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Blood flowing to the brain keeps it 
alive, while electrons flowing to in-
habited civilized places keep them ac-
tive, leading to greater understanding 
of the world. What, however, of those 
many human beings still confined to 
distant hostile regions, unaware of the 
magic of electricity now over a century 
old … How do they live, what can they 
do, and what do we, happy people, do 
for them? 

T he word analogy is a synonym of like-
ness, resemblance, similitude, or affin-
ity and involves two concepts being 

placed side by side, as in a comparison 
[1]. The workings of nature and those of 
human societies are amenable to such 
analogous comparison—even though the 
evolution of the natural world obviously 
spans millions of years [2], while human 
societies are much younger, relatively pup-
pies by comparison. This article considers 
two interesting examples from these two 
realms that show remarkable similarities 
(possibly a result of sheer chance), i.e., a 
circulatory brain anastomosis, the circle 
of Willis (CW), and modern power trans-
mission-distribution systems in the ring 
arrangement. Remember that electric 
networks handle the flow of charges [say, 
in coulombs per second (C/s) or electric 
charge per unit time, which is current), 
whereas hydraulic systems deal with fluid 
flow [say, in liters per minutes (L/min) or 
volume/unit time or fluid mass/unit time]. 

Hence, these systems too are analogous, a 
well-known fact often mentioned by in-
structors of electrical engineering courses.

Cerebral circulation refers to the move-
ment of blood through the network of 
blood vessels supplying the brain, the 
primary governing organ that makes us  
human beings. The rate of cerebral blood 
flow in adults is typically 750 mm/min, 
representing about 15% of cardiac out-
put [3]. The brain is very vulnerable to 

compromises in its blood supply; conse-
quently, its circulatory system has many 
safeguards, of which the CW is one. 
Brain circulatory failure results in cere-
brovascular accidents, commonly known 
as strokes, a health situation of consider-
able concern.

Circle of Willis
The CW (Circulus arteriosus cerebri) sits at 
the base of the brain (Figure 1). It was 
named after Thomas Willis (1621–1675)—
an English doctor who played an important 
part in the history of anatomy, neurology, 
and psychiatry—by his student Richard 
Lower (1631–1691), also an English physi-
cian, because Willis had described such a 
vascular ring [4]. (Lower significantly in-
fluenced the development of medical sci-
ence and is most remembered today for his 
contributions to transfusion and the func-
tion of the cardiopulmonary system.)
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FIGURE 1 A schematic of the CW. The internal carotids and the vertebral arteries are 
somewhat similar to the feeder stations S1–S4 in ring arrangement power distribution 
systems (see Figure 4). The thick black arrows point to the two carotid arteries coming 
from below; they are the main feeders to the brain. After crossing the circle, and on 
both sides, they continue as the middle cerebral arteries, left and right. It is the same 
with the two vertebrals, although less important. (The figure has been simplified by the 
authors and redrawn by Gustavo Idemi.)
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The CW encircles the stalk of the pi-
tuitary gland and provides important 
communications between the blood sup-
ply of the forebrain and hindbrain (i.e., 
between the internal carotid and ver-
tebrobasilar systems). The circle starts 
where the internal carotid artery enters 
the cranial cavity bilaterally and divides 
into the anterior cerebral artery (ACA) and 
middle cerebral artery. The ACAs unite as 
the anterior communicating (ACOM) ar-
tery, constituting the anterior circle half 
section. The posterior circle section derives 
from the left and right vertebral arteries; 
thus, there are left and right posterior ce-
rebral arteries (PCAs) that complete the 
circle by joining the internal carotid sys-
tem anteriorly via the posterior commu-
nicating (PCOM) arteries (Figure 1). Thus, 
the brain’s blood supply comes from four 
inflows: the two internal carotids and the 
two vertebral arteries. 

Figures 2 and 3 show different views 
that help explain the overall (and rather 
complex) disposition of the network. 
The left and right internal carotid arter-
ies arise from the left and right common 
carotid arteries, and the vertebral arteries 
originate at the subclavian arteries.

