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Abstract—Talkative power conversion (TPC), which embeds in-
formation in the switching ripple to achieve simultaneous power
and data transmission without installing any or few additional
hardware at the transmitter side, can reduce the additional com-
munication infrastructure needed in cyber-physical systems like
smart grids and renewable power plants. While in de-dc convert-
ers TPC has been the subject of numerous investigations, dc-ac
converters have received less attention. Recently, zero vectors of
three-phase dc—ac converters were used to embed data, and vari-
able zero vector width modulation TPC has been investigated. In
this study, a novel zero vector-based modulation, called variable
zero-vector position modulation, is proposed for three-phase dc-ac
TPC with improved communication performance. This type of
dc-ac converter can send data through the power line to the demod-
ulator with good power quality. The viability of using sliding fast
fourier transform (FFT)-based demodulation for target side-band
harmonics is supported by a mathematical study of the harmonic
distribution. The results of MATLAB/Simulink-based simulations
and scaled-down prototype-based experimental results verify the
correctness of the theoretical analysis. Besides, the bit error rate is
evaluated for different line lengths and zero vector positions.

Index Terms—Space vector pulsewidth modulation (PWM)
(SVPWM), talkative power conversion (TPC), three-phase dc-ac
converter, variable zero vector position modulation (VZVPM).

I. INTRODUCTION

S aresult of the increasing penetration of renewable energy
sources into smart grids with power converter interfaces,
numerous communication infrastructures have been created to
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monitor renewable energy sources and regulate grid-connected
power converters to achieve system-level control.

Both wired and wireless communication infrastructures are
used in smart grids, such as WiMax, fiber, cellular radio, ZigBee,
and home access networking [1]. Because expenses associated
with setting up and maintaining channels rise, smart grids
have made extensive use of power line communication (PLC),
especially in tertiary control, which sends data by injecting
modulated carriers into power buses without the need for in-
dependent data wires. However, traditional PLC needs couplers
to inject/extract data, and there may be stability and safety issues
with the injected information-carrying signals [2].

A PLC technique with zero-additional or few-additional hard-
ware at the transmitter side has been proposed in [3], where
power and data can be delivered simultaneously without cou-
plers. This technology was dubbed talkative power (targeting the
physical layer of communication-enhanced power conversion
using ripple modulation) in [4], power-talk (targeting system
control of networked power converters by communication signal
injection in the control loop) in [4] and [5], and talkative power
conversion (TPC) (considering all layers of the open system in-
terconnection (OSI) reference model) in [6]. TPC is an excellent
replacement of conventional PLC for scenarios with high pen-
etration of power electronics-interfaced resources. According
to the modulation technique, TPC can be broadly classified as
reference signal-based TPC (RS-TPC) and carrier signal-based
TPC (CS-TPC). In RS-TPC, modulated signals are superim-
posed onto the reference signal [7], [8], [9], while in CS-TPC, the
pulsewidth modulation (PWM) carriers are reshaped. The super-
position causes the reference voltage in RS-TPC to jitter, which
can cause instability. According to the degrees of freedom of the
PWM carriers [10], frequency-shift keying (FSK) [11], phase-
shiftkeying (PSK), pulse position modulation, and combinations
thereof can be exploited for CS-TPC [12]. Various TPC tech-
nologies have been comprehensively reviewed in [6]. However,
most TPC research has been done regarding dc—dc converters.

The use of dc—ac TPC is attractive because of the widespread
use of modern ac power systems. Recently, a number of re-
searchers have begun to focus on RS-TPC and CS-TPC in
dc—ac converters. For single-phase dc—ac TPC, data are mostly
modulated on the reference loop based on PSK and FSK [13],
[14]. There are few references to CS-TPC in dc—ac inverters.
However, the most common dc—ac inverter used in smart grids
is the three-phase dc—ac inverter, which could be the focus of
TPC research in ac smart grids.
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TABLE I
COMPARISON BETWEEN THE PROPOSED VZVPM AND OTHER THREE-PHASE DC-AC TPC APPROACHES
Refs Methods PWM Bit rate BER Close-loop Switching ATHD Average switching PLL Latency
type frequency times
[15] RS-TPC-FSK SPWM 0-100 b/s / Needed 1,2 kHz High 1 ON-OFF/Period  Needed 6 ms
[16] CS-TPC-FSK Phase- 0-600 b/s Low Not needed 2,4,6,8,10 High 1 ON-OFF/Period  Not 4.2 ms
disposition kHz needed
SPWM
[17] RS-TPC-ASK SPWM 0-1000 b/s / Needed 10 kHz High 1 ON-OFF/Period  Needed 20-100 ms
(ON-OFF-Keying)
[18] CS-TPC-PSK SPWM 0-400 b/s / Not needed 10 kHz Low 1.5 ON-OFF/Period Needed 2.5 ms
[24] VZVWM SVPWM  0-50 b/s Low Not needed 20 kHz Low 1 ON-OFF/Period  Not 20 ms
needed
This work VZVPM SVPWM  0-100 b/s Low Not needed 10 kHz Low 1 ON-OFF/Period  Not 12.5 ms
needed

