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 “right”AC/DC supply:
the priorities may not be obvious

By Don Knowles, N2Power

An interesting set of tradeoffs compli-
cates the selection puzzle, explains Don 
Knowles, VP of Engineering at N2Power. 

When you are specifying an AC/DC supply for 
your project, you have both an easy task and 
complex one. Obviously, you need to select one 
with the right output voltage and current rating, 
as well as input voltage range. That’s actually 
the easier part.

But there are two other issues you need to ad-
dress: what is the power-distribution topology 
you’ll be using? What are your thermal and sup-
ply placement/mounting options?

We won’t talk about the internal topologies of 
the AC/DC converters. There are some com-
monly used design approaches, but to the user, 
the supply can be considered as a “black box” 
with input, output, and performance attributes.
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Distribution topology
If all you need to do is supply a single DC rail 
to a single PC board from your AC supply, you 
have a relatively easy situation. For example, 
you may have to deliver 12V DC at 20 A (nomi-
nal 240 W) to a mid-size board, and all further 
power needs are handled locally on that board. 
Consider yourself lucky, and proceed to “ther-
mal issues.” 

Many applications, though, need that single 
voltage across two or more boards, or need dif-
ferent voltages (and currents, of course). Right 
there, you have the choice of one larger supply, 
or multiple smaller ones, Figure 1.

Many applications use multistage-pow-
er-distribution approach, where the AC/
DC supply feeds one or more intermedi-
ate bus converters (IBCs), which in turn 
transform the DC voltage from the AC/
DC supply into lower-voltage DC rails. 
For example, individual IBCs may take 
48 VDC and provide 12 V DC, 5V DC, 3V 
DC, and other voltages needed by the 
circuitry, Figure 2.

 If the system uses IBCs, the decision 
as to which kind of the AC/DC converter 
is needed is, again, simplified. In most designs, 
there is only a single intermediate voltage, such 
as 48 V DC or 12 V DC (some more complex 
systems use a variety of IBCs supply rails. 
Therefore, you can focus on finding an AC/DC 
supply (or supplies) which provides the desired 
intermediate rail voltage(s), at sufficient current.

 
Efficiency is the rage, for good reasons.
Efficiency is “hot” these days, and not just be-

cause it sounds politically correct and virtuous. 
Efficiency and the thermal load dissipation have 
major effects on design and placement, as well 
as operating and life-cycle costs.

Various regulatory standards now mandate 
minimum supply efficiencies, with the specific 
value depending on the nominal wattage rating 
of the supply. The good news is that almost any 
supply from a reputable vendor will meet the 
standards. But you do have to make sure that 
the supply is certified for the countries in which 
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Figure 1: The AC 
line can feed a 
single larger AC/
DC converter 
(top), or sev-
eral smaller ones 
(bottom)—even 
with the same 
output voltage.

Figure 2: Many installations use a 
single AC/DC converter to supply a 
one DC voltage to an array of inter-
mediate bus converters, which in turn 
provide the final DC rail voltages.
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your product will be used, since the standards 
are not fully harmonized. 

Given that almost all new AC/DC supplies have 
efficiency in the 85 to 95% range, why should 
you be concerned about exact figure? After all, 
today’s switching supplies are a big improve-
ment over the 50-60% efficiency of older, linear 
(non-switching) supplies.

Here’s why: even a few percentage points can 
make a big difference, three ways. Using an ex-
ample of a casino floor of several hundred gam-
ing machines:

•  First, you have to supply that extra power, 
which adds up and is an ongoing cost. 

•  Second, you have to get rid of the heat that 
the supplies generate; again, an ongoing 
cost. 

•  Finally, heat is the killer of electronics, and 
even a few more degrees can severely short-
en the life of a supply—which means field 
replacement, labor costs, and a product not 
generating revenue for hours or longer. 

Note that a properly designed and 
built supply, and operating within 
its rated specifications has a MTTF 
(mean time to failure) of several hun-
dred thousand hours—but a 10⁰C 
increase can cut the MTBF in half. 

What to do? Choose the highest-
efficiency supply you can afford in 
BOM cost, and also factor in the 
operating and lifecycle costs. But 
be careful with efficiency numbers, 
as they are not constant across the 
entire load range. Most vendors 
provide an efficiency vs load graph, 
which shows the supply’s perfor-
mance from light load—say, 10%—
to full load. Supplies usually have 
an efficiency “sweet spot” at around 85-95% of 
their full current rating, Figure 3.

Understand where you are on the load curve, 
and your product’s duty cycle, to decide how 
much efficiency you need and the benefits of 

the cost of additional efficiency. A supply that is 
operating mostly at mid-range load (50%) and 
85% efficiency, and only occasionally at near-
maximum load (90%) but with much higher ef-
ficiency of 95%, would cost-out differently than 

XL375-12

Percent of main output power
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Figure 3: A supply’s efficiency is not constant, and varies with load; each  
supply has an important region where its efficiency is at a maximum.  
[From Figure 3-1 “Typical XL375-12 (12V, worse-case) Efficiency Curves”, 
shown in Product Specification XL375 Series 375-Watt AC to DC Power  
Supplies, available at http://www.n2power.com/704601.pdf]
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one which is slightly less efficient (such as 93%) 
at 90% load, but operating at that point most of 
the time. The up-front cost for a few extra points 
of efficiency may not be worthwhile or even 
meaningful, depending on your product’s oper-
ating modes.

Similarly, don’t over-specify the supply’s size, 
with the intention of getting greater efficiency 
and longer life. For example, if you need a sup-
ply that can deliver 400 W, you would look for 
a supply that is rated in the 500 W range. You 
could also get a 1000 W supply, which would 
certainly have more capacity than you need. 
However, it would be less efficient than a 500 W 
supply, while you’ll be paying more for the sup-
ply itself, and your operating costs will be higher.

Where do I put it?
Where you locate the supply, and how you ori-
ent it, is a major factor in success.  Some sup-
plies are designed and specified for convection 
cooling alone, and no forced airflow; others 

assume active cooling via airflow (usually from 
a fan, but chillers are also used in some cases). 
Other passive cooling techniques include heat 
sinks, heat pipes, and cold plates, all of which 
add to cost and design complexity.

In general, having forced-air cooling allows a 
less-expensive supply design, but you also have 
to factor in the cost and reliability of the fan 
itself. The supply vendor will specify how many 
cubic feet per minute (CFM) of air, and at what 
temperature, you need to push past the supply.

Whether you use passive or active cooling, 
you also have to consider the location and ori-
entation of the supply. Most supplies are rated 
at a defined orientation, and changing this 
means that heat-generating components will 
have inadequate airflow (and also heat adjacent 
components). If you have any questions about 
your mounting and its impact on the supply’s 
ratings, you’ll need to work closely with the ven-
dor for additional insight.

Reality is that supplies tend to be dropped in 

an available, crowded spot—often next to other 
sources of heat, such a PC boards with hot pro-
cessors, or motors. The ambient temperature you 
think the supply will see can be much higher than 
what it actually encounters, so be sure to clarify 
where the dissipation of the non-supply part of 
the system is going and how it gets there. You 
may have to take this into account as part of your 
cooling strategy or supply-rating assessment.

And now, on to the electrical specifications
With everything else out of the way, you can 
focus on the electrical specifications. Start with 
the AC side of the AC/DC converter, of course, 
and a straightforward question about the AC 
line’s nominal value and range

Will your AC line be only 120 VAC only, 220 
VAC only, or do you need to handle both nominal 
lines with a single supply? In general, supporting 
only one AC range results in a less costly supply, 
but the difference is fairly small with most sup-
plies. Some vendors don’t even offer units for a 
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single line range, since it’s a logistical headache 
to design, qualify, and ship two similar supplies.

The bigger question is the line tolerance you 
need. The wider the tolerance around the nomi-
nal value—5%, 10%, or more—the more dif-
ficult the supply challenges, especially when 
it is called to supply maximum output at mini-
mum line; note that a full-range supply could 
be specified for 90 to 264 VAC. Also, on-going 
line voltage fluctuations make it more difficult 
for the supply to maintain its regulated output, 
even if the load is not changing. 

As with most engineering designs, its these 
“corner cases” of operation that require you to 
carefully study the vendor’s data sheets, and 
see if max/min specs are maintained under 
worst-case conditions, or only at nominal points.

Moving on to the DC side, look at required 
voltage(s) and associated current rating(s). 
There’s not much to argue about; either the sup-
ply is rated to deliver what you need, or it isn’t. 

Do check if the supply’s output regulation meets 
your requirements—that’s the ability to maintain 
the nominal output within tolerance, despite shifts 
in the current being drawn from the supply.

Most vendors offer screw terminals for the 
DC output, but connectors are also available 
as standard options. Screw terminals reduce 
costs of interconnection cables, but require 
more labor in final assembly of your product 
and are prone to wiring errors.

