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Variable Pulse Density Modulation for a Buck-Type Three-Switch
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ABSTRACT

With flexible voltage adjustment without an intermediate DC/DC converter, short-circuit protec-
tion, self-starting, high reliability, and three-phase current source rectifiers (CSRs) are being widely
used in high-power medium-voltage applications and low-power low-voltage applications. Mod-
ulation methods significantly affect the performance of CSRs and can be categorized into offline
modulation methods, such as selective harmonic elimination/compensation pulse width modula-
tion (SHE/SHC-PWM), and online modulation methods, such as space vector pulse width modula-
tion (SV-PWM) and carrier-based pulse width modulation (CB-PWM). The SHE/SHC-PWM is popu-
lar in high-power medium-voltage applications that do not require a fast dynamic response and
have a low switching frequency. Online modulations considerably improve the dynamic response
and performance of the CSR; however, high computational power, such as digital signal proces-
sors (DSPs), is required at higher switching frequencies, leading to greater system complexity and
cost. In this paper, an offline method based on variable pulse density modulation (VPDM) of power
switches to synthesize sinusoidal input currents and control power transfer with pulse width mod-
ulation (PWM) is proposed. The proposed modulation is applicable to the three-switch buck-type
VIENNA rectifier, showing the capability of improving the input current total harmonic distortion
(THD) with respect to the SHE-PWM and is comparable to online modulations at a sufficiently high
switching frequency. The simulation and experimental results basically prove the feasibility of the
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diode rectifiers and thyristor-based rectifiers, have
been widely used as the first stage in many power
electronic configurations to provide unidirectional or
bidirectional DC power in an uncontrolled or phase-
controlled manner. With these configurations, the
input power quality will be low; specifically, the in-
put current total harmonic distortion (THD) will be
high, the input power factor will be low, there will
be high ripples on the DC output, low efficiency, and
bulky AC and DC filters. On the other hand, power
quality regulations on the user side are increasingly
gaining attention with recent updates on related stan-
dards 2.

been developed to overcome these weaknesses and

Transistor-based rectifiers have therefore

are divided into two groups, voltage source rectifiers
(VSRs) and current source rectifiers (SRs), accord-
ing to the energy storage component on the DC side.
VSRs have been thoroughly studied and greatly im-
proved for widespread industrial application because
of their suitability for many nonlinear controllers>*,
simple structure, and low losses. However, in some

voltage step-down applications requiring a wider in-
put voltage range and limited output current in cases
of output short circuiting, the CSR configuration (see
Figure 1) is preferred to adding another DC/DC stage
after the VSR.

Moreover, CSRs are widely used not only in medium-
voltage high-power applications (with symmetric gate
commutated thyristors or gate turn-off thyristors) due
to their simple structure and short-circuit protection®
but also in low-power systems such as motor speed
control®, induction heating7, electric vehicle charg-
ers®, and telecommunication power supplies®. The
modulation methods used in CSRs can be divided
into two groups: offline and online. Among offline
methods, selective harmonics elimination/selective
harmonics compensation (SHE/SHC) pulse width
modulation (PWM)19-13 is often used for medium-
voltage high-power applications; this method does
not require a fast dynamic response and has a low
switching frequency to reduce switching losses. The
sinusoidal PWM 1415, space vector PWM 16-18 and
carrier-based PWM %20 are online methods. A typi-
cal CSR is a six-switch rectifier, as illustrated in Fig-
ure 1, in which unidirectional switches can be im-
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Figure 1: Three-phase six-switch current source rectifier

plemented with reverse blocking IGBTs (RB-IGBTs)
or diodes in series with MOSFETs or IGBTs. On-
line modulations could significantly improve the dy-
namic response and performance of CSRs but require
much greater computational power from digital con-
trollers (microcontrollers or digital signal processors).
With the growth of fast switching devices, such as
SiC and GaN transistors, the computational power
required for implementing faster switching frequen-
cies (150 kHz and above) and complicated control
algorithms will impose serious challenges on digital
controllers or even field programmable gate arrays
(FPGAs), leading to significant obstacles in designing
converters with online algorithms?!.

The number of active switches in the six-switch recti-
fier can be reduced with the three-switch rectifier (il-
lustrated in Figure 2a), as proposed for the first time
in22; applying an offline PWM method on GTOs in 23,
and space vector PWM (SV-PWM) with a switch-

ing frequency below 35 kHz in24-3!

