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Brief	  History	  of	  the	  U.S.	  Electricity	  Industry	  
	  	  

Source:	  Wikipedia	  

Pearl	  Street	  StaFon	   Niagara	  Power	  StaFon	  	  

Electrifica>on	  of	  our	  modern	  world	  was	  called	  "the	  greatest	  engineering	  
achievement	  of	  the	  20th	  Century"	  by	  the	  Na>onal	  Academy	  of	  Engineering	  
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AC/DC	  War	  (1885-‐1895)	  

Reference:	  AC/DC:	  The	  Savage	  Tale	  of	  the	  First	  Standards	  War	  

“The	  electric	  chair	  developed	  not	  out	  of	  the	  desire	  for	  a	  method	  of	  execuFon	  more	  humane	  than	  
hanging	  but	  through	  an	  effort	  of	  one	  nineteenth-‐century	  electric	  company	  to	  discredit	  the	  
other.”	  
Reference:	  Execu*oner’s	  Current	  by	  Richard	  Moran	  
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Courtesy:	  Tesla	  Memorial	  Society	  of	  New	  York	  

Nikola	  Tesla	  and	  Wes>nghouse	  

•  1893	  World’s	  Fair	  in	  Chicago,	  
Illinois	  was	  to	  be	  lighted	  
electrically	  

•  Bids	  
•  DC	  (Edison)	  
•  AC	  (Wes>nghouse/Tesla)	  

•  AC	  was	  the	  most	  cost	  effec>ve	  
approach	  at	  the	  >me	  

	  
	  

"CITY	  OF	  LIGHT"	  at	  the	  Columbian	  ExposiFon	  
at	  the	  1893	  Chicago	  World's	  Fair.	  
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The	  Electricity	  Grid	  	  
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•  Many	  of	  the	  more	  common	  loads	  have	  become	  
intrinsically	  DC	  -‐	  LighFng,	  TVs,	  Computers,	  
TelecommunicaFon,	  Data	  centers,	  Appliances	  

•  Key	  renewable	  and	  distributed	  resources	  (Solar,	  
badery	  storage,	  fuel	  cells)	  are	  DC	  

•  Most	  classical	  ac	  generaFon	  devices	  can	  actually	  
operate	  more	  efficiently	  if	  connected	  through	  
variable	  frequency	  AC	  drives1	  

•  OpportuniFes	  for	  increased	  efficiency,	  reliability,	  
security,	  independence,	  and	  cost	  

Mo>va>on	  for	  DC	  Power	  Systems	  
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1.	  L.	  Zubieta,	  “Are	  Microgrids	  the	  Future	  of	  Energy?,”	  IEEE	  Electrifica*on	  Magazine,	  June	  2016.	  
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Driving	  the	  ShiZ	  to	  DC	  

•  HVDC	  
•  Transporta>on	  
•  The	  developing	  world	  –	  energy	  

independence	  and	  greater	  
affordability	  
o  Mobile	  12	  V	  badery	  loads	  
o  Simple	  DC	  loads	  and	  sources	  offer	  
energy	  independence	  

•  Military	  opera>ons	  –	  forward	  
operaFng	  bases,	  electric	  ships	  

•  Telecommunica>ons	  
•  Datacenters	  –	  increased	  reliability,	  

higher	  efficiency	  (28%	  more),	  lower	  
cost	  (up	  to	  15%	  reducFon)2	  

V I E W P O I N T
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V I E W P O I N T

The dc Revolution
By Ewan Pritchard, Daniel C. Gregory, and Srdjan Srdic

ITH THE ADVENT OF 
advanced power electron-
ics, distributed renewable 

generation, and direct-current (dc) 
distribution, the power industry has 
been anticipating a massive revolu-
tion in the way power is used in the 
United States. Although this expected 
local shift has been gradual to date, it 
may be approaching quickly and qui-
etly from the periphery. According to a 
recent report from Navigant Research, 
the dc product marketplace is expect-
ed to total US$33 billion between 2015 
and 2024 in four key market seg-
ments: off- and bad-grid telecommu-
nications, data centers, commercial 
buildings, and off-grid military opera-
tions. A similar developing trend is 
taking place in the microgrid market, 
where a study by Markets and Mar-
kets forecasts a US$35 billion annual 
marketplace by 2022. With such a 
wide open market, power industry 
experts are all left wondering: What 
percentage of these microgrids will be 
alternating current (ac) or hybrid ac–
dc? Will one of these trends loosen 
the firm grip that ac has in our legacy 
system? If this grip loosens, will it 
spread as fast as cell phones and 
mobile computing?

