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Abstract—This paper describes a novel switching signal genera-
tor for three-phase voltage source inverters. Unlike conventional
space-vector pulsewidth modulation (SVPWM) which achieves
three-phase input voltage by a combination of the basic space vec-
tors, the proposed scheme produces optimal switching commands
to minimize the filtered measure of quantization error. Under
specific selections of the filter matrix and the quantization scheme,
it is shown that the proposed modulator is equivalent to SVPWM.
An experimental platform is built to verify the effectiveness of the
proposed scheme. It is shown that the switching number of the
proposed method is reduced without sacrificing the harmonic dis-
tortion within the input frequency band under various reference
signals.

Index Terms—Feedback quantization, optimal control, three-
phase voltage source inverter (VSI).

1. INTRODUCTION

ARIOUS pulsewidth modulations (PWMs) have been

proposed to generate the control commands of three-
phase voltage source inverter (VSI) for ac variable-speed drives.
To achieve a wide linear modulation range, PWMs such as
third harmonic injection PWM [1], zero-sequence signal injec-
tion PWM [2], and space-vector PWM (SVPWM) considering
switching state redundancy [3] are employed. For simple digital
implementation, SVPWM has been developed to maintain the
wide linear modulation range of line-to-line output voltage [4]-
[9]. The relationship between SVPWM and carrier-based PWM
is studied by shifting the efficient conducting time [5], [6],
changing modulation signals [2], [10], [11], or using different
zero-vector distributions [12]. Following these methods, vari-
ous PWMs with different levels of performance are obtained.
Notably, the unified method presented in [S] simplifies the
implementation of two (or more) PWM modulators in one
system for different modulation indices.

In the control of VSI, beside properties such as linear modu-
lation range, simplicity of implementation, and total harmonic
distortion (THD), an important factor is the power efficiency
of the system. Since the switching loss of power MOSFETs
dominates the total power loss in power converters [13], re-
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ducing the switching number without increasing the harmonic
distortion is a major issue in improving power consumption and
the operational lifetime of the switches [14].

However, in the PWM, the switching number of control
commands is fixed once the carrier frequency is determined.
For example, in the centered SVPWM [15], each switch turns
on and off once per input sample; thus, the switching number
is 6 x f. per second when the input is sampled at f. Hz.
Rearranging the distribution of switching commands can reduce
the switching number needed in one sampling period to four
without influencing the output average voltage of VSI [7], [9],
[16]. Therefore, the minimum switching number of SVPWM is
4 x f. per second for a carrier frequency of f. Hz. Reducing the
carrier frequency is the only way to further reduce the switching
number. Nevertheless, the size of passive components for an
output low-pass filter and the THD of output currents increases
as the carrier frequency is reduced [13].

Recent research works to reduce the harmonic components of
the current produced involve modified SVPWM for multilevel
inverters [15], [17]-[21], space-vector-based hybrid PWM [22],
and optimized SVPWM [23]. In [22], the states are rearranged
so that the harmonic distortion is reduced and the switching
number is maintained to be comparable with that of centered
SVPWM. The method in [23] employs optimal algorithm to
select the active states that synthesize the reference input, to
decide the usage of zero sequence and the order of the active
states.

This paper focuses on the switching signal generation for
three-phase two-level VSI to reduce switching number (as
compared with central SVPWM) without sacrificing harmonic
distortion. The multidimensional feedback quantization modu-
lator (MDFQM) is proposed. The control of VSI with three-
phase input is first formulated as a constrained optimization
problem and then solved by adopting vector quantization. The
relationship between MDFQM and SVPWM is also discussed.
A platform is built to demonstrate the proposed modulator. Both
SVPWM and MDFQM methods are implemented on a field-
programmable gate array (FPGA). Experimental results tell that
the proposed scheme tends to spread the noise energy over a
wider band, i.e., sideband noise is reduced.