One can visualize the CW by imagin-
ing a crown inserted in the brain horizon-
tally. Two main arteries, the internal ca-
rotids, send flow to the frontal area, while 
two less important vessels, the vertebral 
arteries converging to the basilar artery, 
feed the posterior side. Such a crown- or 
ring-like disposition distributes the blood 
flow very efficiently and rather safely 
throughout the cerebrum. Figure 3 sup-
ports this description, offering a different 
way of looking at the network.

Other arteries are also part of the 
circle and simply complete the arterial 
description: the ACAs (left and right), the 
ACOM artery, the PCAs (left and right), 
the PCOM arteries (left and right), and the 
basilar artery; the latter is extremely im-
portant because it collects blood from the 
two vertebrals, meaning that feeding from 
these posterior inflows actually converges 
to a single one in the end.

The CW provides backup circulation to 
the brain. In case one of the supply arteries 
is occluded, the circle has interconnections 
between the anterior and the posterior ce-
rebral circulation along the floor of the 
cerebral vault, supplying blood to tissues 

FIGURE 2 Another panoramic view showing the four blood feeders to the brain and the 
circular anastomotic arrangement. Notice that this is a from-below view; hence, the 
left anatomical side appears on the right of the figure, with the right anatomical side 
shown on the figure’s left. (The figure has been modified by the authors and redrawn 
by Gustavo Idemi.)
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FIGURE 3 A schematic drawing of the CW horizontally depicted inside the skull. The left 
internal carotid is barely seen, while the two vertebrals appear more evident. The circle 
is also well marked. (The figure has been redrawn and modified by Gustavo Idemi.)
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that would otherwise become ischemic. 
This is a superb design, worth analyz-
ing from an evolutionary 
viewpoint. If, for example, 
one of the feeder arteries 
is occluded, blood flow to 
the brain continues with-
out any harm to its tis-
sues. The return venous 
drainage of the cerebrum 
can be separated into two 
subdivisions known as su-
perficial and deep. Detailed 
descriptions can be found 
in anatomy textbooks or 
easily accessed via the In-
ternet (which is not essential for the pur-
poses of this article).

Ring Electric Power Systems
Distribution and transmission of electric 
power is accomplished by networks con-
sisting of stations or substations, feed-
ers, transformers, and service mains. 
The stations or substations generate 
power, say, using fuels of different kinds, 
from traditional oil to hydraulic or atom-
ic sources. (Solar and wind energies 

are good candidates but still represent 
a very minor percentage of overall in-

stalled generators.)
Feeders are lines trans-

ferring power from a station 
to a distribution transform-
er, a final branch circuit, 
or any other device. The 
transmitted electric power is 
stepped down in substations 
for primary distribution 
purposes [5]. Often used are 
ring distribution systems, 
conceptually very similar 
to the CW described previ-
ously (Figure 4). Distri-

bution transformers are mainly of the 
three-phase type. The secondary trans-
former is connected to distributors, and 
different consumers are fed by means 
of the service main. These service mains 
are tapped from different points of 
the distributors.

The drawbacks of the initial, and per-
haps more traditional, radial electrical 
power systems were overcome by ring 
systems. Here, one ring network of dis-
tributors is fed by more than one feeder. 

In this case, if one feeder is under fault or 
maintenance, the ring distributor is still 
energized by other feeders connected to it. 
In this way, the supply to the consumers is 
not affected, even when any feeder is out 
of service. In addition, the ring main sys-
tem is provided with different section iso-
lates (cutoffs) at different suitable points. 
If any fault occurs on any section of the 
ring, this section can easily be isolated by 
opening the associated section isolators on 
either side of the faulty zone. 

Thus, supply to consumers connected 
to the good zone of the ring can easily be 
maintained, even when one section of the 
ring is shut down. This also accomplishes 
a protective function. The number of feed-
ers connected to the ring main electrical 
power distribution system depends upon 
several factors, such as maximum de-
mand of the system, total length of the 
ring main distributors, and required volt-
age regulation.