The major trends that are driving 
this shift to dc include

1) transportation electrification
2) the developing world

3) military operations
4) telecommunications
5) data centers.

Transportation Electrification
Shipboard power, electrified rail, die-
sel locomotives, and submarine 
power systems have been using dc 
for the past century. However, recent 
advances in power electronics have 
required each of these industries to 
respond. Traditional power engineers 
have substantial intellectual invest-
ment in frequency-based control; as 
a result, they use frequency imbal-
ances to signal when net power 
transfer does not match. On the 
other hand, modern transportation 
power engineers control the system 

by monitoring voltages (and, thus, 
field excitation).

The Centre for Solar Energy and 
Hydrogen Research in Baden-Würt-
temberg, Germany, claims that the 
number of electric vehicles (EVs) 
worldwide more than doubled in 
2015, bringing the total on the road 
to more than 1,300,000. In electric 
and hybrid vehicles, the Centre’s 
automotive engineers at Tesla, Nis-
san, Toyota, Mitsubishi, BYD, BMW, 
Ford, and General Motors are build-
ing small dc microgrids, by the 
 thousands, with unparalleled safety 
systems. The transportation engi-
neer now has the ability to better 
control the loads, essentially throt-
tling back on the power demand as 

W
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Figure 1. The plug-in hybrid developed at North Carolina State University operates as a 
380-Vdc microgrid. (Photo courtesy of North Carolina State University’s FREEDM Systems 
Center.)
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battery to drive a dc fan, a dc tubelight, a dc bulb, and a 
socket-cum dc mobile charger as shown in Figure 6(a) 
and (b). The power is remotely monitored with power 
data logged onto a server using Bluetooth and a mobile 
handset. Figure 7 presents the solar power, the power 
flowing in and out of a battery, and the load for one 
such home on 25 February 2016. The captured data 
from homes validate the simulation results presented 
for a dc home in Table 5. The deployments have, on one 
hand, marked the arrival of power to these homes, 
which otherwise would have continued to be without 
electricity for a considerable period of time and, on the 
other hand, established that the future of power is 
solar-dc power.

Economics of On-Grid 
Homes with Load Shedding
Now, let us analyze grid-connected 
homes and understand the impact of 
load shedding on power costs in the 
two types of homes. Table 6 presents 
cost per day when the grid has a load 
shedding of 4 h (2 h during sun hours 
and 2 h during off-sun hours). The per 
day cost for a dc home is as low as 7.3 
even with 4-h power cuts, whereas the 
ac home power cost is about four times 
this cost. This translates to cost savings 
of about 650 per month.

These cost savings become even 
more prominent as the duration of 

load shedding increases as is evident from Figure 8. So 
for homes that have a grid supply only for a few hours a 
day as is the case with thousands of rural homes in 
India, solar-dc power becomes an efficient and more 
importantly an affordable solution. Also shown in Fig-
ure 8 is the power cost per day in an ac home but with 
energy-efficient ac-powered dc appliances, consuming 
15% more power than dc-powered dc appliances. Here 
too, the costs are considerably lower than those for a 
conventional ac home with ac appliances; however, 
they are 10%–60% higher than that of a dc home, 
depending upon the extent of load shedding. There is 
no reason to go halfway; going with solar-dc power will 
be the fastest way for India to get to 24/7 power in every 
home. These lessons were used to pilot solar-dc power for 
grid-connected homes with significant load shedding. A 
solar-dc inverterless system powering a cluster of 27 
homes and a school was set up in the village of Tirmal, 
Odisha, whose entire population is below the poverty line. 
Figure 9(a)–(c) shows these deployments. Figure 10 cap-
tures (via Bluetooth and a mobile phone) the solar power 
generated, the load, the grid power used, and the power 
in/out of a battery in a home for a few days. This data 

Figure 6. Bhomji ka Gaon, Rajasthan. (a) A 125-Wp solar panel installed on a house, and (b) a family in a home with a solar-dc inverterless system. 
(Photos taken with permission of the family that owns the system.)