, reaching an ef-
ficiency of 95.1%, as reported in%%; and an input
current THD of 6.9% for an open loop SV-PWM 2%,
Carrier-based PWM can also be used for this topology

with a switching frequency below 10 kHz, achieving
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an input current THD below 5% in simulations3>33,

and at 7.3% in experiments>4. Similar simulated in-
put current THD results have also been reported for
sine PWM at 30 kHz !4, 20 kHz3® and 10 kHz !>,

One of the main objectives of the above studies was
to improve modulation methods to achieve an input
current THD below 5% for all three phases, as stan-
dardized in'?; however, the switching frequency is
normally less than 35 kHz due to efficiency degrada-
tion at higher frequencies '®. An offline variable pulse
density modulator (VPDM) specifically designed for
high switching frequency, aimed at a unity power fac-
tor and low input current THD, has been proposed for
the three-switch current source rectifier (3SWCSR)
and will be presented in this paper. The simulation re-
sults confirmed the feasibility of the proposed modu-
lation algorithm with an input current THD of 8.6% at
a 38.4 kHz switching frequency and 4.3% at 174 kHz.
The experimental results at a 38.4 kHz switching fre-
quency also confirmed the proposed solution. Next,
a comparison between the VPDM and space vector
PWM (SVPWM) is presented, followed by simulation

and experimental results.
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a. Three-phase three-switch current source rectifier (3SWCSR)
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b. Three phase voltages and sector designation

Figure 2: Three-phase three switch current source rectifier and sector designation

VARIABLE PULSE DENSITY
MODULATION FOR ACTIVE
RECTIFIERS

Assuming a balanced three-phase power supply, with
the instantaneous phase voltages described in (1) (in
which Uy [V] is the phase voltage magnitude and w;
[rad/s] is the angular frequency), is connected to the
3SWCSR, the input voltage sectors can be designated
as shown in Figure 2b. The following analysis will be

performed for sector 1 (v, > 0 > vp, > V¢p) and can

be performed in a similar manner for other sectors.

Van (t) cos ((D,‘t)
v (1) | =Up |cos (ot — %)
Ven (1) cos (a),-t + 27”)

Viph(t) =

On-ime, skip (k=a,b, c) (S = 0 means the correspond-
ing switch is turned off, S = 1 indicates that the corre-
sponding switch is in an on-state) for a switching state
j=(S4SpSc) in the online SV-PWM, and the proposed
VPDM will be implemented on the basis of the follow-
ing assumptions >° for simplicity:
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Figure 3: Current flow and ON switch status

« The voltages on the input filter capacitors (C 4,
C¢ pe> Cfca) of the 3SWCSR are sinusoidal and
in phase with the main phase voltages. Hence,
the voltage drops on the filter inductors (L 4,
Ly p,and Ly o) can be neglected.

o The main currents (ig, ip, ic) are assumed to be
equal to the fundamental component of the rec-
tifier input currents (iec(1).a> Lrec(1),b> Irec(1),c)s
therefore, the reactive currents due to the filter
capacitors are also neglected.

« With a sufficiently large DC output inductor, the
current through the output inductor Ipc is as-
sumed to be constant, meaning that the high-
frequency ripple due to the switching operation
is neglected.

o With the above assumptions, the SV-PWM for
3SWCSR will be described next for compari-
son with the proposed VPDM later on the same
topology.

A. Online Space Vector Pulse Width Modu-
lation of Input Currents

For the 3SWCSR in Figure 2a, S in the on-state (S =
1) connects node k to one branch of the rectifier via
a block diode Dy, (or Dy,_) corresponding to the
positive (or negative) current from the mains to the
rectifier. It is possible to identify current paths for all
switching states. Depending on whether the current
direction between the mains and the rectifier is pos-
itive (irecx = Ipc) or negative (irecx = -Ipc), a mains
phase (a, b, ¢) will be connected to node X (or node

3113

Y), as in Figure 3, for the same switching state; alterna-
tively, no output nodes (indicated by node O) will be
connected to the mains phase. For example, if state j =
(101), as illustrated in Figure 4a, S, and S, are turned
on, allowing currents irec o = Ipc (a connected to X)
and iyec,c = -Ipc (c connected to Y) to flow between
phase A and phase C, forming a current space vector
_i>ac [XOY]. All possible switching states are shown in
Figure 4 for sector 1. All the switching states and cor-
responding current space vectors are shown in Table 1
and illustrated in Figure 5. There are six active vectors
and 4 zero vectors. Any active vector can be imple-
mented in the (111) state, and the current flow will be
determined by instantaneous phase voltages, similar
to a traditional three-phase diode bridge rectifier. For
this modulation, slow switching devices, such as BJTs
or IGBTs, can be used. However, it would be diffi-
cult to apply soft switching techniques due to the one-
way current flow through these devices. This should
limit the switching frequency to below 100 kHz *® un-
less fast switching devices, such as Si MOSFETs or
SiC/GaN transistors, are used.