II. THEORY OF SVPWM

A. Power Amplifier Scheme

Fig. 1 shows the simplified structure of a three-phase VSI,
where Vo, V4o, and V. are the output voltages of the inverter
(with reference to ground). Each switch is composed of a
semiconductor and a free-wheeling diode. Two switching states
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Fig. 1. Three-phase VSI topology.

exist in one bridge leg: Only the upper or the lower switch is
turned on. The switching state is denoted as +1 (0) when the
upper (lower) switch of the half bridge is turned on, such that
the inverter output voltage is connected to the positive supplied
voltage (ground). The switching states are represented by a vec-
tor [a b c]T, where a, b, c € {0,1}, indicating the state of each
leg. The following equations give the relationship among line-
to-line voltage [Vap Vie Vea]T, phase voltage [Von Vi Ven] T,
and the switching state:

Vb | 1 -1 0 a
‘/bc = Vdc 0 1 -1 b (1)
Vea | -1 0 1 c
Van | [ 2/3 -1/3 -1/3] [a
Viv | =Vae | =1/3 2/3 —1/3||b]. @
Ven | | -1/3 -1/3 2/3 c

B. SVPWM

Assume that the three-phase input vector is sampled at a
frequency f.. The concept of SVPWM is to switch among
eight switching states such that, for each sampling period
T.(=1/f.), the average inverter output is the same as the aver-
age reference input. For simplicity, the three-phase input/output
voltage vectors are transformed into a«— /3 coordinates using the
well-known transformation matrix Typ.—og (3). Notably, the
row vectors of T ;.o are the eigenvectors of the transforma-
tion matrices in (2) that correspond to the nonzero eigenvalues

Tabc_ag:ﬁ [é s A } 3)

_\/g /2

Fig. 2 shows the a— 3 components of eight line-to-line volt-
ages. Two zero vectors Uy and U7 correspond to the switching
states [0 0 0] and [1 1 1]T, respectively, and six nonzero
vectors specify the axes of a hexagon. The angle between
any two adjacent nonzero vectors is 60°. These eight vectors
Uy ~ Uy are called basic space vectors, and each corresponds
to one switching state vector.

The a— 3 component of the three-phase line-to-line reference
vector is denoted as U,¢. The purpose of SVPWM is to find out
durations 7;, where ©« = 0,1, ..., 7, for each basic space vector
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Fig. 2. Basic space vectors.

such that the average inverter output approximates the average
reference input. Therefore

7
where ZT =T.. (4

1
Uset (nT2) = 7 > TiU;,
: =0

o

Usually, only the two nearest nonzero basic space vectors to
U,ef are used: T3 =Ty = T5 = T = 0 when U, lies in the
sector that is formed by U; and U, (Fig. 2). Equation (4) is
solved easily, as shown in the following:

T.
|:Tj:| - Tc[Uj Uk ]71Uref
k

To+Tr =T, - T; — T 5)

where j, k=1, 2,3,4,5, 6 and U; and Uy, are the adjacent
basic space vectors that form the sector that contains U..s.
Once the active period for each basic space vector is acquired,
the switching commands in a sampling period are obtained
from a lookup table.

For digital SVPWM implementation, the system clock rate
is determined by the carrier frequency (reference sampling
frequency) and the pulsewidth resolution. For example, the
clock needed in an SVPWM system with carrier frequency f.
Hz and b-bit pulsewidth resolution is (f. x 2°) Hz.

III. MULTIDIMENSIONAL FEEDBACK QUANTIZATION

Through out this paper, the input reference r and output of
MDFQM u are written as u = [uy ug u3]’, v = [r1 7o r3]7T.
Vectors u,,r, € R? are defined as the last two elements of u
and r, respectively, i.e., u, = [ug uz)T, v, = [ra 73] T and u, =

[O 1 O} wr, — {0 1 O] r. For three-phase line-to-line

0 0 1 0 0 1
input vector r and output u, u = R,u,, and r = R,r,., where
T
. -1 1 0
R, is defined as R, = {_1 0 1}
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The set S which consists of the seven achievable line-to-line
voltages from (1) is written as

0 1 01 [-1]1 [-17 [o 1
s=<lol, o, [1]|.[1],]0],]|=1],|-1
0 1l |-1] | o 1 1 0

The vectors in the set S,, w, € R? satisfy w, =
0 1 0
0 0 1

WL BB R

Moreover, the vectors in the set Spwm, Wpwm € R? with
n-bit resolution are written as

w, where w € S, i.e.,

Wpwm = WU + U1 + (m — 11 — 12)U;

where m =2", i€{1,2,3,4,5,6}, j=0 or 7, l,lx€
{0,1,...,m},and l; + Iy < m. U; and U,y are the adjacent
basic vectors (Fig. 2); the set Spwm represents the achiev-
able VSI output voltage within one input period with n-bit
resolution.

