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Abstract—In this paper, a generalized pulse width (PW)
modulator is proposed which can control three-leg center-split
voltage source inverters (VSIs) and four-leg VSIs from two-level
to multilevel topologies. VSIs with a neutral wire connection
are important for power electronics applications in three-phase
four-wire systems, such as active power filters and uninterruptible
power supplies. For medium and large capacity applications, a
multilevel three-phase four-wire VSI is a good alternative to a
two-level one. However, implementing the pulse width modulation
for three-phase four-wire VSIs involves complex calculations, and
control algorithms differ for VSIs of different levels and topolo-
gies. The proposed generalized PW modulator controls VSIs
based on voltage-second approximation, but its implementation is
much easier than space vector modulation. Field programmable
gate array has been chosen to implement the PW modulator due
to its fast prototyping, simple hardware, and software design.
Simulation and experimental results are provided. The proposed
generalized PW modulator was also applied to the control system
of three-phase four-wire active power filters to show its validity.

Index Terms—Active power filter, four-leg voltage source
inverter, three-leg center-split voltage source inverter (VSI),
three-phase four-wire.

1. INTRODUCTION

N the past, a three-phase four-wire circuit was the circuit
I of choice in low voltage distribution systems. Recently, it
was selected by most utilities in North America as the medium
voltage distribution system even though many utilities started
with a three-wire ungrounded delta system [1], [2]. Voltage
source inverters (VSIs) with a neutral wire connection are
important for power electronics applications in three-phase
four-wire distribution systems [3]-[7]. The pulse width (PW)
modulator controls the VSIs to generate the required voltages
or currents according to the references, as illustrated in Fig. 1.
If a generalized PW modulator is available for controlling the
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three-phase four-wire VSIs of different topologies and levels,
much effort and time can be saved in implementing pulse width
modulation (PWM) in different applications.

Three-phase VSIs have two ways of providing a neutral
connection for three-phase four-wire systems: 1) using split
dc-linked capacitors and tying the neutral point to the mid-point
of the dc linked capacitors [4]-[6] and 2) using a four-leg
inverter topology and tying the neutral point to the mid-point
of the fourth neutral leg [8]-[10]. For medium and large ca-
pacity applications, a multilevel three-phase VSI is a better
solution than a two-level one [11]-[13]. Topologies of three-leg
center-split VSIs and four-leg VSIs are shown in Fig. 1.

Comparisons were carried out between three-leg center-split
VSIs and four-leg VSIs [14], [15]. The two-level four-leg
inverter is preferred in low-voltage applications, especially
when large neutral currents need to be manipulated. However,
multilevel three-leg center-split VSIs are more preferable than
four-leg VSIs in medium and large capacity applications due to
lower initial cost and fewer switching devices that need to be
controlled.

In a three-phase four-wire system, the reference vector is not
on the @ — (3 plane if the system is unbalanced, or if there
is a zero sequence or triple harmonics [16]. As a result, the
PWM methods of three-phase four-wire VSIs are realized in
a 3-D space. The 3-D hysteresis PWM was first proposed for
two-level three-phase four-wire VSIs in 1997 [4]. The 3-D hys-
teresis PWM methods for three-level VSIs were also proposed
[17], [18], which involve complicated switching tables.

The space vector modulation (SVM) is based on voltage-
second approximation. It reduces commutation losses and
harmonic contents of output voltages, and provides more
efficient use of supply voltages in comparison with the hys-
teresis PWM. The generalized 3-D SVM methods of multilevel
three-leg center-split VSIs were proposed [15], [19], in which
the multilevel 3-D SVM is simplified to a two-level case by
decomposing the reference voltage. The 3-D SVM methods of
two-level four-leg inverters were also proposed [9], [20], but
up to now, 3-D SVM for multilevel four-leg VSIs has not been
developed. Although much progress has been made, SVM for
three-phase four-wire VSIs still involves complex calculations.
In addition, implementing PWM for each specific three-phase
four-wire VSI in different applications is a time-consuming
task for most researchers.

Many researches chose to implement PWM by digital signal
processor (DSP) or microcontroller (MCU). This approach has

0885-8993/$25.00 © 2008 IEEE
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Fig. 1. Three-phase four-wire voltage source inverters.

the advantages of simple circuitry, software realization and flex-
ibility. However, there are also several disadvantages [21], [22].
* As the levels of the inverter increase and the inverter struc-
ture becomes more complex, the programming of the cor-
responding PWM in the DSP or MCU becomes one of the
most time-consuming tasks.
 If the DSP or MCU is not able to provide enough on-chip
peripherals, such as comparators and dead-time controllers
to support the PWM outputs, extra hardware circuits need
to be designed to cooperate with the controller.

An attractive idea is to implement the PWM via an applica-
tion-specific integrated circuit (ASIC). The field programmable
gate array (FPGA) is a sub-class of ASIC controllers which
provides characteristics such as fast prototyping, simple hard-
ware and software design and higher switching frequency [23],
[24]. The FPGA-based SVM ICs for a two-level three-phase
three-wire inverter were proposed [25], [26]. The FPGA-based
PW modulators for multilevel three-phase three-wire VSIs were
also developed [27]-[29]. However, a generalized PW mod-
ulator for three-phase four-wire VSIs remains an unexplored
area.