Online SV-PWM at switching frequencies below 35
kHz was fully developed with high performance
in?434, in which a particular switching state se-
quence was proposed to reduce the input current
THD due to glitching at sector boundaries in??. In
this modulation, each sequence includes two active
states and one free-wheeling state, which are symmet-
rically arranged. For example, in sector 1, the sym-
metric sequence (101)-(110)-(010)-(110)-(101) is ap-
plied, where j = (S,SpS.) indicates a combination of
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Figure 4: 3SWCSR conduction states in sector 1 (v, > 0 > vj, > V)

the three switches, state ‘1’ means the correspond-
ing switch is turned on, and state ‘0’ indicates that

_ Vbn
the corresponding switch is in an off-state. The rela- O1.ap=—M 70
tive on-times for switches in active and free-wheeling Van
states are determined as in (2) - (5) [29], in which Orw =1 *MUfO

M = Iy/Ipc is the modulation index, I is the magni- N N N
tude of the input phase currents, Ip¢ is the DC cur- i ref(t) =O1ac i aclxoy] t Otap i ab[XY 0]
rent, and v, Vons and v, are instantaneous input

phase voltages 25 From equations (2) - (5), to implement the SV-PWM,

the controller must continuously sample the instan-
taneous input phase voltages before each switching
Uo cycle and calculate all the relative on-time voltages
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Figure 5: Current space vector

using trigonometric expressions. For higher switch-
ing frequencies, the available time for calculations will
be shorter, and some predictive algorithms might be
needed or the switching frequency could not increase
much. This problem can be solved with offline mod-
ulations, such as pulse density modulation (PDM),
in which relative on-times can be predetermined and
saved in lookup tables. PDM was first applied to VSR
in 199237, in which an active-voltage clamped reso-
nant DC link (ACRDCL) was used to divide voltage
vectors in each sampling period into four blocks to
reduce errors introduced by selecting the closest vec-
tor in the SV-PWM. However, calculations on the d-q
reference frame still need to be performed on the DSP;
at the same time, a predictive algorithm is needed for
current estimation on the ACRDCL due to calculat-
ing limitations of the DSP. In>8, a PDM algorithm
was proposed for a three-phase to single-phase matrix
converter in induction heating applications with zero-

3115

voltage switching (ZVS) on bidirectional switches ow-
ing to the high-frequency AC load current to synthe-
size sinusoidal input currents at a unity power factor.
In addition to those two studies, there have been no
publications on the application of the PDM to current
source rectifiers. The fundamentals of PDM control
will be described next.

B. Variable Pulse Density Modulation
(VPDM)

In this section, a VPDM algorithm is proposed for a
hard-switching 3SWCSR at frequencies less than 50
kHz to simplify the implementation and analysis, as
illustrated in Figure 6 for input sector 1. Each sector
is divided into four equal blocks, and each block in-
cludes sixteen switching cycles. For an exact 50 Hz
main cycle, a perfect fit should require 768 switch-
ing cycles, leading to a 38.4 kHz switching frequency
and no line synchronization. An offline pulse distri-
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Table 1: Current Space Vectors

==
Vector Switches Input currents | i gpl<@i Vac
sa Sh Sc irec,a irec.b irec,c
==
i ap 1 0 1 Ipc 0 -Ipc %IDC < 6 Van - Ven
[XOY]
1 1 1
- .
i be 0 1 1 0 Ipc -Ipc ﬁIDc <37 Von-Ven
[OXY]
1 1 1
- 2
i ba 1 1 0 -Ipc Ipc 0 Alnc < vbn - Vi
[YXO] %’
1 1 1
— 2
i ca 1 0 1 -Ipc 0 Ipc WIDC < Ven - Van
[YOX] 7?”
1 1 1
- .
i 0 1 1 0 -Inc Ipc 3lpc < Ven - Von
[0YX] 3
1 1 1
- 2
i ap 1 1 0 Inc -Ipc 0 ﬁIDC < Van - Vbn
[XYO] = %
1 1 1
1 0 0 0 0 0 0 0
0 1 0
0 0 1
0 0 0

bution pattern can be used to synthesize three-phase
input currents, while power transfer can be regulated
by pulse width modulation.