The MDFQM feedbacks the quantization output so that the
weighted quantization error is minimized [24], [25].

A. Problem Formulation

The control of VSI can be viewed as a constrained optimiza-
tion problem. The objective is to find an output vector u € S
that approximates the three-phase input r over the passband
of the three-input—three-output filter matrix W. Therefore, the
power of the instantaneous weighted error e(k) is expected to
be zero. e(k) is the inverse z-transform of E defined as E =
W (R — U), where the elements of R and U are z-transforms
of the elements in r and u, respectively.

The filter matrix W can be selected as the approximated
response of VSI output load and is written in the state-space
form

x(k+1) =Ax(k) + B (r(k) —u(k))
e(k) =Cx(k) + D (r(k) — u(k)) (6)

where x € RP, u,r,e € R?, A € RP*P, B € RP*3,
R¥>P, D € R*3, and p is the number of system states.

Ce

B. Optimal Solution

To solve the constrained output problem, first define the
cost function V' as the square value of e(k). From (6), V is
written as

V (k) =e(k)" Pe(k)
= f (x(k),r(k)) +u(k)* DT PDu(k)
—2u(k)TDTP (Cx(k) + Dr(k)) @)

where matrix P is symmetric and positive definite (PT =

P > 0), Q satisfies QTQ = DTPD, and f(x(k),r(k)) is a
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Fig. 3. Block diagram of MDFQM.

term independent of u. Intuitively, V' is at its minimum when
u = u,, where u, = D7'(Cx(k) + Dr(k)), which is called
the unconstrained optimal control force. To find the optimal u
from the set S such that V' is minimum, first let v.= Qu; then,
(7) is written as

V(k) = f (x(k),x(k)) +v(k)"v(k)
—2v(k)TQD ™! (Cx(k) + Dr(k)).  (8)

Thus, the level sets of V are spheres in R3 that are
centered at

Qu, = QD! (Cx(k) + Dr(k)) . ©)

Notably, the values of V' for some vectors in R? are pro-
portional to the distances between those vectors and Qu,,
measured in the two-norm sense. Therefore, once the nearest
vector to Qu,, in the set S that consists of vectors w = Qw,
w € S, is found as w*, the optimal output vector u* is obtained
and is of the form u* = Q'w* € S.

The process of finding a nearest vector to Qu,, in the con-
strained set S is called 3-D nearest vector quantization, denoted
as ¢g{.}, i.e., ¢5{Qu, } = W*, and the output command u can
be written in the form

u=Q 'v =Q '¢3{Qu,}. (10)

Equation (10) indicates that the unconstrained optimal con-
trol force u,, is first mapped to the space that is defined by
the columns of Q, to find the constrained control force, and
then transferred back to the original space by applying Q~!.
A different filter matrix W or different cost function (different
matrix P in (7)) will result in a different mapping matrix Q and
a different filtered error e to be minimized.

C. Multidimensional Feedback Quantization Modulator

Fig. 3 shows the block diagram of MDFQM. The switch-
ing command generator block produces control commands for
switches S1 ~ Sg (Fig. 1) from u by a lookup table. Assume
that the sampling frequency of input r is f. and the oversam-
pling ratio is m. The system is operated at the frequency m f..

The optimal decision block computes the unconstrained op-
timal control force according to (9). Then, the quantization
block that is composed of a space mapping module and the
nearest vector quantizer computes a constrained control force
that belongs to the set S.
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D. Vector Quantization With Reduced Dimension

With three-phase input r and the three-phase VSI output
voltage u, the 3-D solution in (10) can be transformed into a
2-D expression, as described in Proposition 1.