In this paper, a 3-D direct PWM is first proposed for multi-
level three-leg center-split VSIs in order to simplify the complex
algorithms of SVM. The 3-D direct PWM inherits the merits of
SVM, such as a constant switching frequency and low output
ripples. Another important merit of the proposed 3-D direct
PWM is that it can also control the four-leg VSIs by introducing
a shifting voltage to modify the references. Simulation results
are provided to show the validity of the proposed 3-D direct
PWM.

Based on the proposed 3-D direct PWM, a FPGA-based gen-
eralized PW modulator is developed in this paper, which can
be applied to control three-leg center-split VSIs and four-leg
VSIs from two-level to multilevel topologies. Prototypes were
built and experimental results have been provided to show its
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Fig. 2. Equivalent model of a three-leg N-level VSI.

validity. The FPGA-based PW modulator also cooperates with
a DSP to control active power filters (APF), in which a two-level
four-leg VSI and a three-level three-leg center-split VSI are used
respectively. Again, experimental results have been provided to
show that current harmonics, reactive currents and neutral cur-
rents can be simultaneously compensated by using the proposed
generalized PW modulator.

II. 3-D DIRECT PWM OF THREE-LEG CENTER-SPLIT VSIS

The SVM for a multilevel inverter involves complex tables
of vectors and awkward mathematical relationships. A general-
ized 3-D SVM was proposed for multilevel three-leg center-split
VSIs [16], in which the multilevel 3-D SVM issue is simplified
to a two-level 3-D SVM by decomposing the reference vector.
Based on voltage-second approximation, the reference voltage
vector is synthesized by four neighbouring vectors which are
chosen among eight available two-level vectors. The dwell time
of each vector in one control period is calculated. The final
PWM outputs are generated according to the neighbouring vec-
tors and their dwell times. In order to simplify the control al-
gorithm of SVM, 3-D direct PWM is proposed in which the
reference voltage is still synthesized based on voltage-second
approximation. However, the PW of each phase is directly de-
termined according to the reference voltages. The equivalence
between the 3-D direct PWM and the 3-D SVM is proved in
the Appendix of this paper. The 3-D direct PWM of multilevel
three-leg center-split VSIs is proposed from here on.

A. Normalization of Voltage Vectors

An equivalent model for an N -level three-leg center-split VSI
is shown in Fig. 2.
The output voltage of each leg is expressed as

Vi=ExS; j=a,b,c (1

where E is the voltage of one level, and S; is the switching
function. For an N-level inverter, the value of S; varies among
0 to N — 1, and the dc bus voltage equals (N — 1)E. When
the N-level three-leg inverters are applied to a three-phase four-



1474

wire system, the neutral wire is connected to the mid-point of the
dc bus. Hence, the voltage v,, in reference to the virtual ground
in Fig. 2 is expressed as

V, = Ex(N -1)/2. )

All the voltages are expressed per unit, i.e., normalized by F,
so that the output voltage of each leg has the same value as the
switching function S}

Jj=abc 3)
and
v, = (N—1)/2. “4)

?)j:Sj

Normalization facilitates the following steps in the proposed
3-D direct PWM. The phase-to-neutral reference voltages are
also normalized by F, as given in (5). v,, is added to the ref-
erence voltages, so that both the output voltages of the inverter
and the reference voltages are in reference to the same virtual
ground

Vs /E

Vor/E
Ver/E

N-1

Tret = Viet/E + Vo |E = t—— )

B. Decomposition of Reference Voltage Vector

In the 3-D direct PWM, the reference voltage vector is first
split into two components as

17r0f = 170ffsct + 17tw01- (6)

The offset component of the reference voltage is defined in the
a-b-c coordinates as

Voffseta Int(vrefa)
’D‘offset = | Voffsethb | = Int(vrefb) (7)
Voffsetc Int(vrefc)

where Int() removes the fractional part of the real input data.
Consequently, the two-level component of the reference voltage
is the fractional part

Vtwola
Vtwolb (8)
Vtwolc

— oo — _
Vtwol = Uref — Voffset =

where 0 < viwol(j) < 1(7 = a,b,¢).

If (voffseta-,voﬁ'setb;voffsetc) equals (50,751)750)7 the refer-
ence voltage vector must be located inside a two-level space
vector allocation formed by vectors: (S,, Sy, Sc),(Sa +
L, Sln 50)7 (Sm Sy + 1, Sc)7 (Sm Sb: Se + 1)7 (Sa + 1, Sy +
1,5:.),(Se + 1,5, 5. + 1),(S.,S, + 1,S. + 1) and
(Sa +1,5 +1,5.+1).