For three-phase dc—ac TPC, most of them modulate the data
by changing the carrier frequency or superimposing frequency-
hopping sinusoidal carriers based on sinusoidal pulse width
modulation (SPWM) control [15], [16]. In [17], modulated by
RS-TPC-ASK (ON-OFF keying), the fractional harmonic current
space vector is superimposed on the current reference in the
internal current loops of the converter on the dg frame to achieve
dc—ac TPC. In [18], binary PSK modulated CS-TPC is intro-
duced into an SPWM-controlled dc—ac converter, and data are
demodulated from the phase of side-band harmonics. However,
FSK methods could degrade power quality and stability from a
power system perspective. Phase-shifting the carrier introduces
additional switching operations that increase power losses and
voltage fluctuations. In smart grids, bit rate and latency are
important communication metrics because high bit rate and
low latency can extend the reach of the application, and low
latency can prevent instability [19]. Data volume of secondary
control is less than 100 B, and stability can be achieved by
carefully selecting the maximum communication delay, which
depends heavily on the control parameters [20]. A review on
maximum latency for secondary control in islanded microgrids
is given in [21], and it varies from 0.06 to 10 s. Tertiary control
is typically implemented for energy management systems and
other monitoring/metering purposes, where low-priority data
packets are delivered at a low sampling rate (several seconds or
minutes). DC-DC TPC has a maximum bit rate of up to Mb/s,
and dc—ac TPC has a maximum bit rate of hundreds of b/s with a
latency of less than 20 ms [15]. TPC could, therefore, be applied
to smart grids for secondary and tertiary control.

For three-phase dc—ac inverters, due to the high dc-link volt-
age utilization, space vector pulsewidth modulation (SVPWM)
has been widely used for decades, such as for renewable
energy integration and motor drive system regulation [22].
It is interesting to note that SVPWM zero vectors, which
have been applied to power conversion, offer some flex-
ibility in concurrently embedding data to produce a new
dc—ac TPC type. The idea of SVPWM-based three-phase
dc—ac TPC technologies has been presented in [23], where
the side-band harmonics were initially employed for TPC. How-
ever, theoretical foundations, the demodulation process, and

communication effectiveness have not yet been determined.
A variable zero-vector-width-based modulation (VZVWM) for
three-phase dc—ac TPC has been comprehensively investigated
in [24]. However, the achieved bit rate of VZVWM is poor due
to the small resolution frequency required in the fast fourier
transform (FFT) analysis.

This work aims to propose a new three-phase dc—ac TPC
method based on the position of zero vectors varying. The
harmonic distribution model is derived to provide a clear
illustration of the demodulation process. Furthermore, the
TPC optimization can be supported by the harmonic distri-
bution model. This article takes into account the require-
ments for power quality and communication performance, and
provides an alternative for communication in smart grids. A
comparison between the proposed variable zero vector po-
sition modulation (VZVPM) technique and state-of-the-art
three-phase dc—ac TPC approaches is summarized in Table I.
The unique innovations and advances of the proposed VZVPM
technique include the following.

1) Unlike FSK-based TPC, VZVPM does not require fre-

quency hopping and can maintain a reduced A THD.

2) Unlike RS-TPC, VZVPM is independent of closed-loop
and phase-locked loop control, avoiding instability crises
and tricky controller design.

3) VZVPM does not split pulses and subsequently produce
narrow pulse issues as CS-TPC-PSK does. Furthermore,
no extra switching losses are required.

4) Compared to existing zero vector modulation (VZVWM),
VZVPM doubles the bit rate with half the switching fre-
quency and half the number of FFT points.

The main contributions of this article are as follows.

1) A novel VZVPM and its corresponding demodulation
method are proposed.

2) An analysis is conducted on the harmonic char-
acteristic model of variable zero vector position-
based modulation, which provides mathematical sup-
port for bit-rate optimization and sliding FFT-based
demodulation.

3) Bit error rates at various line distances and zero-
vector positions are shown, which is rarely discussed
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Fig. 1. Illustration of SVPWM. (a) Space vectors. (b) Modulation.

for TPC in the literature, demonstrating the useful-
ness for harsh environments, i.e., for channels with
low SNR.

4) Hardware experiments validate the feasibility of our pro-
posed VZVPM technique and the ability to transmit data
across the transformer.

The rest of this article is organized as follows. Section II
introduces the principle of VZVPM and an application scenario
of VZVPM-based TPC for microgrid condition monitoring. In
Section III, a mathematical model of harmonic distribution for
VZVPM-based TPC is built, and harmonic characteristic-based
demodulation for VZVPM-based TPC is elaborated. In Section
1V, the feasibility of the proposed VZVPM-based dc—ac TPC
technique has been validated, and the communication perfor-
mance is demonstrated through simulations and experiments.
Finally, Section V concludes this article.