Proposition 1: The system given by (6) and (7) with control
signals u obtained by (9) and (10) and three-phase input r is
equivalent to the system

x(k+1) =Ax(k) + B (r(k) — Ryu,(k))
e(k) =Cx(k) + D (r(k) — R,u,.(k))

with control signals u, = RIlqg {R1u,,}, where x € RP,

A € RP*P B € RP*3,C € R®*?,and D € R3*3. The matrix
R, € R?*2 satisfies

R'DTPDR, = RTR, (11)

and u,, = R{'R;TRTDTP(Cx(k) + Dr(k)), where the
image of the 2-D nearest vector quantizer denotes the vectors
in the set Sr, denoted as w,., satisfying w,, = Ry w,.

Proof: For u = R,u,, the cost function in (7) is written

as a function of the 2-D vector v, 2 Riu, € R?
V (k) =e(k)"Pe(k)

= f (x(k), x(k)) + v (k) TV (k)

—2v,. (k)R "R D"P (Cx(k) + Dr(k)). (12)

The unconstrained optimal control command u,., is defined
as a 2-D vector in which the cost function (12) is minimized

Vru 2 Ry, = R{TRTDTP (Cx(k) + Dr(k)).  (13)

The nearest vector quantization is then a 2-D quantizer with
output

u, = Rflqgr{Rlum}. (14)
]
The reduced dimensionality of MDFQM means that, al-

though the size of control vector u is three, the optimization

problem involves only two degrees of freedom. Fig. 4 shows
the block diagram of the reduced MDFQM, and the 2-D vector
quantization can be easily implemented using an arithmetic

expression, as discussed in [24] and [25].

E. Relationship Between SVPWM and MDF QM

In SVPWM, input r and output u are mapped on the a—j3
plane to simplify the calculation. Control commands are then
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generated in the sense that the average VSI output voltage
approximates the average reference input. In the proposed
MDFQM with reduced dimensions, the unconstrained opti-
mal control force u,, is initially mapped to a space that is
defined by the columns of matrix R; [see (12)—(14)], and
then, the system produces the control u via the nearest vector
quantizer.

This section demonstrates that there exist W and P such that
the mapping matrix R, mapped the vector u,,, onto the a—(
plane with exactly the same coordinates as SVPWM. Therefore,
under a specific image of the quantizer, SVPWM is a special
case of the MDFQM.

Proposition 2: The MDFQM system described in
Proposition 1 is exactly an n-bit resolution SVPWM when the
following conditions are satisfied.

1) W is a diagonal filter matrix with a pure integrator on its

diagonal.

2) The oversampling ratio is m = 2", and zero-order hold is

used as an up sampler for input reference r.

3) The cost function is defined as

V (k) = e(mk +m)Te(mk +m).

4) The image of the nearest vector quantizer ¢g {.} are
pwm

vectors in the set gpwm, denoted as Wy, € R?*1, satis-
fying Wpwm = RaWpwm, where RIRo = RIR,,..
Proof: From assumption 1), W is written as

w(z) 0 0

W=| 0 w() 0 [, where w(z) = : T
0 0  w(z) S
The state-space matrices of the system are
1 00
A=B=C=D=|0 1 0
0 01
From 1) and (6)
mk+m mk+m
e(mk +m) =x(mk) + Z r(i) — Z u(i)
i=mk+1 i=mk+1
mk+m mk+m
=x(mk) + Z r(i) — R, Z u, ().
1=mk+1 1=mk+1

Therefore, the cost function is a function with variables
u,(i), i = mk + 1, mk + 2, - - - mk + m. From 2) and the de-
finition of u,, as the sum of the VSI output voltages within
one input period [ug, = (Z?;’j:ﬁl u,.(i))], the cost function
is written in the form

V (k) =e(mk +m)"e(mk + m)
=f(x,r) + ul, RIR,u,,
+ul RY (x(mk) +mr(mk +1)).  (15)