Other features you’ll need to check on the 
regulatory compliance. The major ones cover 
efficiency; power factor correction (PFC)(how 
much the supply shifts the line current with 
respect to voltage); safety issues such as isola-
tion and fault modes; RoHS (reduction of haz-
ardous substances); and EMI (electromagnetic 
interference). Check that the vendor meets 
the applicable standards and certifications; as 
nearly all do, (see Figure 4 for a table which 
lists compliances for a representative supply, 

the XL375 Series from N2Power).
 If not, just go to another vendor because 

there’s little you can or should do if the sup-
ply falls short in any of these areas. Even if you 
could do something, you don’t have a way to 
qualify the fix and get certification, so your engi-
neering effort would be wasted.

Nearly all supplies, such as the XL375 series 
from N2Power, Figure 5, incorporate standard 
protection features such as overvoltage protec-
tion (OVP), output current limiting and shutdown 
(crowbar), and thermal shutdown. This supply  
offers shut down on command, loss of input pow-
er, or whenever excessive loads or temperatures 
are sensed, and provides the host system with 
warning of an impending shutdown, to enable it to 
perform housekeeping before power is lost. 

Finally, check the ability of the supply to handle 
line transients. All supplies can do this to some 
extent—there is an IEC transient-test waveform, 
of course. But your application may see tran-
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sients that are greater than that, due to 
nasty nearby loads (relays, motors), light-
ning, and other factors. You may want to 
add additional transient protection via a 
low-cost passive component on your AC 
mains, ahead of the supply’s input.

Conclusion
Today’s AC/DC supplies are remarkably 
efficient, compact, versatile, and rugged, 
while incorporating complex control strat-
egies, algorithms and protection. At the 
same time, they meet a wide variety of per-
formance and safety standards. First de-
cide what supplies you need and where—
both functionally and physically—you’ll 
be ready to take the next step of finding a 
vendor and specific models that meet your 
needs and your cost targets, as well.    

About the author: 
Don Knowles joined N2Power as VP Engi-

neering 12 years ago after more than two 
decades’ experience in power electronics 
design and manufacturing spanning indus-
trial, ICT and medical electronics sectors. 
Prior to joining N2Power, he ran his own 
power electronics business for 20 years, 
designing power supplies and high-power 
AC and DC loads, and working with con-
tract manufacturers. Don holds a degree in 
Electronics from American River College, 
Sacramento, California, USA. p

Figure 4: There is a large set of regulatory compliance standards that supplies 
must meet; this list for the N2Power XL375 is representative. [From section 
1.2, of Product Specification XL375 Series 375-Watt AC to DC Power 
Supplies, available at http://ww.n2power.com/704601.pdf]

Figure 5: A supply 
such  as the XL375 
from N2Power offers 
various built-in protection modes that would be  
difficult to add externally.
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Super Bowl XLVII

Power redundancy, paralleling and LED lighting
blackout:

By Steve Taranovich

No, Beyoncé’s revival of Destiny’s Child 
did not cause the blackout during this 
year’s Super Bowl game on February 3, 

2013. It was  combination of technical and com-
munication failures that contributed to the par-
tial power outage according to an independent 
analysis. 

Dr. John Palmer of Palmer Engineering & Fo-

rensics did an investigation and found that  a 
recently installed relay had a malfunction or 
“misoperation” that caused it to trip in an unpre-
dictable way. The device’s trip level had been 
left at the factory default setting, which was 
inappropriate for its application in the dome. Dr. 
Palmer was hired by Entergy, which supplies 
electricity to the Superdome, and is the stadi-
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um’s management company. Palmer’s 
report also cited “inadequate com-
munication between the manufacturer 
and the utility” as a contributing fac-
tor. This electrical relay device was 
installed by Entergy specifically to 
prevent a power failure at the dome.

The report also notes the relay had 
a design defect, and under testing it 
did not perform entirely as its instruc-
tion manual said it was supposed to. 
It says the factory default setting of 
the relay was inappropriate. The de-
vice has been permanently removed 
from service.

The cause of the blackout may have 
stemmed from a project beginning in 
2011 in order to protect the power by ensuring 
the protection of a cable linking from the power 
grid to the Superdome for the Super Bowl.

The relay was created by Chicago-based com-
pany S&C Electric company. The vice president 

of strategic solutions of the company, Michael 
J.S. Edmonds, told the Associated Press that “if 
higher settings had been applied, the equipment 
would not have disconnected the power.” After 
this comment, tests were conducted on manu-

facturing of the product and showed 
that while one of the relays to the 
dome worked, the other failed.

This is all well and good, but good 
engineering design must allow 
for every possible fault. This is, of 
course, limited by how much you 
are willing to spend to ensure the 
least likelihood of any failure.

Scenarios for success
Let’s look at possible scenarios 
for a more robust system, through 
the eyes of a “Monday morning 
quarterback”---me (pun intended 
as usual!)

M.J. Kornblit, P.E., Sr. Systems 
Engineer, GE Beijing 2008 Olympic Games 
Solutions wrote a white paper entitled “Power 
distribution systems for the  Beijing 2008  
Olympic games”  

Kornblit says that Field-of-play (FOP) light-

Image courtesy of Mario Sanchez, AP
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ing is typically a very large imperative load and 
every aspect of its design, including the power 
supply must receive special attention. Most FOP 
lighting relies on metal-halide technology even a 
minimal voltage disturbance can cause an ex-
tended outage.  

The power supply must be fully redundant, 
backed up by generation, and the lighting di-
vided into two equal groupings. During competi-
tion each group must be isolated from the other 
and fed from a separate source, each source 
capable of feeding the full load if necessary. It is 
also necessary to physically interlace the lamps 
between groups to minimize the overall impact 
on the field if an outage does occur. A random 
interlacing of the three phases fed to the lamps 
is also required to reduce possible visual flicker, 
observable during certain conditions. 

 Some FOP lighting designs incorporate 
large UPS or similar systems to make certain 
the highest level of power quality is retained 
throughout the critical need period. 

Simon Liang, AE Manager, GE Greater China 
and M. Kornblit, GE Olympic Games Solutions 
wrote another white paper “Paralleling Tempo-
rary Power at the Beijing 2008 Olympic Games” 

Here is what they suggest: The IBC electri-
cal power distribution system consisted of nu-
merous 400V switchgear lineups distributed 
throughout the facility, the configuration of each 
is as illustrated in Figure 1 below 2. The typical 
main bus scheme provides multi-power sources 
with backup as sketched. Under normal condi-
tions, the system is powered by main source S1. 

If the main source is lost, then S1’s main 
breaker opens and the tie 
breaker automatically closes, 
connecting backup power 
S2 to the bus. At the same 
time, because an abnormal 
condition exists, the backup 
emergency generators start-
up and serve as backup to 
S2. The number of actual 

generators (one, two or three) in operation to 
serve the bus varies between locations and 
depends on critical load needs. Wherever mul-
tiple generators are provided they are always 
synched to each other on their common bus 
prior to possible use. Should source S2 be lost, 
the generator(s) will provide emergency power 
to the system. All power sources are intended 
to run independently, only one source provides 
power to the system at any given time under the 
automatic switching conditions described and 
all critical control is through PLC (Programmable 
Logic Controller). 

Emergency generator

400V BUS
GEN breaker Tie breaker

Main breaker

S1 — main source S2 — backup source

Fig.1 Simplified typical IBC LV switchgear 1-line

Im
ag

e 
co

ur
te

sy
 o

f w
hi

te
 p

ap
er

2



Sponsored by12

Power loss, unfortunately, does occur on the 
bus during these emergency-operating condi-
tions. The outage time per switching cycle, 
including sensing, signal transmissions, and 
internal trip times, is roughly ten to one hundred 
milliseconds. Even short disturbances such as 
these can result in damage and extended out-
ages to these most sensitive critical loads, and 
impose long restart cycles for their (and other 
equipment) internal control processes. UPSs 
were therefore applied wherever possible to as-
sure continuity of high quality power to the most 
critical loads.

The reliability and value of the fundamental 
power source remained of great concern in such 
a high visibility application for confident opera-
tion under any eventuality including bypass 
modes. It was agreed to minimize such outages 
wherever possible by incorporating a transitional 
parallel operation mode between sources. That 
is, paralleling would be permitted, for this ap-
plication only, and for periods not to exceed a 

maximum defined length of time. These possi-
bilities existed during power recovery switching 
cycles: from backup operation mode, returning 
to the main source, and during test and sched-
uled maintenance operations. 

This agreement was far from simple since paral-
leling the customer’s power system with that of 
the Power Bureau constituted a change to normal 
practices and related standards, considerable 
safety and operational related concerns, and a 
venture into the potentially risky unknown. Many 
detailed discussions were conducted between all 
involved parties over a period of two years. 

Final agreement occurred several months 
prior to the actual beginning of the games, and 
after the installation and startup of the original 
non-paralleling switchgear had occurred. Revi-
sion of the already energized switchgear was 
carefully planned, implemented in the field with 
highly reliable factory constructed components 
and subsystems, and successfully tested under 
strict scrutiny.