C. Determine the PW of Each Phase

In order to reduce the switching losses and the output rip-
ples, the output voltage of each leg changes only one level in
one period. Therefore, determining the dwell times of the two
switching states vogset; and vofrsetj + 1 can generate the PWM
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outputs in every period. The dwell time of vofset; + 1(j =
a,b, c) is calculated by voltage-second approximation in per-
phase mode, i.e., the reference voltage is synthesized in phases
A, B, and C independently

Urefj * 1= Voffsetj * toﬂj + (’Uoffsetj + 1) . tonj

Jj=ab,c 9
tor + tonj =1 j=a, b7 c (10)
tom 1s the dwell time of the output state vogsetj, and top; is the
dwell time of vofsetj + 1. Both g and t,y; are already nor-
malized by T, which is the period for generating PWM outputs.
Equation (11) is obtained by subtracting v, setj from both sides
of (9)

(Urcfj - Uoffsotj) = Voffsetj * toﬂj
+ (Uoffsetj + 1) . tonj
— Voffsetj * (toffj + tonj) = tonj- (1 1)

Since vyiefj — Voffsetj = Vtwolj(Jj = a, b, ¢), it can be concluded
that
(12)

tonj = Utwolj Jj=a, b7 c

and

tof =1 — Vswolj J =a,b,c. (13)
Equation (12) indicates that the normalized two-level reference
voltage is equal to the normalized PW of the corresponding

phase.

D. Generate PWM Outputs

After the PW of each phase is calculated, the final modula-
tion outputs are generated, as illustrated in Fig. 3. The symmetri-
cally aligned scheme is chosen because it gives the lowest output
voltage distortion and current ripples [9]. In the proposed 3-D
direct PWM, vofrset; (7 = @, b, c), the integer part of the normal-
ized reference voltage, determines the switching patterns S; and
S; + 130wl (7 = a,b, c); the fractional part of the reference
voltage, is equal to the normalized PW ¢,,; in Fig. 3.

It is mentioned in [19] that sixty-nine instructions and a max-
imum of three comparisons are needed for calculating 3-D state
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vectors and duty-cycles in the 3-D SVM. However, only nine
instructions and zero comparisons are needed to calculate the
PWs in the proposed 3-D direct PWM.

III. 3-D DIRECT PWM OF FOUR-LEG VSIs

Besides three-leg center-split VSIs, four-leg VSIs are also
widely used in applications in three-phase four-wire systems.
The 3-D SVM for two-level four-leg inverters was proposed
in 2002 [9], in which the reference voltage vectors are synthe-
sized by three neighbouring vectors and two net zero vectors in
one PWM period. There are a total of 24 different neighbouring
vector combinations for a two-level four-leg VSI, and each one
has its own dwell-time determination matrix for calculating the
dwell times of neighbouring vectors. Therefore, the 3-D SVM
of a two-level four-leg inverter involves complex calculations
and switching tables.

A carrier-based PWM was proposed for two-level four-leg
VSIs which was proved to be equivalent to the 3-D SVM [30].
The basic idea of the carrier-based PWM is to generate the
PWM outputs by direct determining the PW of each leg ac-
cording to its reference voltage. A shifting voltage is introduced
in the carrier-based PWM to determine the reference voltages
for each leg of a four-leg VSI. The 3-D direct PWM is also
based on generating the pulse of each leg independently. There-
fore, the 3-D direct PWM can be considered in its application
to four-leg inverters and is proposed in this section.

A. Effective Time

The output phase-to-neutral voltages of two-level four-leg
VSIs are determined by the difference between the output volt-
ages of leg j(j = a, b, ¢) and the fourth-leg f

Vjf = Urefj — Vref J = G,b,cC. (14)

According to the 3-D direct PWM, the normalized PW of
each leg is equal to the normalized two-level reference voltage,
as given in (15). If (14) is substituted to (15), the PWs of legs
A, B and C are expressed as (16)

15)
(16)

tonj = Urefj + 1/2 j = a, b, c, f
tonj = Ujf + Ureft + 1/2 _] =a, b, C.

The v, ¢(j = a, b, ¢) is the phase-to-neutral reference voltage
for controlling four-leg VSIs. Combining (15) and (16), we find
that vy should always equal zero if (17) is used to calculate the
dwell time of each leg

tonj:'l}jf+7jroﬂ+1/2 j:a7b7cvf' (17)

The corresponding output pulses of a two-level four-leg in-
verter are shown in Fig. 4. The rising-edge aligned scheme was
chosen for the convenience in illustrating the effective time in
the following discussions.

The effective time is defined as (18), which equals the differ-
ence between the dwell times of legs A, B, or C and the fourth
leg f, as shown in Fig. 4. If (17) is substituted by (18), (19)
indicates that output phase-to-neutral voltages are generated in
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dwell time t.g;. In addition, the effective time t.g is equal to
the normalized phase-to-neutral voltage

tcffj = tonj — tont ] =a, b7 c (18)
tefty = tonj = tonf = Vjf + Ureft
+1/2 = (Ve +1/2) = vj5. (19)

B. Shifting Voltage

Only the reference voltage v,.g of the fourth-leg is unknown
when the PW of each leg is calculated by (17). According to
(19), the variation of the v,.s does not affect the output phase-to-
neutral voltages of a four-leg VSI. Hence, the v, can be freely
chosen if the condition in (20) is satisfied, which limits the nor-
malized PWs in the range of 0 to 1

0<vjf+ver+1/2<1 j=a,b,c,f. (20)
Equation (20) can be rewritten as
_1/2_Umin < Ureft < 1/2_/Umax (21)

where Vi,.x is defined as the maximum number from among
Vaf,Vbf,Vef,Vff; and is the minimum number from among
Vaf,Ubf,Vef, Vgf. Equation (21) only provides the range for
Uroff. In order to get a fixed value for v,.g, an extra constraint
is adopted.