Finding the optimal sequence u(i), i =mk+ 1, mk+
2,---mk + m equates to finding the optimal achievable VSI
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output voltage u,,.. Once u,, is known, the duty cycle for
each basic vector is obtained, and the switching pattern within
a single input period can be produced by the methods described
with reference to the SVPWM. Equation (15) yields u,,

Uy = R;lquwm {Ry;"R} (x(mk) + mr(mk + 1))}
(16)

where RiR; = R'R, = i 5

—V3/vV2 —V3/V2 ,
V3/\/6 _\/g/\/é}The nput to

. Consequently, one can

choose Ry as Ry = [

g5 {.}is written as

pwm

R, "R} (x(mk) + mr(mk + 1))

=R,T {:1 (1) ﬂ (x(mk) + mr(mk + 1))

35 &

= Topc—ap (x(mk) + mr(mk + 1)) .

_‘%32] (x(mk) + mr(mk + 1)

A7)

Equations (16) and (17) reveal that the system first maps the
3-D vector (x(mk) + mr(mk + 1)) to the a— (3 plane and then
performs the 2-D nearest vector quantization gg - {.}, whose
image is exactly the same as the linear combination of any two
adjacent basic space vectors within one input sampling period.
Therefore, it is exactly the same as the matching equation
indicated in (4) if x(mk) = 0. Because x(mk) is the cumulated
error under condition 1), it can be written as [from (6)]

mk+m mk+m
x(mk) =x(m(k—1)) + Z r(i) — Z u(i).
1=mk-+1 1=mk+1

(18)
From 2), r(i) is a constant vector during i = mk + 1 ~
mk + m. One can rewrite (18) as

mk+m
x(mk) = x (m(k — 1)) + mr(mk + 1) — | > ).
1=mk-+1 (19)

Now, considering the case k =1 with zero initial value
(z(0) = 0), (19) becomes

m—+m
x(m) =x(0) + mr(m+1) — Z u(i)
1=m-+1
2m
=mr(m+1)— Y u(i). (20)
i=m-+1

Because Z?;"”LH u(1) is selected to be equal to mr(m + 1),
we obtain x(m) = 0. Following the procedure, it is easy to find
that x(mk) = 0 Vk, where k is an arbitrary positive integer. As
a consequence, the MDFQM with conditions 1)-4) is exactly
the SVPWM. |
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Fig. 6. Input and output relation of 2-D quantization block.

FE. Implementation of the Proposed Modulator

As an illustrated example, Fig. 5 shows the block diagram
of the software implementation of the system in Proposition 2.
Only multipliers and adders are needed to compute the signal
v, For implementing the 2-D quantization block, consider the
case n=0: m =1, and the image of q%svam{.} is exactly
the seven basic vectors (U;, © = 0 ~ 6 in Fig. 2). Based on the
concept of the nearest vector quantization %, {.}, we have

to choose among Uj;’s such that the distance between the input
and output of g5 {.} (vry and v, in Fig. 5) is minimized.
It is straightforvxi)ard to partition the aw—f plane into seven
regions (Fig. 6), where partition lines (the dashed lines in Fig. 6)
are the perpendicular bisectors of adjacent U;’s. For example,
line (a) is the perpendicular bisector of the line from Uj; to
U,. According to U; = (1/3/2,+/1/2) and U, = (0,1/2),
the equation of line (a) is easily obtained as y = v/3x, where
the input vector of 2-D quantization is written as v,., = [z y]T.
Therefore, the partition in Fig. 6 is the input/output relation of
g5 {-}. To obtain u, (see Fig. 5), v, is multiplied by R, .

pwm

For instance, when output of g5 {.}, v;, is Uz = (0, V2),
pwm
then

e el L] - [A)

The corresponding u, for each partition is also shown in
Fig. 6.

u, =R;'U; =
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Block diagram of the implementation platform.

Fig. 8. Experimental platform.