The Paralleling Transfer Scheme2 
Parallel operation of supply sources within a 
power system has been shown by many  
studies to provide added reliability to the  
overall operation of the power system and may 
be necessary for certain critical applications. 
Such operation adds system complexity and 
requires suitable planning, appropriate sys-
tem protection and control, and critical evalu-
ation of the system’s needs and capabilities. 
When done properly, however, it is possible to 
achieve even when the system equipment has 
already been installed and placed in service.  
In all cases proper consultations and approvals 
are necessary.

The IBC was a large facility with many LV sub-
stations, the basic schematic diagram for each 
is as shown in Figure 1 above2. A more detailed 
diagram of the final revised system configuration 
is shown in Figure 2 below2. A number of items 
had to be clearly considered to make this proj-
ect a success: 
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short circuits, and others, depending on the ap-
plication, which can include short-time and GF 
to assist in coordination and earthing protection. 
When power sources are paralleled, additional 
protection must be added at various key posi-
tions in the system. This protection includes a 
means of confirming that the voltage magnitude, 
phase angles, and frequencies between the two 
systems are within a safe tolerance level. Direc-

tional sensing capabilities must also 
be included in order to limit the flow 
of power in undesirable directions, 
and to assure proper coordination in 
both directions, since the protective 
settings are usually different in each 
direction. 

The protective functions included 
within the trip unit of a standard low 
voltage circuit breaker cannot typi-
cally differentiate between the direc-
tions of power flow. For this reason 
its overcurrent settings will trip at 

the same magnitude whether the load is flowing 
upstream or downstream. The F650 relays were 
added to obtain this important capability as well 
as the many other protection, sensing and com-
munication functions required for this applica-
tion.

      
 Logic of Paralleling Transfer2 

The logic for parallel operation must be care-

fully considered and flow charts prepared. Each 
breaker must operate as part of a predefined 
sequence, system conditions and permissives 
confirmed, and each alternate power source 
sequenced into its proper standby or primary 
position in the system depending on its state of 
operation, the previous and existing conditions. 
The substation PLC served as the central con-
troller for the main switchgear, gathered all local 
data, performed all necessary critical control, 
communicated all interfacing with the standby 
generators and their controllers, and confirmed 
all actions. The PLC can also perform load-
shedding functions if required and requested. 

For this application normal power is supplied 
by main source S1, the backup power (S2) is in 
hot standby, and the gensets are under cool-
standby. When the main source power is lost, 
the PLC commands the S1 main breaker to 
open. Once confirmed and following verification 
of a sound bus and availability of the alternate 
source, a close command is sent to close the S2 

Fig.2 Simplified 1-line for parallel-capable IBC system
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Controls and Communications2 
To ensure the reliability, and fast-response 
time of the control system to the changes 
and needs of the LV and generator sys-
tems, careful consideration was given 
to the selection of system hardware and 
communication style. The Multilin F650 
protection relay was specified for its wide 
range of protection and communication 
functionality as well as control logic and 
setting flexibility. The GE Fanuc Pac RX3i 
PLC was chosen to provide all the logic, 
I/O and fast interface capabilities needed 
for the system paralleling transfer, and to 
properly communicate with the generators 
and their independent PLCs, the Multilin F650 and 
all breaker controls. Selecting these two key items 
minimized the number of  
other control devices typically required for such  
applications since the F650 (see Figure 3 above )  
incorporates reverse power and synch-check 
functions as part of its capabilities in addition to all 

the metering, protection and control necessary to 
sense outages, determine load levels, communi-
cate to the PLC’s, and protect the circuits regard-
less of the direction of power flow. Likewise, the 
RX3i’s high performance 300 MHz microprocessor-
based controllers, 10 Mbytes of user memory, uni-
versal programming environment capabilities, and 

its ability to cross multiple hardware plat-
forms, assured everyone the fast response 
and high reliability needs of this project 
could be met.

Redundant control power including 
UPSs was incorporated to supply all 
critical controls in the circuitry. Because 
of the large distances separating the LV 
switchgear from their supporting tempo-
rary generator sources, redundant fiber 
optic communication cables were used 
here to minimize the need for auxiliary 
supporting hardware, decrease possible 
induced interference and assure overall 
communication reliability between these 

two isolated but critical parts of the system.

Protection Devices2 

In a conventional power distribution system, 
each circuit breaker is required to have its nor-
mal complement of protection functions includ-
ing long time for overloads, instantaneous for 
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Fig.3 F650 function block diagram
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tie breaker. Power is automatically 
transferred to the backup source 
with minimal delay, and the gensets 
are commanded to start via commu-
nications. Within about 15 seconds 
the genset are available as the hot-
standby. Alternative logic must also 
be provided to assure proper opera-
tion and immediate notification if any 
of these planned operations fail to 
perform properly. 

Separate sequences must also 
be considered and included for the 
recovery cycle to permit a return to 
normal power conditions. For this 
system, different sequences and 
methods are incorporated depend-
ing on which source is supplying 
the system at the time of recovery. 
The process may include the paralleling of ei-
ther both utility sources or the gensets with the 
utility source. In either case, verification of safe 

transfer conditions is confirmed through the pro-
tective relaying and sensing, and the period of 
parallel operation is transitional. 

Withstand Verification2

A major concern for parallel transfer schemes 
is that the fault current capacity of the system, 

Fig.4 Short-circuit model 1-line
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which dramatically increases during 
the period of parallel operation, may 
exceed the short-circuit ratings of the 
equipment being paralleled. Appro-
priate system modeling and evalua-
tions must be conducted to confirm 
these ratings and their duties are 
compatible. 

Such evaluations were conducted 
for this application, investigating 
maximum short current fault condi-
tions of various types and differing 
system worst-case fault conditions. 
On previous page in Figure 4 is an example  
of one of the case conditions prepared for  
the IBC showing only the main LV switchgear. 
Here three 1250kVA generators are run in  
parallel and connected to the main switchgear 
bus. The results show that the maximum three-
phase short current can reach 54kA under 
these conditions, well below these equipment 
ratings.

Metal Halide vs. LED lighting3,4,5
Metal Halide lamps generate light from an arc 
formed between two electrodes. They have high 
luminous efficacy (almost 100 lm/W)

Metal Halide lamps need an igniter of some 
sort. A “MHz superimposed-pulse igniter” is 
widely used and operates with high-frequency 
pulses (approx.. 1 to 10 MHz), and are suitable 
for ignition at any stage from hot to cold.

 The ignition coil is usually connected 
in series with the lamp. As shown Figure 
5. The pulse generator generates voltage 
pulses. The superimposing transformer 
is to transform the voltages generated in 
the pulse generator to the surge voltage 
required to ignite the lamp and to super-
impose this surge voltage on the low-
frequency lamp supply voltage.

A symmetrical output as shown has the 
advantage of the fact that only half the 
voltage is applied at the outputs with re-
spect to ground, which makes it easier to 

provide adequate insulation inside the fixture.
Due to their “current/voltage characteristic”, 

electrical (discharge) arcs take as much current 
as possible from the power supply. To ensure 
safe operation, a current limiter is needed. There 
are three options for the current limiter:

1. A series ohmic current limiter or resistor. In 
light of the very high electrical losses this is 
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C3
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Superimposing transformer
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generatorUN

Fig.5 Circuit diagram for MHZ superimposed-pulse igniter (courtesy of Sylvania)
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usually not used in practice
2. A series magnetic current limiter or inductor 

(choke or magnetic ballast) which acts as an 
almost loss-free “current brake”

3. A series electronic current limiter or electronic 
control gear (ECG). This is more efficient than 
the inductor. See Figure 5.

Startup behavior is one of the drawbacks for 
this type of light. The power outage at the Super 
Bowl causing the lights to go through a 34-min-
ute recycle to warm up which delayed the game 
could have been completely avoided using 
modern LED lighting technology.

A delay with the lights like those used at the 
Super Dome is that the lamp itself contains gas 
inside, metal halides. To turn on the light, an arc, 
much like a welding arc, is created that excites 
the gas and causes it to shine bright light. The 
lamps become very hot, hundreds of degrees, 
when operating. This creates tremendous pres-

sure inside the lamp and due to the pressure, 
the arc will not reignite the gas until the light 
cools down and the pressure subsides. This 
typically takes 20 minutes or more.

LED lighting for stadiums
LED lighting has reached the stage of technol-
ogy that enables it to be implemented even in 
field and stadium lighting venues. This technol-
ogy is another possible help in reducing down 
time in failures like that in New Orleans at the 
Super Bowl this year.

Check out this video using HiViz lights with 
CREE LEDs for fields or stadiums with “instant-
on” and “instant-off” capability.

If proper engineered design is put in place and 
LED lights are used, these are the top two solu-
tions that might have avoided the problem of 
‘blackout” on February 3 at the 2013 Super Bowl.