Discussion
An ancient physiological system for dis-
tributing blood in the brain cleverly guar-
antees the fluid supply to this essential 
structure. However, the CW is not 100% 
foolproof because disease, unfortunately, 
finds its way to partially damage the or-
gan or even end one’s life. Conversely, 
do we know how many times a particu-
lar individual was spared because of the 
ring arrangement or how many lives may 
have been prolonged by this beautiful dis-
tribution of the elixir of life to the brain?

Electric Power Networks—Early Years
A little digging into the historical de-
velopment of electric power networks is 
appropriate here, while recognizing that 
knowledge of electricity as a static phe-
nomenon represents centuries of experi-
ence and experimentation. For example, 
various species of electric fish likely 
shocked more than one human being try-
ing to have them for lunch; on the biologi-
cal side of science, such aquatic animals 
have a modified group of muscle or nerve 
cells that became specialized for produc-
ing bioelectric fields stronger than those 
that normal nerves or muscles produce. 
Typical examples are the electric eel, 
electric catfish, and electric ray, which 
can generate amplitudes of 10–600 V and 
are able to sustain currents of up to 1 A.

FIGURE 4 The interconnected ring power system (IRPS). The quadrangular feeder ring is en-
ergized by four generating stations, S1–S4. After passing through distribution transformers, 
the two horizontal and two vertical distributing lines (originating at the middle point of each 
quadrangle segment) branch off to the customers’ loads (homes, factories, shops, and so on). 
The IRPS has two important advantages: better service reliability and improved efficiency 
(based on the fact that any area fed from one generating station during peak load hours can 
be fed from the other generating station) [6].
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After devising a viable light bulb in 
1879, Thomas Alva Edison (1847–1931) 
developed the first large-scale electric il-
lumination system (in Manhattan, New 
York). When service began in Septem-
ber 1882, there were 85 customers with 
400 light bulbs. Each generator produced 
100  kW, enough for 1,200 incandescent 
lights, and transmission was at 110 V via 
underground conduits [7]. This suggests 
the relatively short history of electric pow-
er lines (which entered their second cen-
tury not too long ago) and the still shorter 
history of the concept of ring distribution. 

The ring concept belongs fully to the 
20th century. The first power ring sys-
tems were installed in Europe (France 
and Northern Italy) during the first de-
cades of the last century, and Giovanni 
Ossana (1870–1952) may well have been 
among the leading engineers involved in 
their study and design.

Chances are that no connection ever 
existed between the physiological brain 
ring and the much newer technological 
ring. Could we dream that an electrical 
power engineer knew some circulatory 
physiology and was aware of the CW? 
Perhaps, but we do not know, and this 
falls into pure speculation. Nonetheless, 
both systems show similar behaviors, and 
that fact is interesting in itself (or, at least, 
appears as a curious happenstance).

Can anything be learned? Yes, nature 
often produces designs that the human 
mind rediscovers ages later, finding them 
quite useful for other applications: biomi-
metics, the imitation of systems and ele-
ments of nature for the purpose of solving 
human problems at macro and nanoscales, 
comes to mind as an example; the term 
was coined by American scientist and in-
ventor Otto Schmitt (1913–1998) during 
the 1950s [8]. Nature, indeed, has solved 
problems such as self-healing abilities, en-
vironmental exposure tolerance and resis-
tance, self-assembly, and harnessing solar 
energy, among many others.

The first electric networks operated 
in direct current (dc) and low voltage in 
the late 19th century in Europe and the 
United States. The International Exhibi-
tion of Electricity of Paris, held in 1881, 
displayed for the first time an installa-
tion showing the distribution of electri-
cal energy powered by two dynamos [9]. 
The use of transfomers was key in giving 

alternating current (ac) essential advan-
tages. The first experimental ac transmis-
sion via overhead lines appeared in 1891, 
spanning Frankfurt and Lauffen, Ger-
many [10]. This power transport line was 
crucial for the development of electricity, 
connecting generating stations far away 
from consumption centers and showing 
the advantages of three-phase ac systems, 
which combine production, transmis-
sion, and distribution within a single 
technological system. The 
operating voltage was 
20 kV and 40 Hz to trans-
mit 200 kVA. To improve 
transmission efficiency, 
voltages were increased in 
newer systems to 25 kV in 
1896, 110 kV in 1908, and 
150 kV in 1913. 

