after some time, again changes back to 1.33 kW.
ages (v.1r) when the load power suddenly changes from 1.33  The individual dc-link voltages are seen to be following each



11612

100ms/ /T3 Ao Stop 43 Tpemias
R
®
1.33kW 1.33kW
22kW
UCOI\~ e vco2 ~~
N
UC]R\ 110V
5 VI
»
100ms 100ms
107 o 507 o B 507 o 507 o

Fig. 13. Experimental results showing various transient responses of the
proposed rectifier. Load is increased from 1.33 to 2.22 kW first and then it
is decreased to 1.33 kW.
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Fig. 14. Experimental results showing the performance of the dc-link
mid-point voltage controller. A 2.2-kW load is put across the dc-link, and another
93 (2 is connected across the lower dc-link to make the loading unbalanced.

other with a maximum over/undershoot of 10 V. The FC volt-
age also has an over/undershoot of 5 V during the transients.
The transients are seen to settle within 100 ms.

F. DC-Link Mid-Point Voltage Control

The effectiveness of the dc-link mid-point voltage controller
is experimentally validated using an unbalanced load. A 93-(2
resistor is connected across the lower dc-link and a 22-€2 resistor
(equivalent to 2.22 kW at 220 V) is connected across the full dc-
link to make the dc-link unbalanced. Fig. 14 shows that prior
to the instant when mid-point voltage controller is turned ON,
the individual dc-link voltages are unbalanced by 12 V. The
modulation signal (mpg) is of rectified sinusoidal type, which
also gives a 300-Hz ripple in the individual dc-link voltages, as
can be seen in the figure. After the controller is turned ON, a
zero sequence (feed-forward) and the output of the controller
(feedback) are added to the modulation signals, which balances
the dc-link. Also, the 300-Hz ripple in the individual dc-link
voltages is eliminated. The whole process of balancing is settled
within 14 ms.
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V. CONCLUSION

In this paper, a three-phase, five-level non-regenerative PWM
rectifier using only two active switches (minimum required) per
phase, which drastically reduces gate driver requirement and
hardware complexity. The proposed topology does not need any
sophisticated startup procedure for charging the FCs and inher-
ently solves the problem of semiconductor overvoltage during
starting. Also, transient voltage balancing snubbers are not a
requirement for the series connected diodes. Of the 14 diodes,
eight diodes per phase undergo soft switching transitions (see
Fig. 10), which improves efficiency. A brief discussion on its
switching cycle average model and input voltage sensorless op-
eration at unity terminal power factor is presented. The modu-
lation strategy discussed in this paper balances dc-link voltage
and regulates the FC voltages, hence, eliminates the requirement
of any additional hardware circuitry to balance the dc-link and
FC voltages. The proposed rectifier is experimentally verified
using a 3-kW prototype at unity terminal power factor with a
carrier frequency of 1 kHz. The power factor at the source is
found to be more than 0.998, the efficiency more than 96%, and
the THD of the line current less than 5% for the load range
from 20% to its rated (see Fig. 11). The maximum efficiency
of 98.7% is obtained for the prototype. The performance of the
proposed rectifier shows its suitability in applications such as
the machine side converter of a PMSG based WECSs, active
front-end rectifier for medium voltage fan, pump, blower, and
compressor drives, and power supplies for telecommunications,
X-Ray, aircrafts.

APPENDIX A
RATINGS OF THE VARIOUS COMPONENTS OF THE CONVERTER

This Appendix gives the formulas for deriving the ratings of
various components (diodes, transistors, FCs, and dc-link ca-
pacitors) of the converter on the basis of its specifications. The
design methodology as discussed in [31] is followed. The con-
verter specifications and assumptions are as given as follows:

1) The input current waveform is sinusoidal, and switch-

ing ripples are neglected. The root mean square (rms),
peak, and half-cycle average values of the ac input cur-
rent are Iryg, Ipk, and Iy, respectively. Therefore, Iy
= pk/\/i and Iy, = 2ka/77. A phase current is given by
it = I sin 0, where 0 = wt and w is the angular frequency
of the supply voltage.