II. PRINCIPLE OF VARIABLE ZERO VECTOR POSITION
TALKATIVE MODULATION

A. Basics of SVPWM in DC-AC Talkative Converters

An illustration of SVPWM for two-level converters is shown
in Fig. 1. The space vector trajectory is located inside a hexagon,
which is composed of six active vectors and two zero vectors.
The hexagon is divided into six sectors (i.e., sector-1,..., sector-
6). Taking the reference vector .. in sector-1 as an example, the
output vector i, can be expressed by

. T

LTy
Gy = + 1y = =Vi + —=Vh (1)

T T
where T is the switching period, 7 and 75 are the active times
of V; and V5, which are the neighboring space vectors of . in
a switching period, respectively.
Based on Fig. 1(b), and the volt-second equilibrium principle,
it can be deduced that

T = Q%T (V3uq — up)

T, = 7\/%% ug

@)

where Uy, is the dc-link voltage, and u, and ug are real and
imaginary parts of ., respectively. In a switching period

T+ T + Ty =Tj 3)

where Tj is the sum of active time intervals of zero vectors Vj
and V7. Power conversion determines the active times of the
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Fig. 2. Sector 1 for VZVPM-based TPC. (a) For bit “1”. (b) For bit “0”.

zero vectors and other space vectors. However, in a switching
cycle, there are different degrees of freedom in the distribution
of space vector sequence. Although the action time of the space
vectors is fixed, the position of the zero vectors can be changed
independently. This feature enables TPC by integrating the
information into the position of the zero vectors.

B. VZVPM

In the proposed version of VZVPM, the action positions of
the zero vectors are shifted. Taking the 7-segment SVPWM as
an example, the VZVPM in sector 1 for TPC is depicted in
Fig. 2. A simple way to implement it is by shifting the peak
position of the triangular carrier. The isosceles triangular carrier
is used to transmit bit “1,” while bit “0” transmission requires
triangular carriers with the peak position shifted to the left or
right. Assuming that the distance between the peak position of
the carrier for bit “0” and that for “1” equals pTs (p # 0), then p
is positive with peak position shifted rightward and negative for
leftward-shifted position. Hence, p ranges from —0.5 to 0.5, and
the triangular carrier becomes a sawtooth wave at p = +0.5.

From a power perspective, VZVPM is superior to FSK be-
cause of its constant switching frequency. VZVPM also has
advantages over PSK. The gate drive comparison of PSK and the
proposed VZVPM technique is shown in Fig. 3. First, assuming
that bits “0” and “1” occur evenly in a bit sequence, PSK turns
ON and OFF 1.5 times per period, while VZVPM turns ON and
OFF once per period. This indicates that VZVPM requires no
additional switching power loss, while PSK requires 0.5 times
more switching than VZVPM. Second, when the carrier phase is
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180°, one pulse in PSK is split into two pulses in one switching
period, while only one pulse is generated in one switching period
in VZVPM. PSK pulse splitting can result in a narrower pulse
width. In fact, narrow pulses are more likely to be distorted and
lost, and this problem becomes much worse with small duty
cycles.

VZVPM for three-phase dc—ac TPC is demonstrated in Fig. 4.
Data are mapped to gate drive positions based on VZVPM.
The data-carrying power then travels through an LC'L filter and
the power line to the point of common coupling (PCC), where
the load and other branches of the microgrid are connected. By
sampling and analyzing voltages at the PCC, a nearby control
center collect data to improve their decision-making processes.

III. HARMONIC CHARACTERISTICS-BASED DEMODULATION
FOR VZVPM-BASED TPC

A. Harmonic Characteristics Analysis

VZVPM-based TPC generates a time-varying harmonic dis-
tribution of the output voltages in which the data is embedded.
Since the output voltages are generated by comparing the refer-
ences S, b, With the carrier, both the frequency of the references
and the switching frequency are introduced. The time-varying
switched waveform can be expressed in sinusoidal harmonic
components as

m=o0 N=0o0

Fwgtwol) = % Y Chpgelmeettmeet) ()

m=0 n=—o0

It includes the dc offset, fundamental and baseband harmonics,
carrier harmonics, and carrier sideband harmonics. The har-
monic coefficients can be calculated by

1 Uy U .
Coin = Amn +ijn = 7/ / F(a:,y)e](mx‘*‘"y)dxdy
27T2 —T —Tr
(5)
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where © = wst, ¥y = wot, and wg and w, are the switching
frequency and fundamental frequency, respectively.

Fig. 5(a) illustrates naturally sampled PWM. In a three-phase
two-level voltage source inverter, the voltage on the phase-a
upper switch u,, is equal to U, within two points of intersection
x, and x ¢, which creates the inner integral limits in harmonic
coefficients calculation, viz

U c us xf .
C,. = # / / I ma+ny) oy, (©6)

Taking the voltages on upper switches of phase-a and -b
(Uoa, Uob) as an example, they can be expressed by double
Fourier series as

{uoa(x, y) = Z;n@igo ZZiiooc Cmnej(m$+ny)
(0, = ST T Gl 702719

n=-—0o0

(N

Hence, the line-to-line voltage u,}, can be written as

m=oc n=00
uab(xay) = Z Z )\n07rmej(mm+ny) ()
m=0 n=—o0

i2nm

where A,, = e’ — 1. For line-to-line voltages, there is no
harmonic component at the switching frequency since n = 0,
resulting in A,, = 0.

1) Harmonic Distributions of VZVPM-Based TPC for Send-
ing Bit “1”: Function of S, (y,¢) can be expressed by

Sﬂrl (yv Z)

5 ), y€[0,5)U[-m,—%),i=3,6
= 3Meosy, e (5 F)U[-F.-F).i=25
BMeos(y+2),y€ %, m)U[-5,0),i=14

(C))

where M = 2|u,|/Uqc, u, is the phase voltage, and i is the
sector index from 1 to 6.