Please give us your expert insights into other 
possible solutions or comments on this electri-
cal design problem.
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Yes, you might think that today is a smart-
phone/tablet world. But there are more 
“smart” devices around than most real-

ize. Take, for example, the smart grid with smart 
meters. Every day somewhere utilities are placing 
a shiny new smart meter on our house and en-
couraging us to take control of our energy future. 
We are to monitor and report consumption on 
websites and sign up for programs, such as time 
of use, aimed at conserving electricity. It may not 

be a surprise, but managing all this mounting, 
distributed “smart” data is one of industry’s new-
est challenges. Smartphones and tablets require 
a host of computational power behind them, 
known as the “cloud.” So also smart meters and 
the smart grid require effective infrastructure 
behind them to assess the data gathered and 
optimize energy delivery. Witness the ongoing 
importance of computer technology. Enter the 
emerging role of distribution automation.

Distribution Automation and the Smart Grid: 
Coming of Age with a New 
Set of Challenges
By Dave Andeen / Strategic Segment Manager for Energy, Maxim Integrated
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Distribution Automation Comes of Age
 Distribution automation is not a new space. 
Since the 1960s, the promise of applying com-
puting technology to the electricity grid has 
captured the attention of the utility industry. 
However, until recently the real benefits of such 
an implementation were questionable. With an 
extremely reliable grid in the developed world, 
some were asking why risk the reliability of that 
system by adding additional control systems? 
A “smart” system? What were the real benefits? 
Admittedly, those theoretical benefits made it 
difficult to justify the cost.

In 2013, however, the utilities serve a differ-
ent world. The aging grid, its efficiency (or in-
efficiencies), and environmental concerns all 
now drive a shift toward enhanced control and 
performance, toward distribution automation. In 
the United States the average transformer is 40 
years old, the equivalent of a transformer’s rec-
ommended operating life; the utility infrastruc-

ture needs upgrading. The widespread blackout 
in India in July 2012 affected 680 million people, 
and that when India already cannot meet its 
daily peak power needs and expects to grow its 
power output by 45% in the next five years. 

The renewable portfolio standards (RPS) in 
many countries around the world exemplify the 
international drive toward efficiency and distrib-
uted generation. Now 30 of the 50 U.S.1 states 
require specific percentages of the power gen-
erated to come from renewable sources, such 

as wind and solar. California requires 33% of 
electricity to come from renewable sources by 
2020.2 The European 2020 targets3 require 20% 
of power to come from renewable sources by 
the year 2020 and a concurrent 20% increase 
in energy efficiency, presumably leading to a 
reduction in overall power consumption. Similar 
legislation exists in China with the Renewable 
Energy Law, passed in 2005, and additional leg-
islation in the Medium and Long-Term Develop-
ment plan.4
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Today distribution automation is recognized 
as, “the extension of intelligent control over 
electrical power grid functions to the distribution 
level and beyond… [It] can be enabled via the 
smart grid”5 The benefits of distribution automa-
tion are generally well accepted, but that does 
not make it easy to implement successfully, 
or reliability. There are profound challenges to 
widespread application.

Challenges to Implement Distributed  
Automation
So, yesterday’s utility is now becoming a power 
generation and distribution company. The world 
races to both rollout smart meters and imple-
ment an infrastructure change in the distribution 
grid. What are the key challenges to manage so 
widespread an implementation? At Maxim Inte-
grated, we see three critical areas to address, 
and these are also opportunities for grid sup-
pliers: asset protection, grid security, and asset 

management. Let’s look briefly at each. 

Asset Protection
Asset protection means that utilities must invest 
in high-performance components that will reli-
ably monitor the grid and protect their high-cost 
assets. By protecting all those assets, the utili-
ties’ overall investments will perform long, useful 
services.  

Investments in the equipment for distribution 
automation are expensive, and automation up-
grades run in the range of $10M to $20M for a 
single substation.6 Consequently, no modern 
utility begins a major upgrade project without a 
long project scope and well-documented justifi-
cation, the costs of which often result in rate ad-
justments to cover project costs. This is where, 
and how, high-quality semiconductor sensors 
and optimized components loom so important. 
These devices will ensure the uptime of the grid 
and, thereby, provide the most effective protec-

tion for the utilities’ investment. 
An analog signal chain lies at the heart of any 

grid-connected device. Each device in the distri-
bution network needs to measure electricity. The 
simplest grid-connected devices measure cur-
rent faults only, while the most complex relays 
implement full four-quadrant measurement out 
to multiple harmonics. This signal chain (Figure 
1)7 generally consists of a voltage or current 
transformer, an op amp, a voltage reference, 
and an analog-to-digital converter (ADC) for the 
actual electricity measurement. Isolation and 
DC-DC converters provide the necessary pro-
tection and power rails to run the system. 

 The ADC lies at the heart of the signal chain 
and must provide optimized performance spe-
cific to distribution automation. The MAX11040K 
exemplifies the high performance required by 
featuring 24-bit resolution and a sample rate up 
to 64ksps. This 4-channel ADC simultaneously 
samples channels to prevent any synchroniza-
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tion errors between lines. Multiple MAX11040Ks 
can be cascaded to achieve sampling of up to 
32 channels.

Most semiconductor companies demonstrate 
their knowledge of distribution automation 
equipment with a simple block diagram of one 
signal chain. That presentation is no longer ad-
equate. The diversity of equipment required for 
the smart grid demands a deeper knowledge 
of each component and product. From phasor 
measurement units to capacitor bank controllers, 
the accuracy and timing requirements of each 
system vary drastically and require components 
with quite specific performance specifications.

Security
Because the infrastructure of any distribution 
grid must be protected from cyber attack, secu-
rity for the grid and all its data is critical.  

Security is the most discussed facet of ad-
vanced distribution automation rollouts today. 

Figure 1. Essential components in a signal chain that lies at the heart of a smart grid implementation.
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The discussion often migrates to network secu-
rity and encryption, but while encryption is criti-
cal, it is not a modern panacea. A system se-
curity solution uses advanced physical security 
to deliver unsurpassed low-cost IP protection, 
clone prevention, and peripheral authentication.8 
Bidirectional authentication, multiple layers of 
encryption, and physical tamper detection all 
protect activities of the grid from cyber threats: 
the hardware, the data transmission, and the 
data storage. 

When protecting hardware, a culture of se-
curity considers the entire product life cycle, 
from manufacturing to installation to disposal. 
A combination of secure hardware and security 
protection schemes must be built in. It is criti-
cal that manufacturing partners be prevented 
from accessing private security keys or from 
developing ways to hack a system. This very 
breach of security was done on smart meters 
in Puerto Rico earlier in 2012 and completely 

disrupted the new grid rollout there. Then dur-
ing installation, secure assets must perform a 
strong authentication, optimally bidirectional, 
challenge and response to confirm that they 
are legitimate. Such mutual authentication will 
confirm that neither the devices nor the soft-
ware have been tampered with during manu-
facturing, especially when in the hands of third-
party contractors. During operation, physical 
security is needed to ensure that the systems 
are not subject to tampering. Multiple layers of 
encryption are also necessary to prevent inter-
ception, modification, or otherwise tampering 
with communication messages that contain the 
power to switch power on or off.

The MAXQ1050 microcontroller integrates all 
of these security features to provide life-cycle 
security. Authentication prevents the loading 
of bad software and prevents malicious parties 
from removing the loaded software for clon-
ing purposes. Multiple layers of symmetric and 

asymmetric encryption protect data; on-board 
key generation protects secret keys. Tamper 
pins and physical mechanisms for key erasure 
provide protection from mechanical, thermal, 
and other means of removing secure keys and 
system data.

Asset Management
Asset management includes both simple and 
complex ways of tracking assets so that the 
status of field equipment is known at all times. 
Such management is invaluable for ensuring 
performance and monitoring maintenance.  

Strategic asset management is understood 
by relating a simple scenario. During a massive 
storm, outages occur at many points on a utili-
ty’s grid. Crews from various utilities are brought 
in to help with repairs and the mantra of “keep 
the lights on” wins the day. Lines get repaired, 
equipment gets swapped out, and the power 
gets turned back on. That was fast. At the end 
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of the crisis, however, assets are operating in 
the field without the complete knowledge and 
careful tracking by the utility. Given the cost of 
equipment and the need to secure distributed 
resources and power delivery, an advanced grid 
cannot afford to have unknown or suboptimal 
assets operating in the field. 

Strategic asset management requires com-
plete top-to-bottom implementation, authenti-
cation, and tracking of all processes, software, 
and systems required for efficient grid operation. 
Authentication is paramount. Embedded secure 
authentication is the basic process for equip-
ment to self-identify and, therefore, be acknowl-
edged as part of the system so it is easier to 
track and manage.8 For a modest investment, 
simple silicon may be used to uniquely identify 
any piece of equipment on a distribution grid, 
from a line sensor to a transformer to a recloser 
controller. The unique challenge-and-response 
identification allows each piece of equipment 

to be tracked and then communicated with 
throughout the utility’s AMI network. This is 
actually where security overlaps with reporting 
asset identification, location, operational status, 
latest maintenance date, or any of myriad other 
reporting functions.

The Meaning and Directive for Us 
The modern utility used to be a power genera-
tion and distribution company with strong exper-
tise in power electronics. Now the paradigm has 
shifted as utilities integrate complex IT operations 
with multiple layers of complex equipment and 
management of resources and data. As utilities 
purchase new equipment to upgrade their infra-
structure, they need new devices and security 
algorithms that build that infrastructure from the 
bottom up and throughout the grid. These grid 
devices need more than Ethernet and simple 
encryption; they must be equipped with robust 
protection, management, and security functions. 