Besides the effective time for generating output voltages,
there are redundant times in one PWM period which are taken
up by the switching states (0,0,0,0) and (1,1,1,1). The output
phase-to-neutral voltages are zero when the four-leg VSI op-
erates according to the two switching patterns. It is assumed
that the dwell times of states (0,0,0,0) and (1,1,1,1) are the
same, so that the optimal switching sequence can be achieved.
Consequently, (22) is obtained
(22)

ton min = 1 — ton max
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where to, min 1S the dwell time of switching states (1,1,1,1),
which is also the minimum PW among the four legs, as illus-
trated in Fig. 5; 1—%,, max 1S the dwell time of switching states
(0,0,0,0). If (17) is considered, (23) and (24) can be obtained.
Equation (25) is obtained by substituting (23) and (24) into (22)

ton min = Umin + Ureff + 1/2 (23)
ton max = Umax + Ureff + 1/2 (24)
Ureff = _(vmax + vmin)/2~ (25)
Therefore, the shifting voltage is defined as
Ushift = _('Umax + 'Umin)/Z (26)

where V.« is the maximum number from among v, ¢, Vs ¢, Ve f
and vy ; is the minimum number from among v, f, vy s, vy and

Vff-
C. Modifying 3-D Direct PWM for Four-Leg VSIs

The reference voltage of each leg of a two-level four-leg VSI
can be calculated once the shifting voltage has been determined
27

Urefj = Vjf + Vshift j = a, b7 ¢, f

According to (17), the output pulses can be generated using
the PWs determined by (28) for a two-level four-leg VSI

tonj = Vjf + Vshire +1/2 j =a,b,c, f. (28)

For a multilevel four-leg voltage source inverter, (28) is re-
placed by (29), since the normalized voltage of the mid-point of
the dc bus is (N —1)/2

—1)

2

If the normalized reference voltage of the fourth-leg of a
three-level VSl is 1.4, the switching states of the fourth-leg vary
between Sy = 1 and Sy = 2 in one period, and the dwell time of
S¢ =2 equals 0.4* Ty. In the 3-D direct PWM, the integer part
of v, determines the switching states of the corresponding leg
in one PWM period; the fractional part of v..; determines the
PW. Therefore, the 3-D direct PWM is likewise able to control
multilevel four-leg VSIs.

Uretj = Ujf + Vshitt + J =a, b*, ¢, f (29)

IV. GENERALIZED PW MODULATOR

3-D direct PWM can be applied to three-leg center-split
VSIs and four-leg VSIs from two-level to multilevel topologies.
Therefore, a generalized 3-D direct PWM is proposed and the
flow chart for implementing the generalized 3-D direct PWM is
shown in Fig. 5. Since the generalized 3-D direct PWM is based
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on voltage-second approximation as the conventional SVM, it
also has the merits, such as a constant switching frequency, low
output ripples, etc.

Based on the 3-D direct PWM, a generalized PW modulator
is developed in this paper by using a XILINX XC3S400 FPGA.
The FPGA provides benefits, such as high operating frequency,
parallel processing capabilities and user definable I/O ports.
The design of the generalized PW modulator was described
via VHSIC Hardware Description Language (VHDL). The
synthesis, placement and route were implemented in an ISE7.1i
environment. The frequency of the external clock was 40 MHz,
and 19% slices of the FPGA were used. The idle capacity of
the FPGA could be used to implement other tasks, such as
soft-switching, protection circuits etc. The block diagram of the
generalized PW modulator is shown in Fig. 6, which consists
of three modules.

A. Data Buffer

The I/O port of the PW modulator consists of a 12-b data bus
and a 3-b address bus. The phase-to-neutral reference voltages
are modified according to (30), before being transferred to the
FPGA in every sampling period

‘/refa/E
‘/refb/E
I/vrefc/l?

Trer = INT | 500 x +250(N —1)  (30)

where N is the level of the VSI and F is the dc voltage of one
level. The floating-point arithmetic becomes fixed-point arith-
metic via (30).

The period of the digital counter is set to 1000 and its con-
trol clock period is 0.2 us, when the switching frequency is
5 kHz. The period of the control clock is much shorter than the
turn-off time of most power switches. For example, the max-
imum turn-off time of the IGBT used in prototypes is 3 us.
Hence, representing the PWs by an unsigned integer is accept-
able when the PW modulator is designed. In addition, 10-b A/D
converters are used in prototypes in this paper. When a five-level
VSI is controlled, the reference signal sending to the FPGA is
in the range of 0-2000. Hence, 12-b integer realization was se-
lected for the design of the PW modulator.