For SVPWM, references include six segments. The general
harmonic coefficients can be calculated by

6

ye(i) pas(@)
Crmn1 = % Z / (i) /x (4) el dudy,
=1 s T
The outer and inner integral limits for centered SVPWM refer-
ence waveforms are given in Table L.
2) Harmonic Distributions of VZVPM-Based TPC for Send-
ing Bit “0”: The inner integral limits of VZVPM when sending

(10)
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bit “0” are shown in Fig. 5(b), and the reference S, (y, ) equals
Sa1(y, ). The inner integral limits can be deduced as

er(i) = - % (SaO(y) + 11_32)
= (1-2p)x,(i) — 2pr
wp0(i) = % (sao(y) + igi)

= (1+ 2p)as (i) - 2p. (11
Particularly, the carrier evolves to the sawtooth wave when
p = =£05.If p=0.5, 2,9(i) = —m, and (i) = Sa0(y,1);
if p=—0.5, £,0(i) = —7Sa0(y, %), and x4 (z) = 7. Hence, the
harmonic coefficients C,,,,,—o for bit “0” becomes

Cvfg
/ / JMEEY) dady.  (12)
s (i) Jaro(d)

Form = n = 0, because acf(z) + $T(l) =0,Coo_g = Cpp_1 =
Uge. Form =0,n > 0, Cy—o = Cop_1. For m > 0, it can be
deduced that

Ud c

C(mn—O = 271'2

P pp—
mn—0 — 5. 26
2imm
6 ye(z) .m7m(14+2p) . (1+2p)TmS,q (y,1)
X g | © ¢ d
) _jmm(i=2p) _;(1-2p)mmSgy (u.) Y.
=y () —e T2 >

13)

Based on the complex form of the Jacobi—Anger expansions [25,
Appendix 2], (13) can be simplified as

Conn— 14
0= 2JH17T2 Z/b() ( )
where
Hi = ej"y
ejnn'r(l 2p) JO (a1+) e jnn'r(12+‘2p) JO (o(i_)
x +23 52y cos (kly + Bi])
ejw[m<1—22p>+kJ e (cis) — e,jw[mugzm%] e (cn)
(15)
where o 3464 = \/§(1+2f)7rm]¥1’ 01 346- = _ V3(- 2p)7rmM ,
g5y = w,(m_ w Bra = %’5275:
0, and 336 = —%. Then, (14) can be integrated to
Udc A1|w+/12\w Jr/13|
Onm,—O = 7(12 : 0 2m (16)
2mm= |4 Ay |0 +A5 |_3, 2 +Ag |7
where
A;

[50( i) St 4 En(an)e Py | + 0, §k(04z‘)1

[ ([n+k]y+w oi([n—kly—kB;)

lkt—n + |kn

Jln+k] iln—k]
a7
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given the definitions, (18) shown at the bottom of the next page.

With considerable manipulation, the harmonic coefficients or
coefficient C,,,,,—o can be deduced, as shown in (19). Note that
this solution is also valid when m > 0,n = 0, and (19), shown
at the bottom of the next page, coincides with the harmonic
results of the centered SVPWM when p = 0 [25, Ch. 6]. Due
to the movement of the peak position, as shown in (18), Bessel
function parts along with their exponential coefficients become
asymmetric, reshaping the amplitude and phase of the harmon-
ics. Therefore, by searching for harmonic coefficients with large
disparities for bits “1” and “0,” data can be demodulated from
the magnitude or phase of these targeted harmonics.

The presence of both relatively high-amplitude and high-
frequency data-carrying harmonics is critical because weak
harmonics are difficult to detect at the demodulator end, and low-
frequency harmonics limit the bit rate. The harmonics, which
are close to integer multiples of the switching frequency, have
greater amplitude and higher frequency, making them suitable
as data carriers in TPC. Therefore, the harmonic coefficients in
the vicinity of the switching frequency should be the main focus
of the TPC based on the harmonic characteristic. At switching
frequency, there is m = 1 in (19), and the definitions in (18) are
simplified as

Co(a) = e ™ Jo(aviy) + ™ Jo(a)
nlas) = e P73 T (aig) + ™3 T ()
&) = e*j”(P*%)Jk(aH_) + ej“(P*%)Jk(ai_).

(20)

Itcan be seen thatin (19), except for &y , 1, («v; ), no component
is related to position p. Hence, the value of C,,,,,_¢ is changed by
&o,n,k (v;) when the position shifts. The expression &g ,, (c;)
is symmetric with respect to p = 0, which means that the value
of Cypn—o is also symmetric about p = 0. Taking &y(c;) as an
example, the magnitude difference of £ («;) for bit “0” and “1”
is

Aéo(o) = e ™ Jy (g ) + ™ Jo (i) — 2Jo(e)  (21)

where a; = ;- =«;_ when p = 0. Similarly, &, («;) and & («v;)
have the same properties. Then, a rough and accessible magni-
tude analysis could be done from &y («; ) and A&y (a;).