The smart grid is often described as the over-
laying of energy measurement and communica-
tion on the electricity grid. This definition is too 
simple. The smart grid should integrate secured 
hardware with intelligent energy-management 
software. The grid needs advanced sensing and 
communication to create a robust, efficient, se-
cure power-delivery system that improves sys-
tem efficiency and the ability to accommodate 
distributed resources. That is when we will have 
efficient distribution automation operating on a 
broad scale.
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EMC
By Daryl Gerke, an EMI/EMC consultant

This is the final installment in the mini-series on EMI/EMC 
troubleshooting. Often seen as an EMC stepchild,  
power disturbances are becoming increasingly  

important.
At the design level, we’ve seen a significant increase in re-

cent years with power disturbances. These problems are 
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EMC Basics #10:

troubleshooting and power disturbances

 [Editor’s note: we are pleased to continue our series on the vital and sometimes unappreciated 
topic of electromagnetic compatibility (EMC), presented by well-known expert Daryl Gerke of 
Kimmel Gerke Associates. Note that there are links to all previous entries here.]
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driven by improved power components, which 
allow faster switching rates, higher power lev-
els, and unfortunately, increased EMI problems.   

We’ve seen an increase in power disturbance 
problems at the systems level, too. The recent 
2011 IEEE EMC symposium even held a full-day 
special session on EMC issues and the “Smart 
Grid”. The session was well attended and pro-
moted a lot of discussion. As one wag observed, 
“megawatts are finally meeting gigahertz.”   

But back to the design issues. Due to these 
problems, mandatory power-disturbance test-
ing is now required for EMC qualification on a 
wide range of products. The specific tests vary 
with industry, platform, and even location. One 
size does not fit all when it comes to power 
disturbances. 

 
Power disturbance specifications 
There are power-disturbance specifications for 
electronics used on AC mains (often varies with 

country), military platforms, vehicles, telecom-
munications facilities, commercial aircraft, and 
more. Most are unique to the environment, and 
are typically based on empirical data. 

Some specifications are part of the general 
EMC requirements, while others may reside 
in separate documents. In the latter case, the 
popular term is “Power Quality,” or PQ. While 
the EMC requirements focus on transients, the 
PQ requirements usually address longer term 
power perturbations like sags, over/under volt-
ages, outages, and others.

 
EFT and surge  
Two very popular commercial EMC requirements 
are the EFT (Electrical Fast Transient) and the 
lightning surge. These are applied to the AC in-
puts. In the real world, these are two of the more 
common causes of equipment malfunctions 
and damage. Other industries, such as military, 
vehicular, and telecommunications, have similar 

requirements for both AC and DC inputs.
The EFT tests simulate arcing at contacts, 

which results in short bursts of very fast tran-
sients. The EFT is described in ANSI/IEEE 
C62.41; the corresponding CE test requirement 
is EN61000-4-4. The individual transients uses 
a 5 nsec rise time, which is pretty close to the 
nominal 1 nsec for ESD. As such, upsets such 
as resets or other “bit-flipping” is common.

The surge tests simulate a lightning hit on the 
power mains. The surge is also described in 
ANSI/IEEE C62.41; the corresponding CE test 
requirement is EN61000-4-5. These transients 
(both voltage and current) are much slower but 
with much more energy than the EFT. As a re-
sult, both upsets and damage are common. 

 
Power quality
An excellent resource for PQ on the AC mains 
in North America is IEEE Std-1000, also known 
as the “Emerald Book.” This guide is put out by 
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the IEEE Power Engineering Society, and focus-
es on wiring practices for computer equipment. 
As such, it is an excellent place to start. We 
have even used this as the basis for developing 
internal power specifications. 

There are unique PQ specifications for other 
industries, too. Sometimes these are separate 
documents, and sometimes they are separate 
chapters in detailed equipment specifications. 
Several of the European Norms address PQ 
concerns for European power mains as well. 

 
Troubleshooting power disturbances 
There are two methods when troubleshooting 
power disturbances—failure forcers and moni-
tors. You may need a combination of both to 
isolate and fix a problem. 

To force failures, both the EFT and Surge tests 
are good starting points. Start at low levels and 
work your way up. And remember, the surge can 
cause damage, so don’t do surge testing on a 

valuable one-of-a-kind prototype.
For monitoring power at the equipment, power 

disturbance analyzers (PDAs) are very helpful. 
If you don’t own one, these can be rented and 
left in place for a period of time. These devices 
will check numerous various parameters, such 
as over/under voltages, outages, transients, and 
more. They date/time stamp the events, and 
even capture the waveforms for later evaluation. 

One caveat with a PDA: due to the bandwidth, 
they may miss EFT events, so you may want to 
augment one with a storage oscilloscope. The 
bandwidth should be 100 MHz or higher.

Here are five quick power disturbance  
suggestions: 

1   Add a modular power filter at the input.  
If in a metal enclosure, be sure to locate  
directly at the power entrance, and provide  
a low-impedance ground connection  
between filter and enclosure.

2    Add transient protection at the input. Install 
both differential mode and common mode 
devices. For the surge, MOVs are adequate. 
For the EFT, you will usually need faster sili-
con devices, with short connections.

3   If EFT upsets occur, try adding a multi-turn 
common-mode ferrite (3-4 turns through the 
core) to the input power line. Note that sin-
gle-turn ferrites may not be adequate. 

4   If resets occur due to EFT, try adding 0.01 
µF capacitors and multi-turn ferrites right at 
the reset circuit. Inputs are particularly vul-
nerable, but be sure any reset/voltage moni-
tor devices are also well decoupled at the 
chip. 

5   If lightning damage occurs, try to assess 
the failure path. Consider isolation trans-
formers and transient protectors designed to 
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for the full lightning-surge levels. 
 At various times, we’ve done all of the above. 

Next time, we’ll start looking at some EMC 
shielding problems and solutions.         

 
Also relevant to this topic:
Debugging: The 9 Indispensible Rules for Find-
ing Even the Most Elusive Software and Hard-
ware Problems (Chapter 5, Part 3 of 3) (and see 
its preceding sections, which are linked within) 
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(Dis)Integrating Power Consumption,

Counterintuitively
By Len Sherman, Maxim Integrated

The present mobile era may be best charac-

terized by its unrelenting pressure to re-

duce power consumption. Each generation 

of consumer electronics must offer more function-

ality while maintaining or extending runtime.  

Initially, efficiency improvements were the Holy 

Grail, at least from a power management view-

point, but the process of engineering efficiency 

into a device requires more than an efficient power 

supply. In fact, power supply efficiency improve-

ments must, by definition, have diminishing re-

turns (as they approach 100 percent).

A more comprehensive approach improves sys-

tem efficiency by focusing on the load as much 

as the power supply. In a basic example, a linear 

regulator is added to a simple battery-powered 

device -- power supply efficiency actually goes 

down, but battery life is prolonged, and system ef-

ficiency goes up. Why? Linear regulator efficiency 

is essentially VOUT/VIN. (With no regulator, power 

supply efficiency is 100 percent.) However, us-

ing a linear regulator increases battery life. This 
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is because system current (usually dominated by 

clocked CMOS logic) is less when the operating 

voltage is held at the minimum acceptable value by 

the regulator, rather than being allowed to rise with 

battery voltage. Total heat emitted by the device 

goes down, as well. This illustrates how system-

level thinking provides better efficiency than focus-

ing only on specs.

Integration can effectively enable system-level im-

provement in power consumption. Yes, it is possible 

to integrate multiple functions while doing nothing 

to reduce power. You can just throw two ICs on to 

one piece of silicon with no system optimizations 

and be done with it. That may help cost and size but 

doesn’t accomplish much else. It’s pretty rare for 

mixed-signal devices to be designed this way. Usu-

ally, more is expected for the effort.

Today efforts to save power are more intertwined 

with the system and require higher levels of integra-

tion. A good example is shutting off system blocks 

that are not used, sometimes only for a few millisec-

onds. This often brings constraints on sequencing 

and ramp rates. It’s possible for an apps processor 

or controller to manage this, but it’s not that practi-

cal. It’s better if integrated power management does 

it, particularly when powering up from a dead state 

where system brains may not yet be awake.

The use of on-chip power MOSFET switches 

provides another counterintuitive example of using 

integration to improve system efficiency. The gen-

eral thinking is that external FETs provide lower 

on-resistance and hence better performance, but 

a system view provides a clearer and sometimes 

different answer. Off-chip MOSFETs require on-

chip drivers. If these are designed for a range 

of external devices (a common practice to allow 

multiple FET vendors), then the drivers must be 

overdesigned. These drivers will use more power 

than might otherwise be needed, and they can be 

especially wasteful at the high switching frequen-

cies needed to keep passive components small. 

When driver and power MOSFETs are integrated 

together, the FET is precisely known, so the driver 

can be optimized to a degree not possible when 

driving an external switch.