The data buffer also contains a 12-b control register which
needs to be initialized before the PW modulator is triggered to
operate. The detailed description of the control bits are provided
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TABLE I
SWITCHING TABLE OF A THREE-LEVEL VSI
Voltage S, S,' S/z S,'_g S,’
0 0  |Turn-off |Turn-on |Turn-off |Turn-on
E 1 Turn-on |Turn-off |Turn-off |Turn-on
2E 2 |Turn-on |Turn-off |Turn-on |Turn-off

hereinafter, in which Bit O represents the least significant bit and
Bit 11 is the most significant bit.
¢ Bit 0-1 Level: The level of the inverters to be controlled

Bit 1 Bit 0 Inverter Level N
0 0 2
0 1 3
1 0 4
1 1 5

* Bit 2-4 SPD: Input clock prescaler for the PWM core

000 E/2 100 F /32
001 F /4 101 F /64
010 F/8 110 F /128
011 F/16 111 F /256

F=FPGA input clock frequency

e Bit 5 Mode: The topology of the inverter

0 Three-leg center-split VSI.
1 Four-leg VSI.
* Bit 6 Reset: Reset the PWM core
0 Reset entire PWM core(counter is set back
to 0).
1 No effect.

* Bit 7 Handshaking

0 The reference data in registers are ready.
1 The reference data in registers are being
modified.

* Bit 8-10 SDP: Input clock prescaler for the dead-time con-
troller. Scaling table is the same as that for SPD.
* Bit 11 Reserved.

B. Direct PWM Core

The direct PWM core contains a divide-by-n counter which
scales the external input clock to provide clock signals for com-
parators and 12-b counters. The 12-b up-down counter is trig-
gered by the rising-edge of the “Reset” bit in the control register.
The counter first operates in up-counting mode, counting from
0 to 500. The counter is then in down-counting mode until its
output reaches 0. The final PWM output frequency can be de-
termined by

f=F/r./1000 31)

where F' is the frequency of the external clock and r. is the
scaling ratio of the divide-by-n counter which is determined by
the value of SPD in the control register.

The PW generator calculates the PW of each switch ac-
cording to the states of control bits “Level” and “Mode.” The
detailed steps are as follows.
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1) The reference signals are read from the registers and the
reference voltages of each leg are calculated according to
(32), where V,.g always equals 250 (N —1)

Vi = Viefi + Veniee =250 x (N = 1) j=a,b,c,f (32)
where
Vinax+Vmin —
Vinite = {500X (N —1) - Zmasg=mn Mode =1
0 Mode =0
(33)

2) Calculate the PW of each switch of the inverter.

In the proposed 3-D direct PWM, the output pulses of each
leg are generated as depicted in Figs. 3 and 4. However, the
objective of the PW modulator is to generate the trigger sig-
nals for every switch of a VSI. The output pulse of each leg in
Fig. 3 needs to be transferred to the trigger signals of each switch
of a VSI. Conventional SVM solves this problem by means of
a switching table. The switching table for a three-level VSI is
shown in Table I in which the states of all switches of a leg cor-
responding to an output voltage are listed.

As the level of the inverter increases, the switching table be-
comes more complicated and takes up more memory space. A
new method is proposed in this paper for the design of the gen-
eralized PW modulator in which the PW of each switch is di-
rectly determined by the reference voltages. For an N -level VSI
there are 2(IV — 1) switches in each leg. The 2( N — 1) switches
are numbered according to the following rule: All the switches
above the point where the output voltage is connected are num-
bered by odd values from S;1, Sj3 - - - t0 Sj(2n—3), while all the
switches below that point are numbered by even values from
Sj(2N—2)7 Sj(2Nf4) --- to SJQ(J = a, b, c, f) The numbering
of the switches is illustrated in Fig. 1.

Therefore, the 2(N — 1) switches of one leg can be divided
into (N — 1) pairs. If the switch pairs are numbered by odd
value ‘n” (0 < n < 2N — 3), the mnth pair consists of two
switches, which are S, and Sj(,,41). The states of the two
switches of the same pair are always opposed. Hence, if the
trigger signal for the switch S}, is determined, the trigger signal
for its counterpart S;(,,41) can be generated by reversing S, .

After the switching table was analyzed, it was found that the
states of all the odd-numbered switches could be determined ac-
cording to the value of the switching function S;. It is assumed
that S; equals K. All the odd-numbered switches whose number
is larger than (2K — 1) are turned off, and all the odd-numbered
switches whose number is less than or equal to (2K — 1) are
turned on. In the 3-D direct PWM, the output switching state of
each leg varies between S; and S; + 1 during one PWM pe-
riod. Hence, the switches from Sj1 to Sj2x 1) are turned on
during the whole period. Switches whose numbers are larger
than (2K + 1), are always turned off. Switch Sj(ax 41y is first
turned off, and then turned on when the output state is changed
to S; + 1. The PW of S; + 1 is simply the PW of the trigger
signal of switch ;2 41). Therefore, the PW of each switch
can be determined by

50(N —m) + (Vjn — 250(N — 1))

O(I_m)—f_‘/]n ] = a7b7c7.f' (34)
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Fig. 8. Simulation system configuration.

If the symmetrical aligned scheme is adopted in generating
the trigger signals, the value, which is compared against the
output of the counter, is expressed as

Tyt = (500 - Tj,) /2

=2500m+1)-V;, j=ua,b,ec,f.