The invention of insu-
lators was critical in mak-
ing clear the significance 
that materials have in any 
technological development. The expan-
sion process of electric energy, with higher 
power transmission over long distances 
between generation and consumption 
centers, has led to several sources being 
connected to a single electric system, giv-
ing birth to the interconnected ring power 
system (IRPS). Such systems were stud-
ied in the early 1900s in Europe and in 
the United States. The operation of more 
than one alternator in parallel presented 
several serious problems, particularly the 
hunting phenomenon produced by oscil-
lation between machines, which has been 
analyzed by several experts [11]–[13].

Electric Power Networks— 
Early 20th Century
After World War I, the development of 
IRPSs was intended to reduce local short-
ages and costs because the construction of 
overhead power lines required less time 
and money than the construction of pow-
er stations. Furthermore, interconnection 
allows replacing and/or furnishing the 
power not being provided by machines 
that are out of service, assuring consis-
tent power supply. It is amusing to sup-
pose that nature “designed” the CW with 
a similar goal: reducing accidental blood 
shortages (or strokes) along with the cost 
of biological materials and that engineers 
followed a similar line of thought.

The fundamentals of mesh systems 
with several synchronous generators 
were well established in the 1920s, illus-
trating early on the need to regulate fre-
quency and voltage, the basis of modern 
load-dispatch centers [14], [15]. Figure 5 
depicts the original scheme designed in 
1922 by Giovanni Ossanna (1870–1952), 
who had in 1899 published the still fa-
mous circle diagram for induction ma-
chines. (See [14] for an interconnected 

power system using de-
vices and mechanical 
symbols well known at 
that time.) This figure has 
historical value because it 
shows a rudimentary first 
representation of an inter-
connected electric power 
system using symbols for 
mechanical devices, as 
the electrical symbols for 
ac grids were not yet in 
use. The gears and drive 

shafts are mechanical representations, 
which were substitute tools before the 
consolidation of electric circuit theory, 
and allowed one to explain the electrical 
behavior of several synchronous genera-
tors connected in parallel.

Figure 5 shows an interconnected pow-
er system with three generating plants in 
Bavaria, Germany; two hydropower plants, 
one in Kochel Lake and the other in Münich 
(Isar river); and one steam power plant in 
Nürnberg. Each power plant worked with 
a different number of revolutions (500 and 
1,500) but with a single electrical frequen-
cy, and all were electrically interconnected 
to the same three-phase transmission sys-
tem by means of transfomers. The system 
fed several towns and cities: Münich, Me-
itingen, Landshut, Amberg, Nürnberg, 
Hof, and Dettingen, with distances of more 
than 100 km. We suggest that readers re-
fer to a map for the geographical location 
of these cities to gain a better idea of the 
system, taking into account the important 
changes such developments brought about 
100 years ago.

Figure 6 shows the same power sys-
tem as that in Figure 5, represented with 
modern electrical symbols, where the 
gears are replaced by busbar transformers 
and the drive shafts by overhead lines 
with inductances and capacitances. The 
mastery of the synchronous generators 

Chances are that 
no connection ever 

existed between  
the physiological 

brain ring and 
the much newer 

technological ring. 
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in parallel connection 
enabled the speedy de-
velopment of intercon-
nected power systems in 
ac with the operation of 
complex meshes having 
multiple loads, sources, 
and lines of different siz-
es. A few years later, long 
power transmission lines 
with a three-phase con-
figuration were built in 
ac high voltage (220 kV 
in the United States in 
1923 and 380 kV in Germany in 1930).