Considering a balanced three-wire three-phase sys-
tem, the distribution pattern must ensure that the al-
gebraic sum of the instantaneous input currents is
zero at all times, meaning that the current will exit one
input phase to spread into the other two phases or that
two input phase currents will flow into the remaining
phase. For example, considering sector 1 (vg, > 0 >
Vin > Ven), the current going out of phase A should be
equal to the sum of the currents going into phase B
and phase C (I4 = Ip + I¢), and power is being trans-
ferred from V4p and V¢ sources to the load, with
Sp or S; being used to connect node b or node ¢ to
node Y, while S, is used to connect node a to node
X. In the next sector, sector 2, a similar condition ex-
ists with two available positive voltage sources of V¢
and V¢, in which S, or S, is used to connect node a
or node b to node X, while S, is used to connect node

3117

¢ to node Y. Instantaneous current going into phase
C equals the sum of the currents going out of phase
A and phase B (I¢ = I4 + Ip). Table 2 summarizes all
the valid switching states for the VPDM algorithm in
all 12 input sectors. Let 8pqp.sx () be the pulse den-
sity distribution function of switch Sy (k =a, b, ¢), in
which each pulse has a width of D, as illustrated in Fig-
ure 6a; switch S, has a density of 15/16 at the block un-
der consideration, while the instantaneous phase cur-
rents can be presented as in (6) as functions of these
pulse density distribution functions (n is the block in-
dex).

Irec,a (n) SpdmASa (n)
iiph (n) = irec,b (n) =Ipc.D ipdm.Sb (l’l)
irec,c (I’l) ipdm.SC (}’l)

In each sector, the magnitude of the maximum instan-
taneous current in (6) should be proportional to the
magnitude of the highest absolute instantaneous line-
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Table 2: Switching states and current equations

Interval/Sector Switching States Current equation Source
X Y
I 1 Sax Spy/Scy Ia=1Ip+1c Vabs> Vac
2 Sax/Spx Scy Ic=1a+1p Vbes Vac
II 3 Spx/Sax Scy Ie=Ia+1p Vbes Vac
4 Spx Sar/Scy Ip=Ia+Ic Vbes Vba
111 5 Spx Scy /Say Ip=I4+1¢ Vher Viba
6 Sex/Scx Say L=Ip+Ic Vba> Vea
v 7 Scx/Sex Say IA=Ip+1¢ Vba> Vea
8 Scx Spy Say Ie=Ia+1p Veas Veb
\% 9 Scx SAY/Sgy Ice=Ix+1p Veas Veb
10 Sex/Sax Spy Ip=I4 +1¢ Vebs Vab
VI 11 Sax/Scx Spy Ip=I4 +I¢ Vebs Vab
12 Sax Scy/Spy IA=Ip+1¢ Vab> Vac

to-line voltage, with the expression of this instanta-
neous line-to-line voltage as (7) for sector 1.

vz = V/3Uycos (a),-t — %)
0<wit< %

The highest absolute instantaneous line-to-line volt-
age is created from two (out of three) input phase volt-
ages and provides power to the two-wire load via the
DC link voltage. Due to the symmetry of the three-
phase input system, the role of the input phases can
be swapped in the input sectors to form the six-pulse
rectified voltage, as shown in Figure 2b. If there are
enough blocks in each sector, it can be assumed that
in one block, the instantaneous line-to-line voltage is
practically constant 3%, Let Sppyy (¢) be the pulse den-
sity of the switches used to create the line-to-line volt-
age in that block; then, the average line-to-line voltage
in the block (VPDM) will be proportional to this pulse
density, as in (8):

Vepym = vir (t) -Oppu (1)

From (6-8), we can see that the VPDM is proportional
to cos (@jf — %), as in (9):

T
Vppm o< cos ((Oit — g)

On the other hand, for sinusoidal input phase cur-
rents, the total three-phase power transferred from
the source to the load should be constant; therefore,
the pulse density functions must be regulated so that
the average line-to-line voltage VPDM is constant.

Because the transferred power is proportional to the
square of the available voltage for a given pulse den-
sity, the output power can be maintained constant if
the pulse density is implemented as in (10)*3:

cos? z
s 6)

-6/ g<gp<
cos? (wjt — %)’ S o=

o8

The function Sppy (¢) is quantized (for a digital im-
plementation of the algorithm), plotted for the num-
ber of blocks of the implemented algorithm in Fig-
ure 6b, and applied for the phase with the highest ab-
solute instantaneous voltage; for example, in sector 1,
it is phase A, and the density of the other two input
phases can be determined by (6) and (11).