The T},,r is compared to the output of the 12-b counter at
every falling edge of the clock signal. When the output of the
counter is larger than the T},,; of the mth switch, the trigger
signal of this switch is forced into high mode. Otherwise, the
trigger signal is low. The switching state of the switch with the
number m+-1 is obtained by reversing that of the mth switch.
Generation of the trigger signals of the four switches of leg A
of a three-level inverter is illustrated in Fig. 7.

In this case, T,,37r and T},1; are calculated by (35) and com-
pared to the output of the counter to determine trigger signals
of the switches S,1 and S,3. The trigger signals of switches
Sa2 and S,4 are obtained by reversing that of S,; and S,3,
respectively.

(35)

C. Dead-Time Controller

The dead-time controller is included in the generalized PW
modulator so that dead-times fit into the transition edges of
the trigger signals. The input clock of the dead-time controller
is first scaled according to the control bit “SDP.” The corre-
sponding clock that is obtained is used as the clock signal for a
counter which periodically counts from “0” to “40.” Hence, the
dead-time is calculated by

Ty = 40/(F/ra) (36)
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Fig. 9. Output voltage of a two-level three-leg center-split VSI.

where F' is the input frequency of the external clock and 74 is
the scaling ratio.

V. SIMULATION RESULTS

Simulations are implemented by Matlab/Simulink. The sim-
ulation system configuration is shown in Fig. 8. The output
voltages of the inverter are passed through an output filter and
applied to three-phase balanced loads. The filter is designed
to smooth the pulse train and recovers average analog wave-
forms. The proposed generalized 3-D direct PWM is applied in
order to control the three-phase four-wire VSIs to track refer-
ence voltages.

The reference voltages are selected to illustrate that both pure
sinusoidal and harmonic-injection phase-to-neutral voltages
can be generated by using the proposed 3-D direct PWM.
A two-level center-split VSI, a three-level center-split VSI,
a five-level center-split VSI, a two-level four-leg VSI and a
three-level four-leg VSI are controlled respectively. The refer-
ence and output voltages of each leg of the corresponding VSIs
are shown in Figs. 9 —13.

The voltages after passing the filter and currents through the
loads when a three-level center-split VSI is used are shown in
Fig. 14. Similar results were obtained in the four other cases.

The total harmonic distortion (THD) and root mean square
(RMS) values of the output voltages after passing the filter are
provided in Table II. The simulation results indicate that the gen-
eralized 3-D direct PWM can control the three-leg center-split
VSI and four-leg VSI from two-level to multilevel topologies.

VI. EXPERIMENTAL RESULTS

A. Testing Generalized PW Modulator

Prototypes for a two-level center-split VSI, a two-level
four-leg VSI and a three-level center-split VSI were built.
The FPGA-based generalized PW modulator was applied to
control these VSIs to track the given references. The block
diagram for the control system is shown in Fig. 15. A DSP
(TMS320F2407) was used to generate the reference voltages
and send the references to the data buffers in FPGA.
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Fig. 11. Output voltage of a five-level three-leg center-split VSI.
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Fig. 12. Output voltage of a two-level four-leg VSI.

The RMS value and THD of the references, which are
generated by the 16-b fixed point DSP, are listed in Table III.
The dc bus voltage is 200 V and PWM frequency is 5 kHz.
The experimental system configuration is the same as that in

simulations. The experimental results of controlling a two-level
center-split VSI, a three-level center-split VSI and a two-level
four-leg VSI are shown in Figs. 16 —18, in which the output
voltages of the VSIs, the voltage across the loads and the
current passing through the loads are provided. Neutral currents
are also recorded.

The RMS and THD of the voltages across the loads are pro-
vided in Table III. The experimental results show that the FPGA-
based generalized PW modulator can control the three-phase
four-wire VSIs to trace the given references. However, the THD
values of the two-level four-leg VSI are not satisfactory. In the
experiment, the inserted dead-time affects the performance of
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Fig. 15. Block diagram for the control system.
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Fig. 16. Experimental results of a two-level center-split VSI: (a) output volt-
ages of the VSI and (b) load voltages and currents.

the four-leg VSI. The performance of the two-level four-leg VSI
is deteriorated when the reference voltage of the fourth-leg is
low compared to the dc bus voltage. Better performance can be
obtained when the modulation index is increased.

B. Applications of Generalized PW Modulator in Three-Phase
Four-Wire APFs

Three-phase four-wire active power filter prototypes were
also built, as shown in Fig. 19, in which a two-level four-leg
VSI and a three-level center-split VSI are used, respectively.
The control system configuration is the same as that in Fig. 15.