Mobile device designs frequently include cur-

rent monitoring for fault detection, thermal control, 

battery gauging, or other goals. Without integra-

tion, when different system blocks need current 

information, they often must measure it separately. 

If current-sense resistors are used, each of these 

creates a separate loss. An integrated power man-

agement device minimizes power loss by making 

only one current measurement and passing that to 

all the blocks that need it. Also, when implemented 

with integrated power MOSFETs, sense-FET struc-

tures can eliminate sense resistors. Then power is 

switched and current is monitored in a single de-

vice, further reducing losses.

Every day, new designs emerge that leverage 

integration to reduce heat and size while extending 

battery life. It’s safe to say that, until some form of 

free portable energy is invented, a primary goal and 

benefit of integration will continue to be power re-

duction. Let us know your thoughts on this design 

philosophy, and share your design experiences.p



Energy Management

Intelligent
By Vincent Biancomano, Contributing Editor, Planet Analog

It’s the relatively rare design today that solves 
a classical problem without leaning on new 
technology. Now and again, there’s hope: 

Power Metrics International/MHT Lighting (Stat-
en Island, N.Y.) is touting its series of SP1000 
intelligent energy-optimization systems for bal-
lasted lighting devices. 

PMI says it cuts power delivery and usage 
costs by as much as 15 percent using tech-
niques that have been around for a while. It 
employs a conventional triac, long-life switches, 
and small capacitors in its analog power-factor-
correction section, and basic digital topology 
to monitor, calculate, and make decisions on 
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power factor, kVAr, and total harmonic distor-
tion. The system, for installation in electrical 
subpanels, is available in three versions: two for 
208V service rated at up to 17kVAr, and a 480V, 
30kVAr unit.

PMI revisited and carefully applied fundamen-
tals that all this time have been overlooked, 
largely because few understand the real-world 
issues of PFC, power surges, parasitics, and 
system efficiency, says Hamid Pishdadian, who 
led the SP1000 effort.

Indeed, none of the applied technologies is 
unique. Using a refined capacitor-based tech-
nique to maintain power-factor close to unity, 
the SP1000 quickly adds/subtracts small 
amounts of capacitance to each leg of the sys-
tem to correct for load imbalances. It also ap-
plies an advanced demand-based correction 
method that evaluates kVAr 128 times per cycle, 
doing away with the traditional fixed-value ca-
pacitor setup that corrects for average power 

factor. PMI also applies a rule-of-thumb tech-
nique to eliminate any capacitor values that tend 
to resonate with a given inductive load, which 
can create troublesome harmonics. 

The result: a touted game-changing product 
in price/performance for the toughest game we 
now face -- conserving energy.

Why doesn’t “out of the box,” yet basic, rea-
soning prevail more often? Because designers 
are often hardwired to apply advanced tech-
niques they learned in school, thus tending to 
pick the most difficult way to go. It brings to 
mind a different sort of analog problem I saw 
three years ago. 

For 55 years, antenna experts didn’t, or 
couldn’t, solve a multiband resonant antenna 
problem using Maxwell’s equations. One reason 
was that you ultimately need to readily convert 
parameters such as electric and magnetic field 
intensity and flux density into electrical param-
eters familiar to antenna engineers, such as volt-

age, inductance, capacitance, and feedpoint im-
pedance. For whatever reasons, the pros didn’t 
or couldn’t apply the apparently forgotten notion 
that the antenna is often a basic extension of its 
transmission line. 

Thus an easy solution: Use appropriate electri-
cal forms derived from Maxwell’s (i.e., the trans-
mission-line) equations to create a set of five 
algebraic/trigonometric equations to determine 
the various inductance/capacitance elements, 
their placement along the wire antenna, and the 
dimensions of the antenna system. Then solve 
these nonlinear equations simultaneously -- eas-
ily done, using a $12 piece of canned numerical 
computation software.

The solution was there waiting all the time. But 
textbooks (and scads of correspondence from 
the experts) said the problem had to be solved 
experimentally. No, it didn’t. The experts, with all 
their knowledge, simply forgot what they knew.

Happily there are still a few “dinosaurs” 
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who’ve learned how to lead the way. “I believe 
the simplest solution is always the best solution, 
and there are no problems that cannot be re-
solved just by understanding the issues,” Ha-
mid Pishdadian told me. “Overall, we expect a 
reduction of 5 to 10 percent in kWh. The rest of 
the savings are due to a reduction in [monetary] 
penalties and charges for power-factor.”

In the end, all the advanced technology and 
think-tank procedures went out the window and 
let some common sense shine through. I only 
wish it happened a lot more often.p



for power reduction
Methods

By Chris Shore, ARM

I have long been of the opinion that battery 
life and management of energy consumption 
is becoming one of the defining problems in 

embedded system development. I first gave a 
talk on this subject at the ARM TechCon event in 
Santa Clara in 2009. Trawling the web produced 
some academic research from the previous ten 
years and a few articles. In researching for this 

updated session, one of the most striking obser-
vations was how much more interest there is in 
this subject. Not a week goes by without at least 
one or two papers published on power-efficient 
chip design, energy-efficient software design, 
battery technology and so on.

As portable embedded devices become more 
and more powerful and more and more capable, 
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Maximizing battery life on embedded platforms - Part 1.
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the need to be frugal with energy is becom-
ing more and more important. As well as all the 
other functionality, we now expect our smart-
phones to act as WiFi hotspots, portable data 
projectors, HD video players, high definition 
games consoles with stereo sound and the list 
goes on. All of these consume precious energy, 
stored in our precious battery. And that battery 
isn’t getting any bigger. With the form factor of 
the mobile phone constrained by the envelope 
of the standard shirt pocket, there is no room for 
it to grow.

The chip and board design community have 
been working for years towards power-efficient 
design techniques and synthesis tools are evolv-
ing very quickly with things like architectural 
clock gating, state retention power gating, dy-
namic voltage and frequency scaling and the like. 
But all this comes to naught unless the software 
systems which run on these platforms take ad-
vantage of the facilities offered by the hardware.

Given the emphasis on battery life for portable 
devices, it would seem strange that there are 
very few software engineers who actually have 
energy reduction in their daily project account-
abilities. I suspect that those who do give the 
subject some thought are likely to do it on a 
“commendation vs. court martial” basis. We are 
entering a period when this will have to change. 
As battery life and performance requirements 
continue to fight with each other we, as software 
engineers, need to spend a lot more time look-
ing at how we can design and write our software 
in an energy-efficient way.

As engineers, we all love finding geeky solu-
tions to the problems which we come across. It 
may come as a surprise to find that, in this par-
ticular area, there are none. Clever tricks may 
save some power, but the field is dominated by 
other, simpler considerations. There are sev-
eral very large elephants in this room and we 
must be careful to hunt the elephants we can 

see, before spending significant effort chasing 
smaller mammals.

Power-101
I guess most of us know where the power 
goes. Silicon systems consume two kinds of 
power, in general.

Dynamic power is consumed when the system 
is running. This is the power used in switching 
logic elements from one state to another, driving 
I/O circuits, searching cache arrays and so on. It 
is clearly and obviously directly related to power 
supply voltage and operating frequency. In fact 
it is related to the square of the voltage, so the 
ability to reduce operating voltage is very useful 
indeed. Generally, the two go together as reduc-
ing operating frequency also allows a reduction 
in operating voltage, giving a double benefit 
when full processing power is not required.

So, that deals with the system when it is run-
ning. Almost all embedded systems support 
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some kind of idle mode in which the CPU core 
is halted. In this state, there is nothing to do and 
it is simply waiting for something to happen to 
kick it into life. Typically, this will be an interrupt 
or timer event of some kind. In this state, dy-
namic power is essentially zero. There may be 
some small logic circuits still active, looking for 
that all-important wake-up event, but otherwise 
the dynamic power consumption is eliminated. 
But the power draw does not drop to zero. This 
is because all silicon devices “leak”. Even when 
they are not running, electrons have a habit of 
leaking across the junctions. The rate at which 
this happens increases as the silicon process 
gets smaller, so a 20nm device will leak much 
more than a similar 65nm unit.

So, when the clock is stopped and the pro-
cessor is doing nothing, leakage current is still 
drawn. Typically it is much smaller than dynamic 
current draw but it is still significant. This is what 
drives us to want to completely power down 

whole or partial circuit elements when they are 
not required. That way we can eliminate leakage 
current too.

We need to differentiate between energy con-
sumption and power consumption. Most de-
vices will have a budget for each. The power 
budget is usually to do with heating and the 
maximum rate at which heat can be dissipated 
before the device melts. It is the energy budget 
which determines battery life. Remember from 
Physics 101 when you were at school that ener-
gy is the product of power and time. So, to mini-
mise energy consumption for a given computing 
task, we can either do it at a lower instanta-
neous power consumption or do it in a shorter 
time or, preferably, both.

The combination and interaction between these 
two is often quite complex to measure. Doing a 
task in a shorter time usually requires running the 
processor at a faster clock speed and therefore 
increasing its instantaneous power consumption. 