IV. DESIGN AND EXPERIMENTAL RESULTS

To compare the performances of MDFQM and
SVPWM, both algorithms are implemented in the FPGA
(FLEX10K100ARC). The block diagram of experimental
platform is shown in Fig. 7. The three-phase sinusoidal
comments sampled at 3 kHz are produced automatically by
FPGA, and the outputs of FPGA are six control lines with
2.19-ps blocking time for each phase to prevent arm shooting
through. The dc bus of the three-phase VSI is 10 V, and a
y-connected R load with a resistance of 8 {2 and an inductance
of 0.33 mH is used. The experimental platform is shown
in Fig. 8.

Two diagonal filter matrices W, and Wy with diagonal
terms w; = 2/(z — 1) and wy = 2%/(2% — 22+ 1) are se-
lected for comparison. W refers to MDFQM1, and W, refers
to MDFQM2. Fig. 9 shows the logic elements needed in FPGA
to implement SVPWM, MDFQM1, and MDFQM2. Only one
zero sequence, all phase legs connected to the ground, is
used in SVPWM to have the minimum switching number and
is denoted as DPWM [26]. The oversampling ratio of both
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Total logic elements 3,246 74,992 (65 %)
Total pins 97189 (4 %)
Total memory bits 0/49,152(0 %)
(a)
Total logic elements 3,70474,992 (74 %)
Total pins 9/189(4 %)
Total memory bits 0/49,152 (0 %)
(b)
Total logic elements 1,284 /14,992 (25 %)
Total pins 9/189(4 %)
Total memory bits 0/49,152 (0 %)

(©)

Fig. 9. Logic elements needed to implement different modulators. (a) MD-
FQMI. (b) MDFQM2. (c) DPWM.

i F ] |
i E” : | : BPWM
2 1l [1 IE—T : _] MDFQMI1
sl linln E m: ml -
T T T T e
E | | |
(0.2ms/div)

Fig. 10. Control signals for Sy (see Fig. 1) produced by different modulators.

MDFQMI1 and MDFQM2 is 4, such that the system is operated
at 12 kHz and the minimum pulsewidth is 1/12000 s. The bit
resolution of DPWM is 8, such that the minimum pulsewidth is
1/(3k x 28)s. Since the carrier frequency of SVPWM is 3 kHz,
the minimum switching number is 3k x 4 = 12k per second.
Fig. 10 shows the control signals for the upper switch of the first
phase leg (S7 in Fig. 1) produced by DPWM, MDFQM1, and
MDFQM?2. The frequency of the pulse signal (the fourth signal
in Fig. 10) is 12 kHz, i.e., the time for which MDFQM1 and
MDFQM?2 update output controls. Once the output controls are
updated according to the minimum error power, they will hold
at the same states until the next pulse occurs. Different from
MDFQMI1 and MDFQM?2, the control output of DPWM will
switch twice within every four pulses, i.e., at a rate of 3 kHz.

A. Experimental Results for a Large Modulation Index

Three-phase sinusoidal waves with a frequency of 60 Hz
and a modulation index of 0.5 are applied as reference signals.
Notably, the maximum modulation index for DPWM is 0.577,
without modification of the reference waveform (such as the
third harmonic injection). Fig. 11 shows the time/frequency-
domain analysis of the output current using the DPWM. Be-
cause of normal sampling, finite bit resolution, and dead-time
effect, the frequency response of the DPWM has baseband
harmonics. Figs. 12 and 13 show the analyses of MDFQM1
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Fig. 11.  Output current of VSI using DPWM. (a) Time-domain waveform of

three-phase output currents. (b) Frequency-domain analysis of phase-a output
current. (c) Zoom-in of (b) for low-frequency analysis.
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Fig. 12.  Output current of VSI using MDFQMI. (a) Time-domain waveform
of three-phase output currents. (b) Frequency-domain analysis of phase-a
output current. (¢) Zoom-in of (b) for low-frequency analysis.