The DSP is used to calculate the reference voltages. The in-
stantaneous reference current, for the sake of compensation,
is determined by the generalized instantaneous reactive power
theory [16]. The reference voltage vector at time KT is calcu-
lated by (37), [19], where T is the fixed sampling period

TKT] = 7s[KT]
R.
¢ Ue[KT]
— (1= AX)ic[KT]}

(37
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Fig. 17. Experimental results of a three-level center-split VSI: (a) output volt-
ages of the VSI and (b) load voltages and currents.
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Fig. 18. Experimental results of a two-level four-leg VSI: (a) output voltages
of the VSI and (b) load voltages and currents.

where
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TABLE III
PARAMETERS OF EXPERIMENTAL RESULTS
THD (% RMS (V
A B C A B C
References 100 1.7 1.7 50 | 44.1 | 3535
Two-level centre-split VSI 104.8 | 3.1 2.1 | 48.6 | 41.06 | 29.36
Three-level centre-split VSI 104.8 | 2.5 3.3 50.2 | 41.76 | 27.50
Two-level four-leg VSI 102.8 | 4.8 6.8 | 50.2 | 43.2 | 28.75
Source_Lyg, ta |
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s i, el i
E Non-Linear
::O\_H'WY\ —>
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Fig. 19. System configuration of a three-phase four-wire APF.
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Fig. 20. Current compensation of the APF using a two-level four-leg VSI.

The generalized PW modulator controls three-level
center-split VSIs to track the obtained references, com-
pensating for the current problems experienced in quality.
When a two-level four-leg voltage source inverter is used, the
neutral wire is connected to the fourth-leg of the voltage source
inverter. The system voltage, load currents and source currents
after compensation are shown in Fig. 20.

The THD of the load currents is approximately 30.2%. In
the experiment, the non-linear loads are connected to a 10 kVA
isolation transformer. The fundamental frequency component
of the maximum demand current of the loads are 5 A, and the
maximum short-circuit current at the point of common coupling
(PCC) is about 300 A. The THD after compensation should be
less than 12% according to the Std. IEEE 519:1992 recommen-
dation [31]. The THD of the source currents after compensation
is reduced to 7.1%. The neutral current is also greatly reduced
after compensation.

When a three-level center-split VSI is used in the three-phase
four-wire APF, the load currents and the source currents after
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VSL

TABLE IV
COMPENSATION RESULTS OF APF
THDA | THD B | THD C | Neutral
Load currents 252% | 253% |254% | 1.56A
Source currents after compensation 7.5% 6.5% 6.2% | 0.53A

Po“ er factor=0.84 " Power factor=0.98 _
_Displacement P.F. =0.89 Displacement P.F.=1.00

U

pvj A4

(a) (b)

Fig. 23. Reactive power compensation (a) voltage and load current and
(b) voltage and source current.

compensation are shown in Figs. 21 and 22, respectively. The
corresponding THD values are listed in Table IV, in which the
RMS values of the neutral current before and after compensation
are also shown.

Reactive power compensation is illustrated in Fig. 23, where
Fig. 23(a) shows the system voltage and load current and
Fig. 23(b) shows the system voltage and source current after
compensation. The corresponding power factor and displace-
ment power factor are provided in Fig. 23. The results indicate
that the current harmonics, reactive currents and neutral cur-
rent are compensated simultaneously by using the proposed
generalized PW modulator to control the APF.
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VII. CONCLUSION

In this paper, a generalized 3-D direct PWM is proposed
which can control the two most widely used three-phase
four-wire VSIs—three-leg center-split VSIs and four-leg
VSIs—from two-level to multilevel topologies. The proposed
3-D direct PWM is based on voltage-second approximation
and generates PWM outputs according to the reference of each
leg. A shifting voltage is introduced in order to determine the
reference of each leg of a four-leg VSI. In this way the 3-D di-
rect PWM is likewise able to control four-leg VSIs. Simulation
results are provided to show the validity of the generalized 3-D
direct PWM.

In order to release the loads of the digital controllers and
save the time for implementing PWM for each specific inverter,
a FPGA-based generalized PW modulator was developed ac-
cording to the 3-D direct PWM outlined in this paper. The gen-
eralized PW modulator is able to control three-leg center-split
VSIs and four-leg VSIs from two-level to multilevel topologies.
Experimental results are provided to show that the generalized
PW modulator can control the three-phase four-wire VSIs to
track the reference voltages.

Therefore, the proposed generalized PW modulator can be
used in applications such as adjustable speed drivers and un-
interruptible power supplies, where three-phase balanced refer-
ence voltages are adopted. It can also be applied in cases where
unbalanced and harmonic-injection references are used, such as
active power filters and dynamic voltage restorers. In this paper,
the generalized PW modulator is applied to active power filters
to control three-phase four-wire VSIs. The experimental results
indicate that the current harmonics, reactive currents, and neu-
tral current can be compensated simultaneously by the proposed
PW modulator.
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APPENDIX

In this section, the equivalence between the 3-D direct PWM
and 3-D SVM in [15] is proved when a multilevel three-leg
center-split VSI is controlled. The normalized reference voltage
vector is decomposed into an offset voltage vector and a two-
level voltage vector in the 3-D SVM

77ref = Uoffset + Utwol (Al)
where
Voffseta Int ('Urofa)
170ffset = | Voffsetb = Int(vrefb) (A2)
Voffsetc Int (Urefc )

If (Voffseta, Voffseth, Voffsete) €quals (Sa, Sb, Sc), the reference
voltage vector must be located within the confines of a two-
level space vector allocation as shown in Fig. 24 in the o —
[—0 coordinates. The projection on the & — (3 plane is shown
in Fig. 25.