2) The dc-link voltage is V, and all the capacitor voltages are

regulated at their steady state values.

3) Terminal power factor is unity. Hence, the modulation sig-

nal varies as m = M| sin 6].
4) The sine-triangle PWM technique is employed.

A. Diodes (D1, Do, D¢, D7)

The first two diodes are conducting for the positive half cy-
cle of the line current and the other two for the negative half.
Therefore, for these diodes, the following values hold:

1) Peak current = I.

2) Average current = I, /2 = I /7.

3) RMS current = Ip/v/2 = Ik /2.



MUKHERIEE AND KASTHA: MINIMUM SWITCH FIVE LEVEL UNIDIRECTIONAL RECTIFIER WITHOUT ANY VOLTAGE BALANCING

4) Blocking voltage = V/4. 3)

B. Controlled Switches (S1, S2)

1) Peak current = Ip.

2) The duty ratios of the switches depend on the modula-
tion signal given by (7). Hence, the average current of the
switches is given by the following:

1 ™
Lyve,s = — / I sin0(1 — M sin 0)do 4)
T Jo
2y My
m 2

where M, is the peak value of the modulation signal (also
known as the modulation index) and is given as the ratio
of the peak value of the phase voltage to the half of the
dc-link as follows:

Y

Voh,pk
M — pn,p .
T Y2
3) The rms value of the switch current can be approximated
as follows:
rmsS\/ / ksm O(1 — My sin6)do
4Mpk
pk 2 3m

4) The blocking voltage of the switches = V//4.

C. Diodes (D11, D12, D13, D14)

1) Peak current = Ip.

2) The first two diodes conduct only when the line current
is positive and 59 is conducting. Similarly, the other two
diodes conduct only when the line current is negative and
S1 is ON. Therefore, the average current of the diodes is
given by the following:

Iavg,S _ @ . kaMpk
2 T 4 '

3) RMS current is given by the following:

Iavg,Dll =

Irms,S’ o 2 Mpk
V2 3r
4) The blocking voltage of the diodes = V/4.

Irms D11 — k\/ & —
s p 4

D. Diodes (Dg, Dg) and (D4, D57 Dg, DIO)

1) Peak current = Ip.

2) These diodes are active only for one-half of the fundamen-
tal period. Their duty ratios can be shown to be equal to
the modulation signal. Therefore, the average current of
the diodes is given by the following:

1 T
Iavg,DS = — / ka sin 9( pk sin 9)d9 2)
27 0
T Mok
1

11613

The rms value of the diode current is given by the follow-

ing:
Tims, D3 = \/ /12 sin? 0( My sin 6)df

2M,

37:’1‘ ~ 0.46 X Tpy\/Mpy.

The blocking voltage of the diodes = V/4.

= ka

E. Flying Capacitors (Cy,Cs)

Depending upon the direction of the line current, only
one FC per phase is active. The duration (within a carrier
frequency) for which line current flows through the active
FC can be found out as follows:

2
Tactrc = F7m : form € (0,0.5)
car
2(1 -
= -m : form € (0.5,1.0)
Fcar

where F¢, is the carrier frequency. For the half of this
duration, the FC is charging and is discharging for the
next half. Therefore, the voltage ripple across the FCs can
be expressed as follows:

im
A‘/I’ipp]e,FC = m . fOl" m e (0705)
i(1—m)
= —_— : form € (0.5, 1.0).
C(FC Fcar ( )

For m € (0,0.5), the above function is an increasing one
with its maximum value at m = 0.5 (¢ = 30°) and the
maximum value is given by the following:

e My

AVippierclmax1 = — BB
pple,FC |max,1 .
4 C’FC Fcar

For m € (0.5,1), the ripple will be maximum when the
following is true:

. 1
sinf =
2 Mk
and the maximum value is given as follows:
Tk
AVy | =——b
pple,FC |max,2 =
4 Mpk C’F'C car

As My, < 1, the maximum value of the FC voltage ripple
is given by the following:

I

AVripple,FC | max — A‘/ripple,FC |1nax,2 W

car
Following the above equation, the capacitance value of the
FCs can be chosen.
The rms value of the FC current can be approximated as
follows:

) E
IerS,FC =5 {/ 2 Ik My sin® 0d6
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+ /2 2 ng (1 — My sin 0) sin” 9d6

2_3v3
3 4

3
Mpk+ +%

>3

~ Ty [0AT — (0.4 x M),
3) The nominal voltage rating of the FCs is V/4.

E. DC-Link Capacitors (Coy, Cy2)

One way of designing these capacitors is based on limiting the
voltage ripple on the dc-link to a specific value. This depends
on the modulation technique of the rectifier as well as on the
waveform of the current drawn by the load [32]. However, for
a practical implementation, these rectifiers have requirements
such as, a specific hold-up time and/or operation with a phase
loss. These requirements require large value of capacitance in
the dc-link [33].

G. Starting Resistance (Ryq)

The resistance value Ry, dictates the rate at which the capac-
itors get charged. During charging, the series combinations of
the FCs come in parallel with either top or the bottom capacitor
of the dc-link. Hence, the electrical time constant of this charg-
ing would approximately be 7 = [Rgare X {Co + (Crc/2)}]. It
is to be noted that finding the exact time constant is very diffi-
cult as the current flows through the non-linear circuit elements
(diodes). However, on the basis of the requirements of charging
time (hence, the approximated time constant, 7), a suitable value
of Rguar can be chosen with reasonable approximation.

The choice of Ry should not be so less that the in-rush
current becomes larger than the peak current rating of any of the
semiconductor devices. That gives the following:

V3V pk
2 Rstart

Therefore, the resistance value must adhere to the following
inequality:

< ka.

1, start,max —

\/gvph,pk
Rstart > T
pk
APPENDIX B
REAL TIME GENERATION OF THE CARRIER SIGNALS

The block diagram of the carrier signals generation in a digital
platform is shown in Fig. 15. The carrier signals (C11, C12, Ca1,
and C'2 in Fig. 6) vary from O to 1 and again from 1 to O in steps.
The step size (tsep, Ystep) is determined by the required resolution
of the duty ratio and the carrier frequency (F¢,;). They are related
by the following equation:

Resolution of duty ratio = ep

Tcar

tstep = 2 X Ystep
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1 | up count ldown countl
k(o) —» | 1 [ )
T bstep | | | Carrier
| | | (Cn)
1 | o | % |
up (1) (T(M) | . | ° | Carrier
down (0) l : (Qu)
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clk Carrier
Delay > . . (C12)
o Carrier Generation Block
(Tcar/4) > Carrier
Cli
1
Cn Ciz Cis
Carrier Carrier Carrier Carrier
(Ca1) (Ca2) (Cas) (Cay)
Fig. 15.  Block diagram of the carrier signals’ generation.

where Tt is the time period of the carrier signal. One up/down
counter is used to achieve the operation. The input to the counter
is a square-wave signal of 50% duty ratio. The frequency of the
carrier signal is same as that of the square wave. The carrier
signal, C9, is generated by another “carrier generation block”
as is used for C; (see Fig. 15). The square wave up/down input
is delayed by (T¢,/4) for Ci2 to obtain the 90° phase shifted
relationship between the carriers (C7; and C5). These carriers
are multiplied by (—1) to obtain C'4 and C13, respectively. The
carriers C11, C12, C13, and C' 4 are subtracted from the constant
(+1) to obtain the carrier signals Cs1, Coa, Cas, and Cay. In the
present setup, the carrier signal is generated inside a Kintex
FPGA board with Zy, = 10 ns and T¢,; = 1 ms.
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