Sppm (t) =

[max 4{ Opdm.sa (1) s Opdm.sb (1) , Opam.se (n) }

In Figure 6b, the exact time function of pulse den-
sity Oppu(t) for the VPDM algorithm is depicted,
together with quantized pulse density functions for
the input phases Opgy.sc () (UPPER), Opgpm.sq (1)
(LOWER) and 8,455 () (MIDDLE). To implement
the VPDM algorithm, PDM patterns for the most
positive phase (UPPER) and the most negative phase
(LOWER) are taken from a preset lookup table (for
example, in the FPGA), and the last PDM for the third
phase should be determined from a logical combina-
tion of the first two PDM patterns to fulfill the require-
ment of Iy + Ip + Ic = 0 in a three-wire three-phase
system.
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Figure 7: Noninterlacing PDM pattern

For line frequency synchronization, the number of
PDM blocks and the switching frequency should sat-
isfy (12), in which f; is the switching frequency [Hz];
Seria is the line frequency [Hz]; np is the PDM block
length (number of switching cycles per PDM block)
[pulse/block]; and Bp is the number of blocks per sec-
tor [block/sector]. The PDM block length np should
be large to ensure good magnitude resolution (16, 32,
or 48 or more). However, this approach would reduce
the temporal resolution. Furthermore, a large num-
ber of PDM blocks Bb (corresponding to a small PDM
block length) are required to ensure effective line fre-
quency synchronization, and the details of the pro-
posed solution for VPDM are described in section IV
of this paper.

fs = feria [Hz] X np [pulse/block] x
x6Bp [block/sector]

3119

A simple PDM pattern is drawn in Figure 7, which is
applied to the reference current vector, as illustrated
in Figure 6a, in which the Sa, Sb, and S, switches
have pulse densities of 15/16, 5/16, and 10/16, respec-
tively. Due to quantization error, it can be predicted
that at several positions in each sector (eqy in Fig-
ure 6b), there could be some current glitches. For
a given pulse density, the distribution pattern in a
block can also affect the input waveform, similar to
the switching sequence of active and zero vectors in
SV-PWM. Two other PDM patterns can also be used
for 16-pulse blocks, as shown in Figure 8, where the
hybrid pattern drawn in Figure 8a is a combination of
the noninterlacing pattern shown in Figure 7 and the
interlacing pattern depicted in Figure 8b. The non-
interlacing PDM pattern provides the best overall ef-
ficiency among the three VPDM strategies with the
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same PDM varying algorithm, while the interlacing
pattern gives a better power factor. Next, the simula-
tion results of SV-PWM and VPDM on the 3SWCSR
will be presented, and a performance comparison and
evaluation will be performed.

SIMULATION RESULTS AND
DISCUSSION

To verify the feasibility and evaluate the AC input and
DC output quality of a 3SWCSR model with the pro-
posed VPDM algorithm, a 5 kW, 38.4 kHz rectifier,
with the design specifications given in Table 3, is sim-
ulated and evaluated with reference to standards ? in
the input current harmonics. Furthermore, key pa-
rameters for the applied VPDM algorithm are also
summarized, together with AC input filter parameters
and DC output filter parameters calculated according
to the procedure proposed in®>0, with adjustments
for the proposed VPDM. In addition, SV-PWM is
simulated for comparison using the same hardware
structure and ratings (the 3SWCSR) and parameters
presented in2?. Next, the voltage and current stresses
on the semiconductor components are calculated to
fulfill the design parameters in Table 3, for component
selection in the simulations, and in the demonstration
prototype.

A. Semiconductor Voltage and Current
Stresses

In this section, the stresses on semiconductor com-
ponents are calculated according to the operating pa-
rameters of the converter, which is important in sys-
tem design and provides a basis for selecting suit-
able components to verify the feasibility of the algo-
rithm via simulation and experimentation. The volt-
age stress can be quickly determined from the mag-
nitude line-to-line voltage of the three-phase system
under the maximum allowable voltage deviation (10%
in Vietnam), as in (13). However, a voltage headroom
of 50% should be used as the absolute voltage on the
component to account for transient glitches and har-
monic voltages.

UO,LL,max = \/gUrms (1 + A1'4cp(%7)
= /6.220.(1+10%) = 593 V

Current stresses are harder to determine because they
are related to the modulation algorithm being used,
the switching frequency, and other conditions in the
source and load. RMS values are necessary to deter-
mine the current rating and power losses of the com-
ponent in the design procedure. In VPDM, the cur-
rent waveform depends on the number of blocks per
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sector, the block length, the PDM pattern, and the
pulse width. All these parameters are selected to im-
plement the pulse density curve (10) as closely as pos-
sible in each sector, and the analysis of the current
waveform is not considered in this paper. However,
it can be assumed that with a large enough number of
blocks, sinusoidal input currents can be implemented,
and the power transferred to the load is the same for
both the SV-PWM and VPDM. Therefore, the current
stresses are determined by calculations deduced for
the SV-PWM as a reference, and the discrepancy in
the simulated current stresses for both algorithms is
evaluated.

