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Sequential Co-transmission of High-Frequency
Power and Data Signals

Ankit Gupta

Abstract—An approach for sequential transmission of
high-frequency (HF) power and data signals over a com-
mon HF channel (i.e., co-transmission) is outlined. This is
in contrast to the conventional power-line communication,
where the power and data co-transmission is simultaneous.
Sequential co-transmission avoids data corruption by tem-
porally distributing power and data signals over an HF chan-
nel and limiting their overlap. A data-transfer mechanism to
realize the sequential co-transmission approach is outlined.
Simple transmitter and receiver circuits, synthesized with-
out the use of any analog-filtering circuitry are designed and
a modified asynchronous serial-communication-interface
protocol is implemented for ensuring the integrity of the
transmitted data. The sequential HF power and data co-
transmissions are experimentally validated using a closed-
loop distributed dc/dc converter operating in switching
frequency range of 100 kHz.

|. INTRODUCTION

DDING a communication link for information exchange

(for monitoring load, fault, system and maintenance sta-
tus, control parameters, etc.) to an existing power system with
limited overhead cost has always been of perpetual interest [1]-
[4]. Conventionally, power-line communication (PLC), which
is typically used for smart metering [1] and system monitoring
applications [3], is realized by superimposing high-frequency
(HF) data signal over a 60/50-Hz low-frequency (LF) power
signal [5], as illustrated in Fig. 1(a). Owing to the wide sep-
aration between the frequency spectrums of these two signals
(LF power signal and HF data signal), simple but large reactive
couplers along with line traps and low-order analog-filtering cir-
cuits are needed for such a PLC to couple and extract data to and
from the power line. Further, in [6]-[12], a new form of PLC for
motor-drive applications, with simultaneous transmission of HF
data signal over an HF power signal is illustrated for transmit-
ting information over an HF PWM link. However, such a PLC
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Fig. 1. lllustrations for (a) conventional PLC with simultaneous LF
power and HF data transmissions (LFPT, HFDT), and (b) sequential
HFPT and HFDT.

yields temporal overlap between the HF power and HF data
signals, which following Shannon’s theorem [13], reduces the
channel capacity for data transmission because of background
noise generated by the average current flowing through the
network. This results in an increased probability of data fail-
ure at higher noise levels. For instance, in [6], up to a 90%
reduction in data rate is reported as the amplitude of the PWM
signal is enhanced; further, for a PWM frequency exceeding
10 kHz, all data signals are lost. Additional, in [7] for a sys-
tem working at 12 kHz, a complete loss of communication is
reported at the PWM switching instants.

In view of these limitations of simultaneous PLCs, Fig. 1(b)
outlines a scheme for sequential co-transmission of HF power
and HF data signals. In this scheme, power and data networks are
linked over the HF channel mutually exclusively, thereby ideally
eliminating any temporal overlap between the HF power and HF
data signals. Additionally, as will be discussed in Section III,
the proposed approach can also help in simplifying the data
coupling/decoupling design by eliminating the need for any
complex analog-filtering circuitry.

An overview of the proposed approach is outlined in
Section II, while details of the concept-validating experimen-
tal prototype are provided in Section III. The sequential HF
power-and-data co-transmission approach is implemented on a
distributed dc/dc converter for which the closed-loop control al-
gorithm is discussed in Section IV and the experimental results
are provided in Section V. Finally, conclusions of the letter are
brought out in Section VI.

Il. OVERVIEW OF SEQUENTIAL POWER AND DATA
CO-TRANSMISSION OVER AN HF CHANNEL

In Fig. 2, PN, (PN, ) and DN,,v (DN, ) refer to the
nth power and data transmitter (receiver) nodes, while S, pr
(S,pr) and S,pr (S,pg) are switches that connect and dis-
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Fig. 2. Overview of supporting power and data co-transmission over
an HF channel.
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Fig. 3. Schematic of the distributed dc/dc converter, showing PNy,
PNigr,DN;1,DN;R, and the HF channel. DSP; (DSP,) coordinates lo-
cally with PN, (PN ) for gating and feedback signals, DNyt (DN;R)
regarding data communication, and switch board regarding sequen-
tial power and data co-transmission. Control approach implemented in
DSP; and DSP; are also illustrated, with V;; representing the reference
for regulating the output voltage.

connect nth power (data) nodes from the common HF chan-
nel. The switches follow the Boolean logic: S,pr® S, pr =
I, SnDTé SnDR =1, SnPT 52 SnDT =1, and SnPR 2] S?LDR
= 1, where @ and @ represent XNOR and XOR logic operators,
respectively. This ensures that, the transmitting and receiving
power (data) switches are synchronized, while the correspond-
ing switches that support power and data transfers operate com-
plementarily. When both S, pr and S, pg are turned on, PN, 1
and PN, are connected and power is transmitted over the HF
channel. Similarly, when S,,p and S,pgr are turned on, data
are transferred between DN,,r and DN,z over the HF channel.