and MDFQM?2, respectively. The frequency-domain analyses
[Figs. 11-13(b)] show that SVPWM produces a narrow-band
(tonal) noise while both MDFQM1 and MDFQM2 tend to
spread the noise energy over a wider band. Therefore, the side-
band noise (components around carrier frequency) is reduced
using MDFQM1 and MDFQM?2. For low-frequency analyses,
Figs. 11-13(c) show the spectrum components within 1 kHz.
MDFQM1 and MDFQM2 are likely to distribute the unwanted
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Fig. 13.  Output current of VSI using MDFQM2. (a) Time-domain waveform

of three-phase output currents. (b) Frequency-domain analysis of phase-a
output current. (¢) Zoom-in of (b) for low-frequency analysis.
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Fig. 14.  Output phase voltage of VSI using DPWM. (a) Time-domain wave-
form. (b) Frequency-domain analysis of phase-a voltage. (c) Zoom-in of (b) for
low-frequency analysis.

noise over the high-frequency band. As shown in Fig. 13(c),
the noise components of MDFQM?2 are relocated over 500 Hz,
which separates noise components from the fundamental signal.
The same results are found in the frequency analyses of phase
voltages in Figs. 14-16.
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Fig. 15. Output phase voltage of VSI using MDFQMI. (a) Time-domain

waveform. (b) Frequency-domain analysis of phase-a voltage. (¢) Zoom-in of
(b) for low-frequency analysis.
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Fig. 16. Output phase voltage of VSI using MDFQM?2. (a) Time-domain
waveform. (b) Frequency-domain analysis of phase-a voltage. (¢) Zoom-in of
(b) for low-frequency analysis.

For a fair comparison, two cases are demonstrated: 1) the
associated THD performance under a comparable switching
number per unit time and 2) the associated switching number
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TABLE 1
NUMBERS OF SWITCHINGS AND CURRENT THDs FOR CPWM,
DPWM, MDFQM1, AND MDFQM?2 AT DIFFERENT
FREQUENCIES OF THE REFERENCE SIGNALS

Input Signal Frequency 40 60 80 100
Hz Hz Hz Hz
No. of CPWM 1.8000 | 1.8000 | 1.8000 | 1.8000
Switching DPWM 1.1998 | 1.1878 | 1.1998 | 1.1398
persecond | MDFQM1 | 1.1520 | 1.1160 | 1.1520 | 1.1400
(x10% MDFQM2 | 1.0914 | 1.0966 | 1.1208 | 1.1056
Current CPWM 13.21 13.22 2.01 12.40
THD within |  DPWM 2291 23.10 4.63 24.10
[03k]Hz | MDFQMI1 | 22.57 2275 19.40 23.50
(%) MDFQM2 | 1723 15.41 17.09 16.85
Current CPWM 2.05 2.07 1.74 1.42
THD within | DPWM 276 2.74 423 5.01
[0500]Hz | MDFQMI | 272 3.28 3.07 245
(%) MDFQM2 1.85 1.74 1.82 1.81
TABLE 11

NUMBERS OF SWITCHINGS AND CURRENT THDs FOR CPWM, DPWM,
AND MDFQM2 FOR A 60-Hz REFERENCE SIGNAL
AT DIFFERENT MODULATION INDICES

Modulation index 0.2 0.3 0.4 0.5
No. of CPWM | 1.8000 | 1.8000 [ 1.8000 | 1.8000
Switching 70 [ 11878 | 11878 | 1.1878 | 1.1878
per second
(x 104 MDFQM2 | 1.9731 | 17663 | 1.4502 | 1.0966
Current CPWM 8.05 942 11.16 | 13.22
THD within =500 (5433 | 4433 | 3298 | 23.10
[0 3k] Hz
%) MDFQM2 | 2221 | 1605 | 1758 | 1541
Current CPWM 3.58 3.13 2.28 2.07
THD within
250 | 255 286 | 274
[0500] Hz | DPPWM
(%) MDFQM2 | 2.53 1.66 1.52 1.74

per unit time under a comparable performance of THD. To
show the performance in terms of the number of switchings
per unit time and THD, inputs with different frequencies are
investigated. A single switching occurrence is defined as occur-
ring when any one of the switches in the six-switch topology
turns on and off once. Two different SVPWM strategies are
used. CPWM refers to the centered SVPWM [15] which has
the optimal THD performance [21]. The switching number of
CPWM is six per input period. By choosing only one redundant
state (zero state) [7], [9], [16], the switching number is reduced
to four for each input period and is denoted as DPWM.