The RMS value of the input current is now consid-
ered to determine the current stresses on diodes and
switches. Due to the symmetry of the three-phase sys-
tem, it is sufficient to study only one input phase. For
example, the local RMS value of the phase A input
current over a switching cycle can be determined from
the instantaneous i, current (14), giving the square
RMS value over a switching cycle T in (15). The
global square RMS value (over a mains cycle Tg) of
the phase A input current is then given in (16).

i%ec,a,RMS,Ts
(81.ac + 81 .ap) I3 Interval I
= 8 ac- I3 Interval I1
56,06-.150 Interval VI

2 -
lrec,a,RlléS,Imerval ~

1 2
Tg/6 flnterval lrec,a,RMS,Tsdt

2 _ 12
lrec,u,RMS,Tg - T DC

By examining the current waveforms on the phase A
leg, the RMS values of the currents in the correspond-
ing switch Sy and diodes can be estimated by (17) -
(19) and are given in Figure 9. The analytical and
simulated current stresses on these components for
both the SV-PWM and VPDM simulations are com-
pared in Table 4. The discrepancies between the an-
alytical and SV-PWM simulation results are due to
the omission of harmonics and current glitches in the
above analysis. Therefore, analytical current stresses
can be used to select semiconductor components for
3SWCSR. Next, simulations for evaluating the per-
formance of the proposed VPDM algorithm are de-
scribed.

M
Ipk.rMS,T¢ = IDkn RMS,Tg = \/; Ipc

3M
Ipprms,rg =1\ 1— 7~IDC
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Table 3: Simulation Parameters

Parameter Value
Power Supply 3 phases, 220 V/380 V - 50 Hz
Rated Power P,, 5kW
PF > 0.9
THD; <5%
AC Filter Cr 1.5 uF
Ly 5mH
Raump 45Q
DC Filter Cue 1000 uF
Lae 2 mH
VPDM Bg 8 Block
np 16 pulse
fy 38.4 kHz

Table 4: Comparison Of RMS Current Stresses In Simulations AndCalculations

Current Analytics [A] SIMULATION SIMULATION PDM (D = 0.95)
SV-PWM (M = 0.85)
Value [A] Deviation [%] Value [A] Deviation [%]
sk rus 9.3068 9.3946 0.9 9.7365 4.6
Ipk.rMS 6.5809 6.6545 1.1 6.8986 48
Ipr,rms 5.318 4.9385 7.7 4.5015 15.4
Ipc 12.5 12.578 12.544

B. Simulation Results and Discussions

To evaluate the performance of the proposed VPDM
algorithm for the 3SWCSR scenario, a simulation
model with a 5 kW rating was built, as shown in Fig-
ure 10, in which the load is a resistor in parallel with
the output capacitor C,. and the CSR is acting as a
variable DC voltage source. The control scheme is
shown in Figure 10b, where a 38.4 kHz PWM signal
is created by comparing the demand DC voltage and
the real DC voltage. PWM pulses are distributed to
SaSpSc according to the preset VPDM pulse mapping
for the corresponding input sector and are detected
by a zero-crossing detector (ZCD). Both SV-PWM (at
a 12 kHz switching frequency) and VPDM (at a 38.4
kHz switching frequency) will be simulated.

In Figure 11, the input current iy, phase A input
voltage V4, and DC output voltage VDC waveforms
are presented for both the SV-PWM and VPDM algo-
rithms. Both algorithms create a high power factor of
0.99 and a low ripple DC output voltage at the rated
power. The SV-PWM can provide a high-quality in-

put current with a THDi of 3.3%, while the VPDM
produces a higher harmonic content with a THDi of
8.6% (the THD is calculated for harmonics up to the
30th). An FFT analysis was performed on the input
current waveform created by the VPDM, revealing the
good filtering effect of the input filter; however, high
magnitudes (over 5%) occurred at the 23rd and 25th
harmonics, leading to high THDi. The higher order
structure of the CSR with respect to VSR could be the
reason, due to the possibility of resonances among the
input filter and output filter components, leading to
some high harmonics. Furthermore, the selection and
distribution of PWM pulses in VPDM should affect
the current THD but will not be considered in this
paper. The relative power losses of VPDM (93.28%
efficiency) and SVPWM (95.62% efficiency) were an-
alyzed, and the power losses on the filters were signif-
icantly different, as shown in Figure 12b. The power
losses on filters (and other supporting components)
in the VPDM are five times greater than those in the
SVPWM due to the addition of the Ry, and ESRs
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Figure 10: Simulation and control scheme

of inductors and capacitors needed to achieve low har-
monic distortion in the VPDM. This can be improved
by using different PDM patterns or higher switching
frequencies.