Ill. DETAILS OF THE VALIDATION PROTOTYPE

To obtain an HF channel for sequential co-transmission of
power and data, a dc/dc converter is modified as shown in
Fig. 3 for distributed realization. The modified circuit has three
elements: transmitting and receiving power nodes PN, and
PNiR, respectively, data transmitter and receiver nodes DN
and DNy, respectively, and switches Sipt (S;pr) and Sipr
(S;pgr) which are used to connect and disconnect the power

Ts
S17 d*Ts
Sy
Power transfer t
—-
SipT,
E¥Ts
Sipr :
t
Data transfer
-—
S1pR,
X Ts
Sipr

t

Fig. 4. Timing diagram for the operation of the switches.

(data) nodes from the common HF channel. Coded data are sent
to DNy by DSP,, which are synchronized to DSP; and pro-
vides the gating signals for S;pr, SipT, and S;. DSP; decodes
the received data on DN and provides the gating signals for
S1, S1pT,and Sipr.

A timing diagram for the distributed dc/dc converter is pro-
vided in Fig. 4. Switches S; and S, are the power switches and
are complimentary to each other. Duty cycle (d) of S; deter-
mines the output voltage of the distributed dc/dc converter [14].
Transfer switches S1p and Sypr are synchronized to each other
and are complementary to the data switches Sipr and Sipr.
Sipr and Sypy are also synchronized to S; and have a duty
cycle (¢) given by ¢ = d + 9, where J is the additional duty
cycle added to provide a conducting path for the transformer
leakage current through S;pr and Sipg to the load when S; is
turned off. The value of § depends on the stored leakage energy
in the HF transformer.

When S;pr and Sipg are active, power is transferred from
PNt to PNy, this duration is marked as the power transfer
in Fig. 4. For the remaining switching-cycle time (7%), the HF
channel is available for data transmission, which is enabled by
turning on S;pr and Syp as illustrated in Fig. 4. The durations
for power and data transmissions depend on the value of d. If
a low (high) converter output voltage is required, a low (high)
d is needed and hence, the time duration for data transmission
in T} is increased (decreased). However, when d is low, for a
given channel capacity, data rate can be increased to enhance
data baud rate.

Next, a brief description of the data-transfer mechanism used
in Fig. 3 is provided.

A. Data-Transmitter and Data-Receiver Nodes

A simple data-transmitter circuit, as shown in Fig. 3 (DN; 1),
is implemented using an inverting gate-driver IC, which receives
data directly from DSP, and eliminates the need for any data-
amplifier circuitry. An inverting gate-driver IC (IXDI609SIA),
with a maximum propagation delay of 60 ns, is chosen and its
output voltage peak is fixed at 5 V. A5 V (0 V) on the gate-driver
output corresponds to 0 (1) digital bit being transmitted by the
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Fig. 5. (a) Asynchronous SCI data-transfer format and (b) modified
asynchronous SCI data-transfer format.

DSP,. The output pin of the gate driver is directly connected
to the source of Sipr as illustrated in Fig. 3. Data are only
transmitted when S;pr and Sipr are turned on.

A resistive data-receiver circuit is designed to recover the
transmitted data signals on the HF channel, as is shown in Fig. 3
(DNjR). The output of the DNy is fed to the DSP; through a
digital-isolator interface followed by a logic inverter to recover
the transmitted data from DNy .