To verify this derivation, based on (8) and (19) and taking
M=0.7333 as an example, the theoretical harmonic amplitudes
of 1o, and u,;, over the dc-link voltage Ug. at some target
harmonics wg £ nw, with different p are drawn in Fig. 6. The
harmonics are distributed symmetrically around p = 0, with
the harmonic amplitude of u,, bulging at wy (n = 0), while
the amplitudes of other sideband harmonics of both u,, and
U, decrease nonlinearly to different extents as p moves from
£0.5 to 0. Theoretically, the target harmonics for demodu-
lation can be any harmonic that changes with the variation
of p.

3) Influence of Dead Time on Harmonic Analysis: Dead time
is necessary in experiments to avoid a short circuit that occurs
when the top and bottom switches of one leg are operated simul-
taneously. Since the dead time in the experiment would slightly
affect the harmonic characteristics, a harmonic characteristic
should be analyzed taking into account the dead time effect.
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after x yg. (c) Waveforms of drive pulse and uoa.-

Assuming that the dead time on the rising and falling edges of
the pulse is the same and equal to 27DTf, the interintegral
limits of VZVPM for linearly sampled PWM taking dead time
into account are shown in Fig. 7. Taking sector 2 as an example,
Fig. 7(a) and (b) shows the current flow in the dead time
before x,9 and after xyp, and the voltages at node-a,b,c are
marked. If both the upper and lower switches in leg-a are OFF in
the dead time, the inductor current in phase-a would flow through
the freewheeling diodes of the switch where current flowed
through its complementary switch before the dead time. Ignoring
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the diode conduction voltage V; and the transient switching
process, the inner integral limits of u., are the same as those
without dead time, meaning that the dead time has little effect on
the harmonic characteristics. Considering the diode conduction
voltage, the value of ue, is Uge + Vi during the dead time before
2ro and —V; during the dead time after x yo. Then, according to
(12), the difference of the coefficients for u,, is

C’mn—DT - CmnO

6 Ye(i) pxro(i)+DT
— LfQ / / eJ(mIJrny)dmdy
21 1 yi(l) zro(i )

i=

Ye (1) xf0(4)+DT
T Z / / T dudy  (22)
™ ZL’

where C,,,,,_pr and C,,,,o are the harmonic coefficients with and
without dead time, respectively. Since V is small compared to
Ujqe, this coefficient difference is trivial.

In practice, there is transient behavior during the dead time
due to the junction capacitor in the switch, and the rising and
falling edges are not ideally vertical. In this case, according to
the volt-second balance rule, the integration of u,, in the dead
time can correspond to a rectangle with a constant height Ug.
and a duration (DT, or DT5), namely

S ton ot)det = Uac DTy

fajffoo((ié)+DT Uoa (wt)dwt = UdCDT/2~

(23)

Then, the inner integral limits of the coefficients can be updated
as xyo(i) + DT — DT} and xfo(¢) + DT, and the universal
harmonic coefficient becomes

U . Ye (2) x50 (1)+DT)
C’mn—DT d Z/ /

0(i)+DT-DT,

(M HY) oy

(24)

However, the analysis is complicated because the waveform

of u,, in the dead time depends on the load, diode conduction

voltage, switch parasitics and LC'L filter inductance. Simula-

tions could be more realistic to analyze the harmonic when the

dead time is long and the parasitic parameters have a significant
effect.

B. Demodulation of VZVPM-Based DC-AC TPC

1) Demodulation Process: As analyzed above, the data are
embedded in the variation of p, resulting in a nonlinear am-
plitude divergence at some target harmonics. Aiming to that,

im[l-m(1+2p)]

50(0[1') = eijw{lﬂg(lizp)] JQ(OQ‘+) +e 2 JQ(OQ‘,)
jr[l-m(1-2p)-n jr[lom (142p)-n
Enlai)=e T (o) e T () (18)
gk(ai):ewjk(ai+)+ewjk(aif)
T [2cos 25, (041) + &n (az)] + L sin 2 cos 25 [& (az) — &o ()] [nzo
Com = 2Ud2c +Zk:17k#7n [n+k] sin [”J%k]” cos [”J;k]” {2 cos M&c(m) + fk(az)” (19)
T

+ D he1 ktn [nfk] sin [”_Gk']” cos ["_Qk]ﬂ {2 cos [2n=3klm Bk (o) + fk(ag)H



7960

Bandpass
filter

S\A’/itching freque’ncy

bit “0” ibit<1” i

| carriers

FFT Windo |
: W Qlids - —
<= i bitlength —>; Sliding L 4

i«— Sliding FFT]

frequency band
—

Switching frequency

Harmonics
calculation |
T

Sent hd

Data

Timing
recovery

-

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 6, JUNE 2025

TABLE II
OUTER AND INNER INTEGRAL LIMITS FOR CENTERED SVPWM REFERENCE
WAVEFORMS [25, CH. 6]

Ye(i) = (i)
_%[1+§Mcos(y+%)] T+ ?Mcos(y + %)

i ys(d) z (i)