To demonstrate the effect of the switching frequency
in VPDM, a simulation with a 174 kHz switching fre-
quency, Bb = 36, and nj, = 16 was performed with the
resulting waveforms shown in Figure 13.

In Figure 13, the simulated input current THD is re-
duced from 8.6% at a 38.4 kHz switching frequency
to 4.3% at 174 kHz. The error €4y would not con-
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siderably affect the input current waveform because
at a higher switching frequency, the VPDM should
have a higher resolution to closely approximate the
pulse density given in (9). On the other hand, cur-
rent glitches at sector boundaries are still significant,
as shown in Figure 12, similar to online algorithms
such as the SV-PWM in 2431,

Next, line frequency synchronization and PDM pat-
terns are discussed, followed by a description of the
experiments on a prototype using MOSFET with a
38.4 kHz switching frequency.



Science & Technology Development Journal 2023,26(4):3110-3131

420 T T 36a
;jﬁ;}ll_ 33040 ! ,, ].?(
E i 1 1
] HE 335&16‘%’—'-'\I "'.I|I |
i \i | |," TR
2[01.'_:.:. s R LT X AL . L P PR T
. i )i i ims  30ms
"W, H f HIRY AT, Tl &
,I.-E W r’-hiv { ; r’w ?{fﬂ*’r ) r,a_?‘ w I
uv-..JJu..... " 'llqﬁ,., -Y - 0a
i | B
i
i
2novyh ;l-’lhl" BT
-4V t t t t t T T T T 36A
hms 4ms Hms 12ms 16ms 20ms 24ms 28ms J2ms s

a. VPDM 38.4 kHz (THD!1 8.6%; PF 0.9915; AVDC 0.06%)

420 v - - 1T
Vo aorev l' :[H:‘ -
ol | AAARN A
/ e '|‘| ! i s
| \ 395 2BV LR I- r ¥ I\ .i'J [
2ms  Ams Ama ‘-..

o< = O
L Libe / Yoo faea
A % it N
o S M
20V T T T T T T T T T JEA
Orne dme Bms 12m= 16me 20me 24dms 28me 32me Ioms 40me

b. SV-PWM (THD1 3.3%; PF 0.9993; AVDC 0.11%)

Figure 11: Simulation results

SYNCHRONIZATION METHOD FOR
THE VPDM

In practice, a small variation in line frequency is al-
lowed in all standards; hence, line frequency synchro-
nization must be performed. For online algorithms,
such as SV-PWM, this could be a challenge in power
converters when the switching frequency passes 100
kHz. For the proposed offline VPDM, sampling is un-
necessary; however, the line period is not necessarily
an integer multiple of the PDM block, necessitating a
line frequency synchronization algorithm for experi-
ments.

Due to the symmetry in pulse density between two
adjacent sectors, only one lookup table (LUT-1) is
needed to store the pulse density value for each block.

In FPGA, a counter Bb is used to maintain the block
index for retrieving the pulse density value of the
current block. After obtaining this pulse density,
the corresponding PDM pattern can be determined
with another lookup table (LUT-2f), in which another
counter ny is used to track the current switching cycle
in the block. Let Bp be the maximum possible number
of blocks, A f, % be the allowable frequency variation,
and Bbs be the block index at which line frequency
synchronization starts for that sector. The nominal
line frequency and the switching frequency will set BB
(an integer value), while By should be an integer and
chosen according to (20).

s

Bys < Bg— Nfy%.—2—
! # 6BB-fgrid
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A flowchart of the proposed line frequency synchro-
nization algorithm for an FPGA is shown in Figure 14.
At the transition between an even sector and an odd
sector, for example, from sector 12 to sector 1, the
counter By, starts at the lowest index and increases un-
til it reaches the highest index BB in the LUT-1. When
the counter value is equal to B, the FPGA should
start the line frequency synchronization algorithm to
account for the highest allowable line frequency. If the
line frequency is low enough, the counter should be
able to reach the highest index Bp and stay there until
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the sector transition. After the sector transition, when
the odd sector starts, the counter will decrease to the
lowest value index in the LUT-1 and stay there un-
til the next sector transition. This process is repeated
at the transition between an even sector and an odd
sector; hence, six times the input current waveform is
synchronized with the input voltage waveform in any
main period.