(a) (b)

Figure 7. The power data measured over a day in an off-grid home in Rajasthan with a solar-
dc inverterless system on 25 February 2016. 

TABLE 6. Per-day cost of power in ac and dc 
homes with a grid and 4-h load shedding. 

Type of 
Home

Load/Day 
(W H)

Cost/Per 
Day ( )

Efficiency
(%)

ac home 3,266.00 28.9 88

dc home 1,212.00 7.3 93.3

Source:	  FREEDM	  Systems	  Center,	  NC	  State	  

2.	  “Edison	  Redux:	  380	  Vdc	  Brings	  Reli-‐	  ability	  and	  Efficiency	  to	  Sustainable	  Data	  Centers,”	  IEEE	  PES	  Magazine,	  November	  2012.	  
3.	  A.	  Jhunjhunwala,	  A.	  Lolla,	  P.	  Kaur,	  “Solar-‐dc	  Microgrids	  for	  Indian	  Homes:	  A	  transforming	  power	  scenario,”	  IEEE	  Electrifica*on	  Magazine,	  June	  2016.	  
	  

Directly	  from	  [3]	  
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DC	  Microgrids	  in	  India	  –	  Key	  Results	  	  
•  Limited	  access	  to	  electricity	  

o  267	  million	  people	  in	  India	  without	  
access	  to	  electricity	  

o  In	  example	  of	  6	  states	  studied,	  over	  
90%	  of	  customers	  experience	  daily	  
power	  outages	  for	  >4h	  

o  Many	  homes	  without	  wires	  despite	  
village	  being	  considered	  electrified	  

•  Key	  issue	  not	  necessarily	  supply-‐
demand	  gap	  or	  transmission	  
constraints	  but	  affordability	  
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and the battery goes below a minimum level, the normal 
line is cut off, whereas the emergency low-load line con-
tinues to supply power for much longer durations.

The Inverterless-500 systems have been deployed at 
Kundithal, Neelgiris, where eight such systems powered 
21 homes. The 48-V dc power used in the microgrid lim-
its the maximum separation for homes in the cluster. As 
homes in Nilgiris were separated by long distances, each 
system could power between two and four homes. Each 
home is supplied 125 W with a cumulative peak con-
sumption of 500 W. Every home is installed with an LED 
tubelight, a BLdc fan, a cell-phone charger, and a bulb. 
On similar lines, three units of the Inverterless-2500 sys-
tems have been deployed at Tirmal village in the state of 
Orissa, India; each of these systems powers about 30 
homes. The amount of power to be supplied to each 
home can be configured remotely through the 
management system.

Conclusions and 
the Way Forward
A large percentage of the Indian 
population, especially the lower- 
and the middle-class homes, are 
denied access to quality power 
most of the time. The shortage of 
power and the lack of connectivity 
to homes were traditionally under-
stood to be the primary causes for 
this lack of access. However, recent 
developments in the country and 
studies show that the actual reason 
for this state of affairs could be the 
lack of affordability even when the 

power tariff is subsidized. At the same time, power DIS-
COMs are not eager to supply power to such homes as the 
supply is not financially viable; their own finances are in 
dire states. India seems to be stuck in this logjam as 
power cannot be generated at much lower costs, even 
though it depends on environment-unfriendly coal-fired 
power plants.

Disruptive technology is needed to get India to break 
this logjam. A solar-dc microgrid for homes seems to be an 
answer. In the article, we have illustrated that a 48-V dc 
microgrid for each home powered by a rooftop solar panel, 
connecting to the grid through an ac–dc converter wherev-
er the grid is available, integrating a small sized battery, and 
powering dc-powered dc appliances, could overcome a 
multitude of problems. As a result, the power costs for 
homes could be drastically reduced and could become 
affordable in the presence of a 24/7 grid for grids with sig-
nificant amounts of load shedding and in the absence of 

the grid. In addition, homes will draw 
limited power from the grid, significant-
ly cutting down the losses for DISCOMs. 
Finally, when homes use energy-effi-
cient dc-powered dc appliances and 
generate power from a solar panel on 
their rooftops, the nation moves toward 
becoming truly green.