3 ™ 2
2 T2 74 30 cos(y)] T[1+ M cos(y)]
3 0 I —I14+¥BMcos(y—I)] I[l+ Y2Mcos(y— I)]
4 -7 0 —I1+LMcos(y+I)] T[1+ L Mecos(y+ T)]
5 72?" -z 7g[l+%Mcos(y)] g[1+%ZV[cos(y)}
6 —m —2 T[4 Y3 Mcos(y—2)] I[1+ LM cos(y — I)]

p H‘am‘]onic‘ calculaiion result; —
| *Timing delay ¥

Integrate
& Dump

: &1 p L2
= t ‘threshold Threshold

< 1 bit length dela

comparison

Data

:

Fig. 8. Demodulation schematic based on sliding FFT.

the sliding-FFT-based demodulation algorithm is proposed as
shown in Fig. 8. A bandpass filter with the center frequency equal
to the switching frequency is used to filter the PCC voltages
Ul—a,b,c. Then, the sliding FFT is used, with a window width
equal to one bit length. Magnitudes of the target harmonics are
calculated and updated online. As there is a time delay between
the transmitted data and the result of the harmonic calculation,
timing recovery is required to specify the start of the integration
and dump process. An alternately hopped sequence of data is
used to estimate the timing error. Theoretically, the harmonic
result also rises and falls alternately. By comparing the peak
timing of harmonic result with the transmitted data, the time
delay can be estimated [24]. Ignoring the result of the harmonic
calculation at the time delay slot, the output result is integrated
into a sliding window of the same width as one bit length and
then output online. The data can be demodulated by comparing
the dumped value with the configured threshold, as the data are
determined to be “0” if the dumped value is above the threshold
and “1” otherwise.
2) Bit Rate: In a sliding FFT window
o/N = f/F (25)
where o is the harmonic order, N is the number of points in a
sliding window, f is the target frequency to be observed, and F'
is the sampling frequency. A larger ' and N means an accurate
FFT result and more reliable demodulation. The width of sliding
FFT window equals one bit duration since it takes a window
width to calculate the amplitude of targeted harmonics. Then,
the bit rate B is

B = F/N. (26)

TABLE III
LIST OF SYSTEM PARAMETERS

Variables Symbols Values
Damping resistance of LCL filter (€2) R 1
Inductances of LCL filter (mH) Ly 2
DC-link capacitance (mF) Cp 4
Capacitance of LCL filter (uF) C 10
DC-link voltage (V) Uqde 600
Load (kW) Z 3¢, 8

Switching frequency (kHz) fs (ws/2m) 10

Fundamental frequency (Hz) fo (wo/2m) 50

Amplitude of line-to-line voltage (V) |uap| 380
Sampling frequency (kHz) F 100
FFT points in the sliding window N 500
Positive-sequence resistance (£2) 1 0.871
Positive-sequence inductance (mH) 51 1.62
Zero-sequence resistance (£2) o 3.48
Zero-sequence inductance (mH) lo 8.18

However, since both 0 and N are integers, the minimum order
resolution Ao =1 and the resolution frequency Af, which
represents the interval between two nearby harmonics on the
spectrum, it follows

Ao/N = Af/F Q27)

which indicates that a small resolution frequency Af during
the harmonic computation limits the bit rate, and a wider FFT
window is needed to draw the frequency spectrum with a smaller
resolution frequency.

Consequently, the first upper limit of bit rate is from (25) and
integer value of o. To increase the bit rate, target frequencies f
can be searched to make F'/N larger. The second limit on the bit
rate is that the number of points /V in a sliding window cannot be
too small. Otherwise, the FFT result will be inaccurate, resulting
in a high bit error rate.

IV. SIMULATIONS AND EXPERIMENTS VERIFICATION

A VZVPM-based dc—ac TPC system was simulated and ex-
perimentally verified, results are reported next.

A. Simulation Results
Table III contains a list of system parameters [26]. The type
of power line is chosen as SC-4x25 mm? Cu. All capacitances
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to ground are ignored, and positive-sequence resistance and in-
ductance are 1, l1, respectively, while zero-sequence resistance
and inductance are 1, lo, respectively, all expressed in units of
kilometers.

1) Harmonics Distribution and THD Results: Fig. 9(a) and
(b) shows the spectra from 9.6 kHz to 10.4 kHz of u,, and u,y,
with varying zero vector positions, respectively. Both harmonics
of uy, and u,p, in simulation have the same pattern with the
theoretical analysis as shown in Fig. 6. Taking the sideband
harmonics at fs + 8f, as an example, the sideband harmonic
magnitude of u,, at various positions and dead times is measured
by simulation, as shown in Fig. 10. The ratio of dead time over
switching period is changed from 1% to 5%. As the dead time
increases, the magnitude of the sideband harmonics increases
and becomes flat over a wider range of position p. The upper
sideband frequency fs + 8 f, has a somewhat smaller magnitude
than the lower sideband frequency f; — 8 f, due to dead time.
By varying p, the magnitude of the sideband harmonics of w,
jitters regionally, but is generally symmetrical about p = 0 and
monotonous at both the left and right peak positions. The dead
time has a negative effect on demodulation as the difference
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THD results with diverse zero vector positions and switching fre-

in magnitude for different bits becomes smaller, but the mono-
tonicity of magnitude over position p is evident with a dead time
less than 3% of the switching period. Even with a dead time of
5% of the switching period, which is much longer than most
cases, demodulation can still be robust by increasing the value
of p above 0.3.