With the proposed line frequency synchronization
method, for any main period shorter than the total
time of all blocks in LUT-1, the FPGA can easily de-
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tect sector transitions before reaching the highest in-
dex in LUT-1. For example, if the line frequency is
5% higher than the nominal frequency, which means
that it is 52.5 Hz, then the transition should be ap-
proximately 7.6 blocks (for a 38.4 kHz switching fre-
quency, and Bp is 8). On the other hand, if the line
frequency is lower than the nominal value, the FPGA
should reach the end of LUT-1 and wait for the sec-
tor transition. A large pulse density is maintained for
the most active input phase so that at the peak of the
current waveform, distortion can be limited, leading
to low input current harmonic distortion. The exper-
imental results in the next section prove the feasibil-
ity of the proposed modulation method and the pro-
posed line frequency synchronization algorithm for
3SWCSR.

V. EXPERIMENTAL RESULTS AND
DISCUSSION

The simulation results in section III prove the feasibil-
ity of the offline VPDM, combined with the line fre-
quency synchronization method proposed in section
IV, applied to the 3SWCSR. To verify the practical
performance of the converter, a 2 kW - 38.4 kHz pro-
totype of the 3SWCSR, as shown in Figure 15a, with
the basic parameters in Table 3, was implemented.
A block diagram of the implemented VPDM on an
FPGA (XC6SLX9-2TQG144C) and DSP F28379D is
shown in Figure 15b, in which the inputs of the con-
troller include a zero-crossing detector (ZCD) to de-
tect the input sector and DC voltage sensor. The cal-
culated values of pulse width D to obtain the demand
DC voltage Vpc*, together with the input sector in-
formation, are transferred from the DSP to the FPGA,
and the FPGA determines the needed PDM pattern
from lookup tables and the gating signals to control
isolated gate drivers. An input filter is needed to clean
up the voltage signals before feeding to the ZCD to im-
plement VPDM and line frequency synchronization.
The experimental results are shown in Figure 16 and
Figure 17.

In Figure 16, the phase A input current i, waveform
(red), phase A input voltage v,, waveform (blue), gat-
ing signals for S, (Dp), Sp (D1), and S; (D3), gating
signal for S, in the positive mains half-cycle (D7),
and negative mains half-cycle (Dg) are shown. In-
put voltage (red) and input current (blue) waveforms
for phase A are shown in Figure 17a, and the out-
put DC voltage V¢, input currents i, and i, wave-
form, and input voltage v,, waveform are shown in
Figure 17b. Waveforms were obtained by RIGOL DS-
1102D (2 channels) and Gwinstek GDS-2064 (4 chan-
nels) DSOs. Harmonic distortion and the power fac-
tor were measured by a HIOKI CM3286-01 AC clamp
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power meter.

From the experimental results, the feasibility of the
VPDM on the 3SWCSR has been shown for a low
ripple (6.25%) DC output voltage, with a good input
power factor (better than 0.9) and better input cur-
rent THD (15.11%) than that of a diode rectifier (nor-
mally higher than 30%), or that of a basic SV-PWM
algorithm (16.6%)2°. The 3SWCSR has been tested
at a 38.4 kHz switching frequency suitable for power
switches under hard switching, with current glitches
at sector boundaries leading to an input current THD
higher than the limit suggested by the IEEE-519 stan-
dard!, which is in good agreement with the simula-
tion result of 8.6% presented in section III. The ex-
perimental results show a high power factor close to
the results obtained in the simulation, proving that the
synchronization process is well implemented to en-
sure phase synchronization between the current sig-
nal and the source voltage. However, the input cur-
rent harmonics are more different in the experiment
because the effects due to resonance between filters
and parasitic components are ignored in the sim-
ulation. However, with these experimental results,
the feasibility of the proposed algorithms has been
proven, and it is possible to increase the switching fre-
quency to achieve better input quality, depending on
the power switches being used.

CONCLUSION

This paper proposed an offline variable pulse den-
sity modulation (VPDM) algorithm for a three-switch
current source rectifier (3SWCSR) to achieve a high
input power factor and reduced input current total
harmonic distortion, with simple and effective im-
plementation, especially when increasing the switch-
ing frequency. The algorithm can control the output
voltage of the 3SWCSR over a wide range and needs
to be implemented only by a PI controller, while the
three-phase input sinusoidal waveform is achieved by
means of offline FPGA-based lookup tables without
any sampling operation. Therefore, it is advantageous
to increase the switching frequency of the system. In
addition, a synchronization algorithm with respect
to the grid frequency is proposed to ensure the op-
eration of the converter under changing grid condi-
tions. The simulation and experimental results ba-
sically prove the feasibility of the proposed modula-
tion, with a low-output DC voltage ripple of 6.25%,
a high input power factor of 0.94, and an input cur-
rent total harmonic distortion that is half of that in
traditional uncontrolled rectifiers. In addition, simu-
lation results also show that when the frequency is in-
creased to 174 kHz, the input current harmonic qual-
ity is comparable to that of online algorithms.
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