We get an overall energy saving if the time saving 
outweighs than the power increase. Conversely, 
throttling back the processor to reduce its power 
consumption is only worth doing if the task then 
does not take so long to complete that the overall 
energy usage is no smaller.

What is a complete given is that doing any-
thing, absolutely anything, which a computing 
system requires consumption of energy. We 
could reduce the energy usage of any system, 
and therefore increase its battery life indefi-
nitely, by eliminating its functionality. A house 
brick has an infinite battery life. Unfortunately it 
doesn’t do anything useful either. Not in com-
puting terms at least.

As we have mentioned, the chip design boys 
and girls are getting really good at this. For 
years, they have been evolving clever strate-
gies for reducing the power consumption of in-
dividual circuit elements. Here are just a couple 
of examples.
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 This is a simple flip-flop or latch. If powered 
all the time, it does two things: it stand ready 
to change its state on a change of input condi-
tions and it retains its current state. It will do this 
as long as it remains powered. Unfortunately, 
as long as it remains powered, it will consume 
energy – even if its state is not changing. It will 
consume dynamic power when changing state 
and leakage power at all other times.

 Here, we insert a gate into the clock signal. 
This, surprisingly, is called “clock gating” – 
imaginative these hardware boys. This allows us 
to temporarily disconnect this particular element 
from the system clock. Its power consumption 
will go down as it is no longer changing state. 
In this situation, it will retain its internal state 
and will restart normal operation as soon as the 
clock is reconnected.

 We can take this further and introduce net-
works of clock gates into the design so that 

entire blocks can selectively be disconnected 
from the clock, thus reducing power when these 
circuits are not required. Being powered, they 
will retain state and power consumption will re-
duce to leakage current only.

Another technique is called state-retention 
power gating.

 This logic element at the top can be powered 
on and off as we have placed a switch in its 
connection to the power rail. This is effective 
and certainly reduces power consumption when 
this element is not required. However, switching 
it off will cause it to lose its state. When reac-
tivating it, we will have to expend energy and 
time restoring it to its previous or initial state 

En

CLK

>

D Q

CLK

CG CG

CGCGCG

En

CLK >

D Q

CG

Vdd

GND

FET

Logic



Sponsored by38

before we can bring it back into use. The energy 
required to do this reduces the effectiveness of 
power gating and limits the circumstances in 
which we can use it.

So, we do something clever and introduce a 
second power rail.

 This one may be at a significantly lower volt-
age than the main power supply and its purpose 
is simply to allow the circuit to retain its internal 
state when the main power supply is withdrawn. 
It is not sufficient to allow the circuit to oper-
ate normally but is sufficient for state retention. 
Clearly, this introduces complexity into the hard-
ware design but makes it much easier and more 
useful to be able to switch individual circuits on 

and off at short notice.
So this is what the chip design people can 

do for us, either manually or by inserting these 
things automatically at synthesis-time. Both 
techniques reduce leakage current when the 
system is idle. But, the software must allow the 
system to enter some kind of low power state 
to make use of this. Our goal as software de-
velopers is to ensure that we do this as often as 
possible for as long as possible. Most systems 
provide a range of low power modes.

 This shows the range of power saving modes 
provided by the Cortex-M0. They range from 

zero power consumption in power off state, 
through a variety of sleep modes, to fully pow-
ered operation in active state. We may have 
a spectrum of options in active state as well 
involving voltage and frequency scaling. Sim-
ply put, this is as far as the chip designer can 
get you. The goal of the software engineer is to 
design and implement the software system so 
as to spend as much time as possible as far to 
the left as possible on this spectrum. We’ll come 
back to the details of this later.

But if the software runs at full whack in 
active state all the time, it doesn’t matter 
how clever the chip designer is: he’s wast-
ed his time.

Two types of efficiency
All computing machines carry out two es-
sential functions. And they are both es-

sential – without both no meaningful tasks can 
be accomplished.
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Computation – or data manipulation – is an 
obvious one. All programs perform computa-
tions, be they comparisons, analyses, calcula-
tions or manipulations. Typically, computation 
is carried out by arithmetic processing units of 
some kind on values held in machine registers. 
These could be integer operations, floating point 
arithmetic, vector processing and so on. Clearly, 
computational tasks should be carried out as 
efficiently as possible. In general terms, this 
equates to executing the smallest possible num-
ber of instructions in the shortest possible time. 
Most importantly, efficient computation allows 
one of two things: either we can finish earlier 
and go to sleep; or we can turn the clock speed 
down and still complete within the allotted time. 
This balancing act is one we shall return to later.

What is often neglected is the aspect of com-
munication. By that I simply mean the business 
of moving data from one place to another. For 
many systems, moving data from place to place 

is their raison d’etre. However, it’s more funda-
mental than that. In the majority of architectures, 
and ARM, as a load-store architecture, is no 
exception, data movement is quite simply es-
sential and non- avoidable. You cannot really 
process any information without moving it from 
one place to another and then very often back 
again. Values in memory, for instance, need to 
be moved into core registers for processing and 
then results need to be written back. You might 
think this is straightforward, cheap and easy but 
it isn’t. Firstly, memory systems are not straight-
forward. Listen to John von Neumann, speaking 
in 1945.

“Ideally one would desire an infinitely large 
memory capacity such that any particular word 
would be immediately available. We are forced 
to recognise the possibility of constructing a hi-
erarchy of memories, each of which has greater 
capacity than the preceding but which is less 
quickly accessible.”

As ever, von Neumann shows an amazing 
ability to pinpoint one of the most fundamental 
aspects of all today’s computer architectures. 
We can easily substitute “costs more energy to 
access” for “less quickly accessible” in his final 
sentence and we have a general principle which 
will guide much of our discussion today. Hierar-
chical memory systems and how you manage 
them are a huge part of managing energy con-
sumption in software systems.

But which of these areas consumes greater 
energy? Which is going to bring us the greatest 
payback?

 The diagram, essentially received wisdom, 
reflects the fact tha the memory accesses asso-

Instruction
fetch Data access
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ciated with a program are made up of approxi-
mately 60% instruction fetches and 40% data 
accesses.

 This diagram shows the results of some re-
search we conducted. This was based on a 
Cortex-R4 system but there is independent 
research using an ARM7TDMI system which 
comes to broadly the same conclusions.

If we benchmark the cost of fetching and ex-
ecuting an instruction as 1 unit of energy, then 
the incremental cost of accessing a variable 
held in TCM is roughly 1/25, the cost of an L1 
cache access around 1/6 and an L2 cache ac-
cess around 1. The cost of an external RAM 
access is a whopping 7 times the cost of an 

instruction execution.
These figures are simplistic. For instance, they 

assume minimal PCB loading, ignore pin over-
head and locality effects in DRAM. But for our 
purposes these can safely be ignored. If you 
care to spend a few minutes with the search en-
gine of your choice, you can find figures all over 
the net which will back up the relative energy 
costs here.

Think of this another way: for each external 
RAM access, we can execute 7 instructions, 
carry out 40 cache accesses or access TCM 
around 170 times for the same energy cost.

So we are brought to a conclusion which is 
not a pleasant one. Computation is cheap, while 
communication is expensive. Simply put, mov-
ing data around costs a lot more energy than 
processing it.p

About the author
Chris Shore is passionate about ARM technol-
ogy and, as well as teaching ARM’s customers, 
regularly presents papers and workshops at 
engineering conferences. Starting out as a soft-
ware engineer in 1986, his career has included 
software project management, consultancy, 
engineering management and marketing. Chris 
holds an MA in Computer Science from Cam-
bridge University. 

This paper was originally presented at Design 
East 2012.
•  Part 2 looks at the energy cost of memory access and 

power-reduction methods for memory access

•  Part 3 continues the discussion with an examination of the 
role of computational efficiency in extending battery life
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Power

Management
By Bob Frostholm, Director of Marketing & Sales, JVD

Those of us who live in the Bay Area (loosely defined as the area from San 

Francisco in the north to Silicon Valley in the south) are blessed with the 

confluence of technology and artistic creativity. The two forces collided in 

early May in what has become yet another tourist attraction.

A two-mile section of the Bay Bridge connecting San Francisco to Yurba Buena 

Island was powered up (so to speak) with a Philips Color Kinetics lighting system 

that rivals the synchronous water show at the Bellagio in Las Vegas, if only by its 

sheer scale. Before reading further, be sure to have a look.

This remarkable light show will play nightly for two years. The cost for electric-

ity? About $15 a night, thanks to remarkable advances in customized power man-
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or Financial 
Management?
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agement. Each dimmable LED -- and there 

are about 25,000 in the nearly 4.5 miles of 

cabling -- will draw only about 1W each at 

maximum intensity.

A friend of mine said, “Wow, they did an 

excellent job of power management.” I said, 

“Maybe, but I think they did a better job of 

financial management.”

How many times in a day or a week do 

we hear or read the term “power manage-

ment?” A lot. Every newsletter I get (and I 

get several) has multiple references to pow-

er management. It really is an overworked 

cliché. What engineer doesn’t make power 

management (oops, I used it, too) a design 

priority? Engineers have thousands of op-

tions for managing their product power 

requirements. How can you tell if one option 

is really any better than the other for a given 

application?