B. Data-Transfer Protocol

Serial-communication-interface (SCI) module with data-
transfer packet shown in Fig. 5(a) available in the TI's
TMS320F28335 DSP is used as the mechanism for asyn-
chronous data transfer [15]. To achieve a robust and reliable
data transfer via the HF channel, precursor signature bits along
with the already available parity check bits are added to the
data being transmitted from DN;r. A total of 11 bits of data
as shown in Fig. 5(b), comprising 1 start, 2 signatures, 6 in-
formation, 1 parity, and 1 stop bit are transmitted in every data
packet. SCI clock frequency of 37.5 MHz is chosen that yields
a maximum baud rate of 4.68 Mbps. The maximum number of
bits in a packet is limited because of the selected SCI protocol.
Different protocols with added data bits can be used to further
increase the number of data bits sent in every switching cycle.

V. CONTROL APPROACH FOR THE
DISTRIBUTED CONVERTER

Flowcharts explaining the control approach implemented (in
DSP; and DSP;) to regulate the output voltage of the distributed
dc/dc converter are provided in Figs. 6(a) and 6(b), respectively.
As shown in Fig 6(b), at the onset of each switching cycle, output
voltage of the converter is sensed and fed to a P compensator in
DSP;, that generates the required closed-loop duty cycle. This
duty cycle is then converted to an 8-bit data format comprising
of two precursor signatures bits (detailed in Section III-B).

Next, during the interval of data transfer, marked in Fig. 4,
the duty cycle data are transmitted from DN;p to DNy via
the HF channel. Once this data packet reaches the Rx buffer in
DSPy, its precursor signature bits are matched with the stored
signature. If the match is good, an acknowledgment is sent to
DSP, and the duty cycle of PNyt and PN,y are updated in
next switching cycle.

If the data received by DSP; are corrupted and the match-
ing fails, then no acknowledgment is sent to DSP,. In such a

Start
h 4
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h 4
Calculate error (Ves - Vo )
start h 4

Feed error to the Pl controller for
generating closed-loop duty cycle

P> Check SCI Rx buffer

* Send the generated duty cycle to
v SCI module
Data
received *
M Add precursor signature bits to
* the duty cycle data

Signature N *
bits match Using modified SCI protocol transmit data
from DNyrto DNyg

A Al
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N ;
Acknowledgement » Wait for the next
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Wait for the next
switching cycle

Update duty cycle of
Wait for the next Do not update
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Fig.6. Flowcharts of control approaches implemented in (a) DSP; and
(b) DSP,.
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Fig.7. Experimental prototype of the distributed dc/dc converter shown

in Fig. 3.

scenario, duty cycle for each power node remain unchanged
and equal to the last successfully transmitted duty cycle. Dur-
ing this period, the distributed converter continues to operate
in quasi-closed loop and achieves a quasi-steady state with the
delayed duty cycle, until satisfactory communication between
the transmitter and the receiver is re-established.

V. RESULTS

An experimental realization for the circuit, as shown in Fig. 3,
is demonstrated in Fig. 7. PN;1, PNy, and switch board are
experimentally realized on separate PCBs and are connected
using short twisted wires. TI’s TMS320F28335 DSP is selected
for generating the gating signals for all the switches and for
implementing the modified SCI protocol. The DSP control code
is written in C language using TI’s Code Composer Studio
V3.3. Variation in the duration of power-transfer signal and
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TABLE |
SPECIFICATIONS OF THE DISTRIBUTED DC/DC CONVERTER

Transformer  Switching Ly L, (of C)

turns ratio frequency

2 100kHz  50pH 100pH 6.8 puF 1.5 uF
Tek I @ Acq Complete M Pos: 2,080 s

Voltage waveform on HF channel

Injected data on HF channel

S1DR
Tx Data

" o gl
Rx Data

3
CH2 20.0Y M 1.000s
CH3 5.00¥  CH4 5.00V 12-Sep=17 03:23
Fig. 8. Experimental waveform (channel 2) shows the sequential co-

transfer of HF power and data over the HF channel. Embedded data
signals (channels 3 and 4), which are transmitted from DSP2, when
Sipr (channel 1) is high, to DSP1 are shown on channels 4 and 3,
respectively.

the variation in the data packets for PN;1 (PN ) and DNy
(DNjy7) are handled by DSP; (DSP5). PCB traces on the switch
board is used as the HF channel for sequential cotransfer of HF
power and data signals.