In the 3-D SVM, the reference voltage vector is synthesized
by four neighbouring vectors. If the dwell time of each vector
is normalized by the PWM period T, (A3) and (A4) can be
obtained

ﬁref - 171t1 + '172t2 + ’173t3 + ’l74t4
t1+to+t3+1t4 =1.

(A3)
(A4)

The neighbouring vector 7 is the offset vector determined by
(A2), which is located at the center point of the eight vectors on
the o« — (3 plane. ¥ and ¥/3 are the neighbouring vectors of the
reference voltage vector on the o — (3 plane. The zero-sequence
compensation is achieved by introducing the fourth vector in
reference voltage approximation, and is always (S, + 1,5} +
1, S.+1). Hence, each section on the e — 3 plane, as illustrated
in Fig. 25, corresponds to one output switching sequence. The
switching sequences and boundary conditions for each section
are provided in Table V. The dwell times are also provided in
Table V. After the dwell times of each neighbouring vector are
determined, the PW output can be generated, also illustrated in
Fig. 3.

The two-level voltage vector can be expressed in the a-b-c
coordinates as (A5). According to the & — f—0 transformation,
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TABLE V

BOUNDARY CONDITIONS, NEIGHBOURING VECTORS
AND DWELL TIMES OF 3-D SVM

Vovorp T ‘/ivnmm <0

Vy=(S,.8,+1,S_+1)
v, =(8,+1,8,+1,.8.+1)

Section| Boundary conditions Neighboring Vectors Dwell times
Viors >0 V=(8,.5,.5,) h=l-t-t,-4
"~ %, (8, 41,5,.5,) by = (312, ~ 051,
I Viwota >0 -
J3 0 V= (S, +1,S5,+1,8,) f :\/Evnmlﬂ
Vaworp =N Visola < =
' ' Vo=(S,TLS, LS. A1) g =y /B—1,/3-21,/3
5,=(S,.8,,5.) h=l-t,—t;—t,
Viotp > 0 V,=(S,.5,+1.8,) 5 :7;_\/gvnmra
1T - f
Vivolpp| ~ \/glvm-a/u[ >0|V;=(S,+1,8,+1,S,) L =V3/2V, e FVY 2V,
Va= (S, +LS,LSA) g oy 31, /3-26/3
5= (8,,8,.5.) h=l-t=t-14
Viwoip > 0 ~ . N
v,=(S,.5,+1.S,) L =NV,
i Vivola <0

= (312, ~051,
[ :V/\mm/‘/g_lz /3-21,/3

Viwolp < 0

v v, <0

twola

Viwolp ~ \/gvm'u/lx >0

vi=(8,.5,.5)
v,=(S,.5,.8.+1)
Vy=(8,,8,+1,8, +1)
V,=(S,+1,8,+1,8_+1)

t :l—tl -1,

t, =_‘/E"nm//f
ty=(—3/2)v,,,, —0.51,
INB—t,/3-21,/3

1y =V

Vovorp T \/gvnw/a >0

Vy=(S8,+1,8,,.8, +1)
V,= (S, +1,8,+1,8_ +1)

7,=(5,.5,.5,) h=l=t-t

v Viwatp <0 V,=(8,.S,.5.+1) 5 :[1_\/5":“@1(1

Vivolp _‘/glvnm/u >0 [V =(S,+1,S,.5.+1) L=A3/2v, 0, =N 2V,
V= (S, LS, LS AN g oy 31, /3-26/3
7,=(5,.5,.5.) h=1-6 -1
Vivorp < 0 _ J_—

V= (S, +1.5,.5,.) 6, =(312),, =0.5:1

Y Vivora >0

L= _\/Evmnl/}
INB=t,/3-21,/3

14 =Yool

the two-level voltage vector in the « — 3—0 coordinates can be

expressed as (A6).

Uret = UtwolaTa + VtwolbTb + VtwocTle

2 1 1
Vtwolaw = \/; (Utwola — 3 Utwolb — §Utwolc)

Vtwols

= %(vtwolb - vtwol(‘,)

(A6)

_ 1
Vtwolo = ﬁ(vtwola + Vtwolb + Utwolc)

If the sequence in Fig. 3 is chosen as an example, the PW of

each phase are expressed as

tona = T2 + 13+ 14

tonh = t3 + t4
tonc = t4

(A7)

(AS5)

where tona, tonb and tonc are the PWs, as shown in Fig. 3. The
sequencing in Fig. 3 corresponds to the Section I in Table V. If
the formula for calculating dwell times in Table V and (A6) are
substituted to (A7), (A8) can be obtained
tonj = Vtwolj J = @,b,c. (A8)
Equation (A8) indicates that the PW of each phase equals the
normalized two-level reference voltages. It can be proved that
(A8) is also valid if the reference voltage vector is located in the
other five sections. Equation (AS8) is the same as (13) which is
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used for calculating the PW of each leg in the 3-D direct PWM.
Therefore, the equivalence between 3-D direct PWM and the
3-D SVM is proved.
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