Solar-dc microgrids for homes may 
make immense sense in this context. 
Yet, they face tough challenges. First, 
there has to be a change in the mindset 
that the ac versus dc debate was settled 
a century ago and that we are going 
backward when we talk about the dc 
microgrid. Appliances in homes and 
offices have quietly become dc over the 
past few decades, and it will be a step 
forward into the future when we power 
them using a dc microgrid rather than 
using ac–dc converters for each of 
them. The second bottleneck is the lack 
of standardization. There is no accepted 

Figure 10. The power data measured in an on-grid home with a solar-dc inverterless system from 
23 February 2016 to 24 February 2016. 

Figure 11. An Inverterless-500 system with IRUs at each home in the cluster. 
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3.	  A.	  Jhunjhunwala,	  A.	  Lolla,	  P.	  Kaur,	  “Solar-‐dc	  Microgrids	  for	  Indian	  Homes:	  A	  transforming	  power	  scenario,”	  IEEE	  
Electrifica*on	  Magazine,	  June	  2016.	  
	  

Directly	  from	  [3]	  

•  Solar-‐DC	  Microgrids	  offer	  a	  solu>on:	  
•  Solar-‐dc	  home	  microgrid	  enables	  24/7	  power	  vs.	  on-‐grid	  ac	  home	  
•  Delivery	  of	  energy	  at	  higher	  efficiency	  in	  DC	  (91%)	  vs.	  AC	  (65%)	  at	  1/4	  the	  cost	  for	  

same	  sources	  (local	  PV)	  
•  “for	  an	  efficient	  off-‐	  grid	  solar-‐dc	  home	  the	  power	  costs	  are	  lower	  than	  even	  the	  

current	  grid-‐connected	  ac	  homes“	  
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DC	  Power	  Systems:	  Vision	  for	  Buildings	  

Directly	  From:	  “DC	  Microgrids:	  Advanced	  Power	  DistribuFon	  Plaqorms	  for	  Flexibility,	  Savings	  &	  Sustainability	  in	  Buildings,”	  Emerge	  Alliance,	  emergealliance.org.	  	  
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DC	  in	  Data	  Centers	  

Directly	  From:	  “DC	  Microgrids:	  Advanced	  Power	  DistribuFon	  Plaqorms	  for	  Flexibility,	  Savings	  &	  Sustainability	  in	  Buildings,”	  Emerge	  Alliance,	  emergealliance.org.	  	  
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DC	  in	  the	  Occupied	  Space	  

Directly	  From:	  “DC	  Microgrids:	  Advanced	  Power	  DistribuFon	  Plaqorms	  for	  Flexibility,	  Savings	  &	  Sustainability	  in	  Buildings,”	  Emerge	  Alliance,	  emergealliance.org.	  	  
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Obstacles	  to	  Adop>on	  of	  DC	  Power	  Systems	  

•  Misconcep>ons	  –	  safety,	  efficiency,	  capabiliFes	  
•  Lack	  of	  Standards	  and	  Codes	  –	  few	  references	  
for	  engineers,	  manufacturers,	  and	  installers	  

•  Lack	  of	  Products	  
o Majority	  of	  products	  in	  the	  home	  are	  DC	  (each	  with	  
their	  own	  converter),	  but	  not	  many	  can	  plug	  into	  a	  
380	  Vdc	  or	  48	  Vdc	  outlet	  

o Many	  appliances	  are	  dc	  at	  their	  core,	  but	  not	  
available	  as	  dc-‐power	  dc	  appliances	  

o  ProtecFon	  devices	  
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•  An	  opportunity	  to	  create	  a	  global	  DC	  standard	  
•  Universal	  power	  connec>vity:	  democra>za>on	  
of	  electricity	  

•  Parts	  commonality	  –	  sta>onary	  and	  mobile	  
power	  systems	  

•  Decrease	  electronic	  waste	  –	  mobile	  phone	  
chargers	  in	  EU	  
•  In	  US:	  379	  million	  external	  power	  supplies	  in	  landfill	  
each	  year	  

•  Poten>al	  to	  improve	  energy	  independence	  and	  
access	  for	  billions	  

Opportuni>es	  