Power-stage parameters are derived using [14] and are cap-
tured in Table I. Experimental result for an input voltage of 20 V
and a duty cycle of 57% are provided in Figs. 8 and 9. The initial
result, in Fig. 8 (channel 2), demonstrates the co-transmission
of the high-voltage power and low-voltage data signals. In the
above trace, the embedded data signals, which are transmitted
from DSP,, when Sypy is high, to DSP; are shown on channels
4 and 3, respectively. A delay of 340 ns is observed between
the transmitted and received data signals due to the propagation
delay incurred in the digital components and the HF channel.
Further, occurrence of an erroneous bit at the onset of the power
signal is observed in the received data, this is caused by the
voltage drop across R; and R, in DN; by the charging current
needed to turn off Sypg. This erroneous data bit is rejected in
DSP; using the modified SCI protocol, which is outlined in
Section III-B.

With reference to the cotransfer signal shown on channel 3,
Fig. 9 validates the transfer of power when S;pr turned on.
During this time, power transfers from the dc source in PN;p
to the output load in PN;r over the HF channel. This is

Voltage waveforfn 611 HF channel

-_—-"“‘\‘ Injected data; on HF channel
& ;- 40V /Div

SipT 0 TTTLTTT
Rt o b
- I y 20V /Diy
~ Lo Inductor current 1
- T/Div = 1ps 1A/Div
Fig. 9. Experimental waveform (channel 3) shows the sequential co-

transfer of HF power and data over the HF channel. Only when S;pr
(channel 2) is turned on, the magnitudes of the input and output induc-
tor currents (channels 1 and 4) increase indicating transfer of power
between PN and PNy over the HF channel.

TABLE I
EFFECT OF THE FREQUENCY OF POWER TRANSFER ON DATA RATE

Frequency of power transfer (kHz) 80 90 100 110 120

Data rate (Mbps) 468 4.68 4.68 4.68 468

indicated by the increase in the magnitudes of the input and
output inductor currents. Similarly, when Sipy is turned off,
one can observe that, magnitudes of the input and output induc-
tor current decrease.

Finally, with reference to the same cotransfer signal, shown
in Fig. 8, the status of the local switches S; and S, in PNy and
PNjg, withreference to S;p and S1pg, are shown in Fig. 10(a).
They comply with the timing diagram in Fig. 4. Fig. 10(b)
shows the corresponding drain to source voltage (V4s) across Sy
and S,.

To test the dependence of data rate on the frequency of power
transfer in the proposed sequential cotransfer, the experimental
converter is tested by changing the frequency of power transfer
between 80 kHz and 120 kHz. Experimental measurements from
the test are listed in Table II. A maximum data rate of 4.68 Mbps
is obtained irrespective of the frequency of power transfer.

Next, the distributed dc/dc converter is subjected to a cyclic
load transient from 36 W to 48 W with a frequency of 20 Hz
using Agilent 6060B dc electronic load. A PI compensator-
based closed-loop voltage-control approach illustrated in Fig. 3
is implemented in DSP, to track a 30 V dc at the output with
a fixed input dc voltage of 20 V. The PI compensator is tuned
to achieve an acceptable tradeoff between output-voltage regu-
lation and dynamic response. As explained in Section IV, duty
cycle computed in DSP;, is later transferred to DSP; over the
HF channel for generating gating pulses for Sy, S;pr,and Sipg.
In Fig. 11, output voltage (V1) is plotted along with the out-
put load current of the distributed dc/dc converter. It is observed
that the closed-loop converter tracks the output voltage with a
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(b)
Fig. 10.  Experimental waveform (Ref A) shows the sequential cotrans-

fer of HF power and data over the HF channel, along with (a) gating
signals for Si, Sipr, Sipr, and S,, and (b) V4, waveforms across
switches S; and S».

continually changing load current with the help of the duty cycle
information being transmitted in every switching cycle.
Further, to emulate the effect of communication failure,
the distributed dc/dc converter was subjected to a delay of n
switching cycle, i.e., the closed loop duty cycle was updated
once in n switching cycles. As explained in Section IV, dur-
ing this delayed period, the converter runs with the last suc-
cessfully transmitted duty cycle value. For a Vit of 30 V and
n = 14, simulation along with experimental results for the state
error trajectories of the output voltage (eyout = Vier — Vout1)
are provided in Figs. 12(a) and (b), respectively. It can be ob-
served that the state error trajectory of the output voltage con-

gle Seq
v

Output GQurrent

oOOmA/DiV?

e SRS - S

| / 10V/Div|

4 Output Volatge |
[+

ch2 100V By 50.0
Ch4  500mY Q Bw A Ch4 132V

Fig. 11.  Converter output-voltage and output-current waveforms during
a cyclic 20-Hz load variation between 48 W and 36 W. A Pl compensator
is designed to track the output voltage of 30 V given an input voltage of
20 V.