THD results of sampled line-to-line voltages v;_, 1. With
varying zero vector position p and switching frequency f are
shown in Fig. 11. The THD results meet the power quality
requirements of the grid (THD<5%) over wide ranges of fs
and p, and decrease exponentially as fs increases. The THD
results are symmetric about and reach a minimum at p=0. When
the f5 is larger than 8 kHz, THD values are flat, i.e., robust to
the variation of p. The operating points for bit “1” and “0” in
the case study are marked in red and blue, respectively, and the
THD results remain relatively low. The THD curve at 10 kHz is
shown below in Fig. 11. The average THD at 10 kHz is 0.1295%,
and the variation of THD is negligible (0.052%) as p hops in
communication.

2) Modulation and Demodulation Results: As a case study,
bit “0” and “1” are mapped to p = 0.25 and p = 0, respectively. A
30 m long SC-4 x 25 mm?Cu cable is used. Fig. 12 shows the
waveforms of the transmitted data, output line-to-line voltage
Uy, line currents 4,1, ., and line-to-line voltages vj_,p c at
the load side.

According to the harmonic distribution shown in Fig. 9(b),
fs£400 Hz can be selected as the targeted harmonic frequencies
for both relatively higher bit rate and lower sampling frequency
in practice. The result of the sliding FFT computation—Sgpr,
which is the sum of the harmonic percentages at fs+ 400 Hz,
is outputted after the noise outside of this frequency band
is blocked by a bandpass Butterworth filter between 9.5 and
10.5 kHz. At a sampling rate of 100 kHz, 1k points in the
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integrate window are summed and dumped. Fig. 13 displays the
waveforms of filter’s output Viu¢—fiiter, the sliding FFT result
Srrr, and integrate and dump result Rqump. By interpreting
the demodulated data as “0” if Rq,mp is above the threshold
and “1” otherwise, the data can be accurately demodulated with
one bit time delay.

3) Threshold Regulation and BER Performance: The thresh-
old can be chosen within a range to separate the Rqyumyp for bit
“0” and “1” online, which can be bounds of that range. The
middle of these upper and lower bounds can be a suitably chosen
threshold. Fig. 14 shows threshold ranges with different p as the
line distance d increases to 1 km. The time step is set at 0.2 s,
and the sampling rate in both the FFT and the integrate and dump
module is 100 kHz. Both the threshold and its range increase as
p for bit “0” shifts away from 0, indicating greater robustness
to noise and lower bit error rate when the absolute value of p
is larger. Both the threshold and its range decrease as the line
distance increases. Hence, the bit error rate could be higher as
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the line distance increases because the upper and lower bounds
get closer, making it ineffective to separate the dumped results
for “0” and “1” with noise.

Furthermore, maintaining distance at 10 m, selecting thresh-
olds shown in Fig. 14, considering the additive white Gaus-
sian noise in the power line, and normalizing the input signal
power (which is the switching ripple power, i.e., the sampled
line-to-line voltages without the fundamental component), the
BER for diverse p with increasing signal-to-noise ratio (SNR)
is demonstrated in Fig. 15(a). The BER increases as the zero
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vector positions for bits “0” and ““1”” become closer, and it shows
that the VZVPM TPC method can maintain a low BER level
(< 1%) with strong noise in most cases (SNR< 8 dB). When
p > 0.25, the BER can be less than 10~# at a distance of 10 m.
Assuming p=0.25, the BER with increasing line distance and
SNR is measured and shown in Fig. 15(b). The average BER
curve as a function of increasing line distance is also depicted.
From the BER contour map and its average curve, it is obvious
that the BER result is increased as the line distance increases
due to the narrow threshold range at longer distance, which
is consistent with the observation as shown in Fig. 14. Although
the bit rate is relatively low, it is particularly useful for harsh
environments, i.e. for channels with a low SNR at the receiver
side.

4) Transmission Distance and Scalability: Long distance
communication and a high bit rate are desired, but this results
in a high bit error rate. As the line distance increases, the BER
increases for the same SNR. It is generally acceptable that the
BER should typically be less than 1%. Given an uncoded BER
of 1%, the residual BER after forward error correction coding
can be made arbitrarily small [27]. It is possible to limit the
distance and bit rate to achieve this BER threshold. There is a
tradeoff between distance, bit rate, power quality, and BER that
can be dynamically turned by shifting the zero vector position
p to suit different application scenarios. For example, if long
distance and low BER are priorities, power quality could be
sacrificed slightly by shifting the zero vector position further
rightward/leftward, also by reducing the bit rate with the same
effect as repetition code. If good power quality and high bit
rate are priorities, distance and BER could be reduced until the
minimum requirements are met.