Table I presents the switching number and the THD within
3 kHz and 500 Hz for different switching strategies, where
current THD is calculated from phase currents. In this case,
the switching numbers of both MDFQM1 and MDFQM?2 are
comparable with that of DPWM. The THD of MDFQM?2 is
lower than that of DPWM, while the THD of MDFQMI is
comparable with that of DPWM. Now, considering MDFQM?2
and CPWM, the THD performances of both methods are about
the same, but the switching number of MDFQM?2 is about 2/3
of that of CPWM. Apparently, MDFQM?2 can reduce the num-
ber of switchings without sacrificing the THD performance,
indicating that the second-order feedback quantization sys-
tem produces switching signals smartly and efficiently. Same
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VOLTAGE THDs FOR CPWM, DPWM, MDFQM1, AND MDFQM?2 AT

TABLE 1II

DIFFERENT FREQUENCIES OF THE REFERENCE SIGNALS

. 40 60 80 100
Input Signal Frequency Hz Hz Hz Hz
Voltage CPWM 2328 | 2295 | 196 | 2254

THD within DPWM 4031 | 4073 | 4.89 | 4143
[0 3k] Hz MDFQM1 | 3443 | 3535 | 2945 | 36.07

(%) MDFQM?2 | 2634 | 2096 | 2560 | 26.15

Voltage CPWM 1.71 1.58 1.52 1.84

THD within DPWM 255 3.44 421 525

[0500]Hz [ MDFQM1 | 235 3.16 3.30 2.64

(%) MDFQM2 1.27 123 1.45 1.56
TABLE IV

VOLTAGE THDs FOR CPWM, DPWM, AND MDFQM?2 FOR A 60-Hz
REFERENCE SIGNAL AT DIFFERENT MODULATION INDICES

Modulation index 0.2 0.3 04 0.5
Voltage CPWM 12.74] 1565 | 1965 | 22.95
Tfé%f}ﬁ;“ DPWM 7678| 6877 | 5561 | 40.73

%) MDFOM2 | 38.78] 3295 | 27.67 | 209
Voltage CPWM 3.74 | 298 2.19 1.58
T[gls)o‘(’)v]“gzn DPWM 366 | 324 | 326 | 344

(%) MDFQM?2 272 1.78 1.03 1.23

results are obtained when voltage signals are consid-
ered (see Table III). The method MDFQM2 outperforms
DPWM/CPWM, suggesting that a higher order shaping filter
is needed to enhance the performance of the proposed scheme.

B. Experimental Results for a Small Modulation Index

The experimental results, shown earlier, prove that the pro-
posed method is useful when the modulation index is high.
For a low-modulation index, Tables II and IV compare the
performance of MDFQM?2 with those of DPWM and CPWM
for 60-Hz reference signals at various modulation indices. To
maintain good THD performance, the switching number of
MDFQM?2 becomes higher than that of DPWM but still lower
than that of CPWM within modulation indices [0.3 0.5]. The
THD performances of MDFQM?2 are comparable with that of
CPWM within a frequency band of [0 500] Hz, indicating a
potential application of the proposed method in the control of
the VSL

V. CONCLUSION

MDFQM has been presented to produce control signals
for a three-phase VSI. The method is formulated as a con-
strained optimization problem. System analysis demonstrates
that SVPWM is a special case of MDFQM when the system is
selected as a pure integrator.

The output voltages/currents of the MDFQM designs with
different shaping filter matrices are compared to those of
SVPWM in terms of both switching number and THD. The
experimental results show that, at a large modulation index, the
proposed technique can reduce the switching number (below
that of CPWM) by almost 33% without increasing the THD.
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Second, with approximately the same switching number, the
proposed MDFQM system produces a lower THD. At smaller
modulation indices, the method can still maintain its perfor-
mance within the input frequency band. Further studies of mod-
ulation index, stability of quantization methods for high-order
shaping system, and n-phase systems are currently underway.
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