Zo3

Z No Delay s Delay of 14 switching cycle
02 202
: &
S 01 0.1 /
0 / 0
0.1 -0.1
- o 25 0 5 10 15 20 25 30 35
S0 s w0 s s " B
a
0.5 0.5,
04 04
03 03
Z,, No Delay z i Delay of 14 switching cycle
4o _/ S0l _/

0 0

0.1 0.1

02 b 02
-5 0 5 10 15 20 25 30 35 -5 0 s 10 15 20 25 30 35
€. (V) € (V)

Fig. 12. (a) Simulated and (b) experimental results for the state error
trajectories of the output voltage with no delay and a delay of 14 switching
cycle. Converges of state error trajectory guarantees the reachability of
the delayed and non-delayed system.

verges for both the delayed and non-delayed system showing its
reachability.

VI. CONCLUSION

An approach for cotransfer of HF power and data signals over
a common HF channel is outlined and validated using an exper-
imental dc/dc converter. It is experimentally demonstrated that
the data transfer rate in a sequential cotransfer is independent
of the frequency of power transfer. Further, it is shown that no
complex analog-filtering circuitry is required for coupling and
decoupling data signals on the HF channel, as is usually the case
in conventional PLC. In the experimental converter, transitional
coupling between the power- and the data-transmissions nodes
is observed due to non-ideal behavior of the semiconductor de-
vices. To eliminate data corruption caused by it, a modified
SCI protocol is implemented. Also, steady-state stability of the
system during an event of communication failure is established
both using simulation and experimental results. A maximum
data baud rate of 4.68 Mbps is achieved for a power transfer
frequency varying between 80 kHz and 120 kHz.



GUPTA AND MAZUMDER: SEQUENTIAL CO-TRANSMISSION OF HIGH-FREQUENCY POWER AND DATA SIGNALS

4445

REFERENCES

[1]1 V. C. Gungor et al., “Smart grid technologies: Communication technolo-
gies and standards,” IEEE Trans. Ind. Inform., vol. 7, no. 4, pp. 529-539,
Nov. 2011.

[2] J. Guo, G. Hug, and O. K. Tonguz, “On the role of communications plane
in distributed optimization of power systems,” IEEE Trans. Ind. Inform.,
vol. PP, no. 99, pp. 1-1.

[3] M. Liand H. J. Lin, “Design and implementation of smart home control
systems based on wireless sensor networks and power line communica-
tions,” IEEE Trans. Ind. Electron., vol. 62,no. 7, pp. 4430-4442, Jul. 2015.

[4] S.K.Mazumder, M. Tahir, and K. Acharya, “Master—slave current-sharing
control of a parallel dc—dc converter system over an RF communication
interface,” IEEE Trans. Ind. Electron., vol. 55, no. 1, pp. 59-66, Jan. 2008.

[5] H. C. Ferreira, H. M. Grove, O. Hooijen, and A. Han Vinck, Power Line
Communication. Hoboken, NJ, USA: Wiley, 2010.

[6] N. Ginot, M. A. Mannah, C. Batard, and M. Machmoum, “Application
of power line communication for data transmission over PWM network,”
IEEE Trans. Smart Grid, vol. 1, no. 2, pp. 178-185, Sep. 2010.

[7]1 S. Chen, E. Zhong, and T. A. Lipo, “A new approach to motor condition
monitoring in induction motor drives,” IEEE Trans. Ind. Appl., vol. 30,
no. 4, pp. 905-911, Jul. 1994.

[8] K. Kilani, V. Degardin, P. Laly, and M. Lienard, “Transmission on aircraft
power line between an inverter and a motor: Impulsive noise character-
ization,” in Proc. IEEE Int. Symp. Power Line Commun. Appl., Udine,
Apr. 2011, pp. 301-304.

[9] C.Konate, A. Kosonen, J. Ahola, M. Machmoum, and J. F. Diouris, “Power

line communication in motor cables of inverter-fed electric drives,” IEEE

Trans. Power Del., vol. 25, no. 1, pp. 125-131, Jan. 2010.