In order to ascertain the maximum transmission distance, it
is necessary to first maintain a constant SNR, and gradually
increase the distance and measure the BER. The distance at
which the BER reaches a threshold, for instance, 1% as mo-
tivated above, can be regarded as the maximum transmission
distance. As it shown in Fig. 16, the maximum transmission
distance is estimated under diverse zero-vector positions p and
the THD, given an example with a switching frequency of
10 kHz and a noisy environment where the SNR equals 1 dB.
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Within the range of p from 0.1 to 0.26, the THD is almost
proportional to the zero-vector position p according to Fig. 11,
so the distance curves as the function of zero-vector position and
as a function of THD are similar in Fig. 16. The transmission
distance surges in the range of p from 0.17 to 0.18, and exhibits
a flat increase within other ranges of p. It should be noted that
the cable parameters used and displayed in Table III pertain to a
low-voltage grid. Consequently, the distance measured in Fig. 16
is constrained to 1 km. In our case study, the distance when p
= 0.25 could extend up to 1 km, which is sufficiently extensive
to encompass a low voltage smart grid [26]. Moreover, it is not
recommended to choose a value of p less than 0.1 due to the
short distance.

In larger smart grid setups, where more inverters connected to
renewable energy sources need to communicate at the same time,
VZVPM should be combined with a multiplexing technology
such as time-division or code-division multiple access. This will
allow the data center to distinguish the address of data sources
and receive the data. This is a possible subject for future research.

B. Experimental Results

Our prototype is shown in Fig. 17. A delta-wye connection
transformer with 1:1 turn ratio is connected between the load and
the inverter for galvanic isolation. The power of the three-phase
load can be selected. Its full power is 10 kW and the voltage is
220V, so the resistance in each phase is 14.52 Q) at full load. The
load power in the experiment is chosen to be 8 kW, and the resis-
tance in each phase is 18.15 2. The main processor for VZVPM
control is TI’s TMS320C28346, and the dead-time duration is
specified as 2 ps. Gate drives for a random data sequence are
shown in Fig. 18. With a time delay Ty, which is about 0.4 times



7964

i <

Data

“y»

PWM.

' S
wpr ! o

1

'

'

'

'

'

i

PWM

PWM.

N YR . @ Horizontal | Trigger [ Acquisition
T e | T 35
Fig. 18.  Experimental waveforms of the gate drives for random bits.

“1” “0” “0”

3 §d I

T (TR - T ﬁ oot
el ol vy | Sy |
SRS IR 2
e oo b sosswe e

Fig. 19. Waveforms of the line-to-line voltages for random bits.

Sent Data
0.5} “p» “0” “0” “0” “p» “0” “1” “0”

° R

V)
— _«— Timing Recovery Delay

200
0 1-al
-200

0.6

A SN NNV AV VNN
0

-0.2
230

220
BT R B e T

200 Threshold Integrate & dump value
190
180

1

Demodulated data

05 «“p» “p» «p» “p» «» “0» apr | wr

0

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)
Fig. 20. Demodulation process in experiment.

the switching period T, the pulse position shifts from the right to
the center as the bit jumps from “0” to ““1.” Line-to-line voltages
given different bits are shown in Fig. 19, and the demodulation
process is shown in Fig. 20. The total time delay is equal to the
timing recovery delay (0.25 b Iength) plus the integrate and dump
delay (1 b length). Correspondingly, 100 b/s TPC with the total
latency of 0.0125 s is achieved, which is close to the bound of
secondary control.The power conversion efficiency curves at
different load conditions and zero vector positions p are mea-
sured using a YOKOGAWA WT5000 precision power analyzer,
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as shown in Fig. 21. For different zero vector positions p, the
efficiencies are almost the same at 6 kW load (88.5%) and vary
slightly when the load is less or greater than 6 kW. At full load
(8 kW), the difference in efficiency for different zero vector
positions is less than 2%. The efficiency curve in TPC mode
is also measured. In our TPC mode, the bit rate is 100 b/s and
the zero vector position p jumps between 0 and 0.25 for bit “1”
and “0,” respectively, according to the data sequence with equal
probability of bit “0” and “1.” In order to demonstrate the impact
of VZVPM-based TPC on efficiency, the efficiency deviation
is rendered smaller and is presented in Fig. 21. The efficiency
deviation is defined as the efficiency when p = 0 minus the
efficiency in TPC mode, which is within —0.3% and 0.2%,
indicating that the VZVPM-TPC approach has minor impact
on the efficiency.

V. CONCLUSION

In this study, VZVPM has been proposed to realize TPC
for a three-phase dc—ac converter with a bit rate of 100 b/s
at 10 kHz switching frequency, i.e., the switching frequency
utilization rate equals 0.01. The harmonic characteristics have
been analyzed, which proves that the amplitude of some targeted
harmonics has relationships with the position of the zero vector.
The average THD is 0.1295%, and the variation of THD is
negligible (0.052%) in TPC mode. The bit rate is determined
by the resolution of the target frequencies, which could be
optimized based on harmonic characteristics. Accordingly, the
transmitted data can be extended to 1 km and demodulated with
a latency of 0.0125 s using the sliding FFT approach. The bit
error rate is low (< 0.3%) as p drifts away from 0, and becomes
higher as the line distance increases due to the narrowing of
the threshold range. Simulations and experiments confirm the
feasibility of VZVPM-based TPC, and the robustness to noises
and dead time. The efficiency difference is within 2% under
different zero vector positions at full load and the efficiency is
less affected by VZVPM TPC. Details on bit-rate optimization,
communication delay reduction, and the mechanism of channel
influence on TPC are subjects of future work.
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