Electric Power Networks— 
Later 20th Century
High voltage and IRPSs allowed consid-
erable development of large ac power 

systems interconnecting 
several countries at a con-
tinental scale in the second 
half of the last century. The 
fast expansion of the ac 
systems (to the detriment 
of dc systems) was sup-
ported by ac’s advantages 
in terms of transforming 
the voltage levels at each 
grid busbar and breaking 
fault currents (both results 
deriving from Faraday’s 
law of induction [16]). 

However, dc systems have not disappeared, 
and now they seem to be making a tech-
nological renaissance with modern smart 
grids incorporating electronics devices, in-
formation technologies, and intermittent 
renewable sources.

The Analogy of the CW and IRPS
Comparing voltage and electric current 
with blood pressure and flow, it is pos-
sible to show that the CW operates in 
a way similar to interconnected elec-
tric systems, assuring current (blood 
flow) and voltage (blood pressure) at 
any point and at any time. The ac sys-
tems can be analyzed using the network 
nodal admittance formulation [17]. The 
nature of the system dictates that the 
solution to the network equations can-
not be obtained in a closed form. This is 
the classical load-flow problem in large 
power systems, the nonlinear nature of 
which requires iterative techniques to 
obtain a solution. 

Today, several numerical methods are 
available for solving the load-flow prob-
lem, e.g., the Newton–Raphson method 
[18]. Besides, now there are many com-
mercial types of software to calculate 
voltage and current flow. The presence of 
capacitances and inductances makes it 
more difficult to obtain numerical so-
lutions for load-flow problems in ac sys-
tems than in dc systems, but the nonlin-
ear nature of the phenomenon is typical 
of meshed systems. In general, the nodal-
matrix current equation for a grid with n 
buses identified by the indexes r and s can 
be written (see [17]) as

	  ,I Y V= � (1)

where I represents the current vector of 
n 1#  elements, V the voltage vector of 
n 1#  elements, and Y the admittance 
matrix of n n#  elements Y Yrs sr=  and 
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When, rather than the bus currents, 
the bus powers Pr  (active power) and Qr  
(reactive power) are specified, the static 
load-flow equation becomes

	
.

, , ,

P jQ V Y V

r n1 2

forr r r rs s
s

n

1

f

- =

=

=

*^ ^h h/
�

(2)

where Vr
)  stands for the complex conju-

gate of the complex bus voltage .Vr

This mathematical tool allows the 
calculation of currents and voltages to as-
sure the power flow and rated voltage in 
any point of an IRPS, just as the flow and 
pressure of blood must be assured in the 
vascular network of the circulatory sys-
tem of the human body.

Comparing voltage 
and electric current 
with blood pressure 

and flow, it is 
possible to show 

that the CW operates 
in a way similar 

to interconnected 
electric systems.

FIGURE 5 A historical representation of an IRPS using a mechanical model of three syn-
chronous generators working at different rotation speeds but producing a single electric 
power frequency. Shown are the Dampfturbine and Wasserturbine (steam turbine and 
hydraulic generator, respectively). The cities where the energy was intended to go are 
also shown. The letter n stands for revolutions per minute of the shafts, while the other 
mechanical symbols represent rotating gears to increase or decrease angular speed.
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Conclusions
The similarities between the Willis ce-
rebral ring and the modern power dis-
tribution–transmission electric system 
is indeed outstanding; one has ages of 
development behind it, and the latter 
is very young, as it barely reaches 100 
years. Is this useful from the viewpoint 
of bioengineering or electrical engineer-
ing? The answer to such burning ques-
tions remains up to the reader. No doubt, 
it is at least interesting to highlight this 
surprising analogy.
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FIGURE 6 The electrical circuit for the IRPS in Bavaria, Germany, as shown in Figure 5 (see 
[13]). Two hydroelectric power stations in Isar and Kochel and one steam power plant 
in Nürnberg operated together in parallel. The busbars of each town were connected 
by ac high-voltage overhead lines.
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