One solution would be to marry the old cli-

ché with a new term: financial management. 

Basically, it asks how much it costs you 

to get the result. If you’re an engineer and 

that sent a shiver down your spine, don’t 

worry. There’s no need to cross paths with 

your finance department. This is easy, 

especially if you use multiple buck, boost, 

and/or LDO devices in your product.

Plot your total parts cost and lifetime 

volumes on the graph below. Depending 

on where you land, your excellent power 

management design may or may not be a 

good financial solution. If not, you should 

consider a custom Analog iASIC or an 

integrated ASIC. These are full custom 

designs embodying all the functions and 

features you use in your discrete, multi-IC 

approach. They’re surprisingly inexpen-

sive, with total NRE and tooling costs typi-

cally between $125K and $350K. Check 

with your preferred Analog ASIC supplier 

for details. The chart (right) includes amor-

tization of these costs.p



Power supplies go

digital
By Steve Taranovich, Senior Editor, EDN 

The Power Management Bus (PMBus) is an 
existing protocol that has been adopted 
and supported by several power supply 

manufacturers. The protocol is owned by the 
System Management Interface Forum (SMIF). 

Membership of SMIF is open to all interested 
parties, and the PMBus specification is freely 
distributed and is available for use on a royalty-
free basis. 

The PMBus is a broad, generic and flexible 
interface that can be applied to a wide range of 
devices, and it works well with all kinds of pow-
er supplies. 

The PMBus addresses the host to the con-
trolled device communication architecture de-
scribed earlier and does not include provision 
for direct device to device communication. PM-
Bus provides a dependable and widely used 
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and understood digital power control and 
management interface without limiting inno-
vation with other advanced techniques. 

In its most basic form, the PMBus is a two 
wire serial bus that is based on the System 
Management Bus (SMBus), which is a de-
rivative of the popular Inter-IC (I2C bus), but 
enhanced to provide greater functionality for 
power control applications. 

 The physical implementation is not de-
fined by the PMBus. Power supply manu-
facturers and industry organizations, such 
as the Distributed-power Open Standard 
Alliance (DOSA) and Point of Load Alliance 
(POLA), are therefore cooperating to estab-
lish standard configurations for form factors, 
pin outs and mechanical interfaces for the 
connections and programming pins.

CONCLUSION 
Digital power techniques have been pro-

posed for some years now, but have not 
been able to successfully compete with 
analog solutions. Thanks to an increase 
in IC density, hard work on the part of 
semiconductor suppliers and a mature 
and reliable CMOS technology, digital 
processing for power conversion appli-
cations is now very attractive. Most im-
portantly, the use of digital techniques 
results in capabilities and performance 
levels at both the power supply and 
system levels that are not possible with 
analog techniques. 

While much of the publicity and con-
troversy about digital power techniques 
is focused on power system manage-
ment issues, the most important issue, 
and the ultimate driver for its accep-
tance, will be the benefits that it brings 
to the power supply itself. These ben-
efits are real, measurable and available 

Facts about PMBus

Open communication standard
to configure
control
monitor all types of power
converters

Royalty free and freely avaliable
specifications

Owned by:
System management
interdace forum (SMIF)

Supported by:

Figure 8: PMBus is a standard interface for digital power control and management. 
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with today’s technology: 
• Improved efficiency 
•  Improved reliability due to higher integration 

of digital control circuitry 
•  Reduced system cost because of fewer 

decoupling capacitors due to enhanced load 
transient response of adaptive digital control 

•  Increased power supply power density due 
to smaller digital control circuitry 

•  Tighter output voltage tolerances due to en-
hanced initial set point trimming 

•  Lower overall cost of ownership due to the 
above improvements. 

Due to the cost parity between digital and ana-
log control implementations using today’s tech-
nology, these benefits are “free” to the end user 
and represent real customer value. 

There are sound advantages in utilizing the 
digital interface to power supplies during the 
system design, development and evaluation 
periods. The communications bus allows for 

complete user customization, and the net result 
is a reduction in design time, facilitated power 
management and a resulting reduction in time to 
market for the end product. 

The user customization also allows a single 
power supply part number to serve several pur-
poses, thereby reducing the inventory, the num-
ber of part numbers being managed, and the 
time required for sourcing power supplies. 
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in
E-vehicles(EMI)

By Reinhard Felgenhauer, Delphi Deutschland

The cabling system in a car is comparable 
to the human nervous system. As long as 
it works perfectly, no one recognizes it. 

If it fails, it’s a disaster. Often several processes 
and applications are impacted or stop function-
ing altogether. 

The enormous increase of electrical and elec-
tronic components in hybrid and electric ve-
hicles places increasing importance on the elec-

trical distribution system with respect to quality 
and reliability of data transmission. Distribution 
systems use different standards of high-speed 
data transmission. A flood of data has to be pro-
cessed, reliably transmitted and the system has 
to avoid interferences and disturbances. 

Currently, up to seven CAN bus systems are 
incorporated into a vehicle. High amounts of 
data are transmitted by Flexray and MOST Sys-
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Electromagnetic interference

Electric propulsion brings with it high voltages which challenge vehicle electrical/electronic 
architecture. Delphi Automotive is continuing to build its HEV/EV expertise through new 
and complex simulation methods. 



Sponsored by47

tems, additional USB and Ethernet links. All 
systems transmit different amounts of data and 
have different data transmission standards. 

This flood of data in vehicles and the high 
amount of data transmission systems requires 
complex data management – and equally so-
phisticated technical hardware. For this reason, 
dedicated characteristics for electromagnetic 
interferences (EMI) and electric and electronic 
components in hybrid and electric vehicles are 
required. 

In these vehicles, electrical shielding is also 
required to avoid electromagnetic interference 
between components and functions.  USB inter-
faces, for example, which are incorporated into 
a growing number of vehicles to attach mobile 
music players, have to be shielded to avoid 
interferences between functions and electrical 
components. 

Shielding is state-of-the-art and the subject of 
ongoing optimization. The challenge for devel-

oper is miniaturization, more cost-effective de-
sign and weight reduction, and uniform quality 
levels for all production plants worldwide. 

At the beginning of the e-mobility movement, 
we see additional challenges. Beside the exist-
ing 12V electrical system in vehicles, which is 
required for driver assistance systems, radios, 
navigation systems and several other features, 
a high-power electrical/electronic system will be 
integrated into electric vehicles. This result will 
be a system requiring 300 - 400 volts or more. 

The high-current, high-voltage operation 
characteristics of electric vehicles will have an 
increasing impact on electrical/electronic com-
ponents in vehicles by electromagnetic interfer-
ence (EMI): With electric drive system we imple-
ment a potential source of disturbance in the 
vehicle. This disturbance will effect radio recep-
tion to a marginal effect, which will be noticeable 
to the consumer. The high voltage also effects 
several data transmissions of the low-voltage 

systems related to assistance – or navigation 
systems. Impacts to vehicle safety systems 
have to be protected absolutely. 

The effect of the influence of the high voltage 
electrical distribution systems is subject of a 
Delphi research project at the company’s tech-
nical center in Wuppertal. Delphi is an expert in 
electrical/electronic architecture for traditional 
applications, as well as hybrid and electric  
vehicles. 

Fig. 1: Test Equipment for electromagnetic shielding test for 
high voltage and data transmission cable and connectors 
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 More research is needed on the topic of EMI and its effect on hy-
brid and electric vehicles, particularly on the necessary separation 
of high and low-voltage systems. The University of Wuppertal has 
joined forces with other research partners to investigate a simula-
tion method for high-voltage distribution systems. Delphi is partner 
of this project and expects to gain new knowledge for the design 
of future electric/electronic distribution systems. The research will 
look at questions such as: How do cable, connectors and elec-
tronic components need to be shielded to avoid electro-magnetic 
interferences (EMI)? Currently the cables are shielded individual. Is 
this sufficient or necessary? How can the weight of each compo-
nent be reduced? Where should high-voltage cables be placedin 
vehicles, eventually without shielding, to avoid disturbances and 
ensure reliable operations? Could we use the chassis as a shield-
ing element? 

The power supply cables could also be reduced by considering 
dynamic power consumption. The shielding could be reduced ac-
cording shielding requirements. The investigation of new conductor 
and isolation materials will start on a simulation level before ex-
pensive hardware samples are produced and long test processes 
begin. Simulation methods conducted over the next three years  Fig. 2: Simulation of electric and magnetic field of isolated wires
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will bring many answers to these questions and 
allow Delphi to further improve its product offer-
ing to hybrid and electric vehicle electrical/elec-
tronic architecture. 

A relevant factor is weight. In current con-
ventional vehicles, the percentage of cables, 
electronic and battery is about six percent of 
total vehicle weight. This percentage will rise to 
a quarter of vehicle weight in the case of fully 
electric vehicles. The optimization of weight is 
another of the more interesting research areas 
for these emerging vehicles

About the author
Reinhard Felgenhauer is working at Advanced 
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