M. A. Mannah, C. Batard, N. Ginot, and M. Machmoum, “A PLC-based

method for data transmission over a pulse width modulated network,”

IEEE Trans. Power Del., vol. 26, no. 4, pp. 2259-2266, Oct. 2011.

N. G. Coakley and R. C. Kavanagh, “Real-time control of a servosystem

using the inverter-fed power lines to communicate sensor feedback,” IEEE

Trans. Ind. Electron., vol. 46, no. 2, pp. 360-369, Apr. 1999.

A. Kosonen and J. Ahola, “Comparison of signal coupling methods for

power line communication between a motor and an inverter,” /ET Elect.

Power Appl., vol. 4, no. 6, pp. 431-440, Jul. 2010.

C. E. Shannon, “A mathematical theory of communication,” The Bell Syst.

Tech. J., vol. 27, pp. 379-423, 1948.

A. Kulkarni, A. Gupta, and S. K. Mazumder, “Resolving practical design

issues in a single-phase grid-connected GaN-FET based differential-mode

inverter,” IEEE Trans. Power Electron., vol.33,no. 5, pp. 3734-3751, May

2018.

“2823x  Serial

[10]

(1]

[12]

[13]

[14]

[15] communications interface (SCI) reference guide,”

Texas Instruments, Dallas, TX, USA, TMS320x2833x, SPRUFZS5A,
2009.

Ankit Gupta (S’11) received the B.E. degree in
electrical engineering from the Delhi College of
Engineering, Delhi, India, in 2011. He is currently
working toward the Ph.D. degree in electrical en-
gineering.

From 2011-2013, he worked as an engi-
neer with the super critical Turbo-Generator
manufacturing facility of Bharat Heavy Electri-
cal Ltd. (BHEL), HEEP, Haridwar unit. In 2013,
he worked with the Laboratory of Energy and
Switching Electronics System (LESES), Univer-
sity of lllinois, Chicago, USA. He is an author for more than 10 peer-
reviewed Journal and conference papers. His research interests include
but not limited to high frequency power converters, high frequency power
and data transfer, microgrids and grid integration of renewable energy.

Mr. Gupta is an active member of IEEE MGA comity and served as
the IEEE Region 4 student representative, in 2015. He also serves as a
Reviewer for the IEEE TRANSACTIONS ON POWER ELECTRONICS and IEEE
TRANSACTIONS ON INDUSTRIAL ELECTRONICS.

Sudip K. Mazumder (S'97-M’'01-SM’03-F’16)
received the Ph.D. degree in electrical and com-
puter engineering from Virginia Tech, Blacks-
burg, VA, USA, in 2001 and M.S. degree in
electrical power engineering from Rensselaer
Polytechnic Institute, Troy, NY, USA, in 1993.

He is currently working as a Professor with
the University of lllinois, Chicago (UIC), USA,
since 2001 and is the President with NextWatt
LLC, since 2008. He has more than 25 years of
professional experience and has held R&D and
design positions in leading industrial organizations and has served as a
Technical Consultant for several industries. He has published more than
200 refereed papers, delivered over 85 keynote/plenary/invited presen-
tations, and received and carried out about 50 sponsored research since
joining UIC.

Prof. Mazumder is the recipient of UICs Inventor of the Year Award
(2014), University of lllinois University Scholar Award (2013), Office
of Naval Research Young Investigator Award (2005), National Science
Foundation CAREER Award (2003), and IEEE Power Electronics Soci-
ety (PELS) Transaction Paper Award (2002). He has served on several
prestigious National Science Foundation panels. He was elected to serve
as a Distinguished Lecturer for IEEE PELS beginning in 2016. He has
served/is serving as the Guest Editor-in-Chief/Editor for IEEE PELS/IES
Transactions between 2013 and 2017, as the first Editor-in-Chief for Ad-
vances in Power Electronics (2006—2009), and as an Editorial Board
Member for IEEE TPEL/TII/JESTPE/TAES Transactions. He currently
serves as the Chair for IEEE PELS Technical Committee on Sustain-
able Energy Systems and as an AdCom Member for PELS. He is also
involved with several of IEEE, PELS, and PES initiatives including Inter-
national Technology Roadmap for Wide-bandgap (ITRW) Technologies,
Billion Smiles, Smart Village, and Microgrid task force.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


