
M O D U L E  4  ·  S T U D Y  N O T E S

Electrical Fundamentals
How electricity works — from atoms and Ohm's law to AC/DC power, the power triangle, and the
distribution, protection, and metering that keep a data center energized

Power is one of the three crucial considerations in any data center, alongside space and cooling — without it, the

equipment is just a heap of metal — so an engineering operations technician has to understand electricity from

the atom up. This module builds that understanding in seven steps. It starts with the basics: what electricity is,

how conductors, insulators, and semiconductors differ, and how Ohm's law and Watt's law turn voltage, current,

resistance, power, and energy into numbers you can calculate. It then works through alternating current (AC) —

induction, transformers, single- and three-phase power, the resistive, capacitive, and inductive loads that shift

the phase between voltage and current, and the power triangle and power factor that decide how efficiently a

facility uses power. Direct current (DC) follows: its sources, series and parallel circuits, and the capacitors and

inductors that store energy. From there the module turns physical — the conductors and conduit that carry

power, the distribution system that moves it from the utility grid to the rack, the AC and DC voltage types a data

center uses, and finally the voltage classifications, protective relays, alarms, and meters that keep the whole

system safe and observable.

L E A R N I N G  O B J E C T I V E S

4.1 The basic concepts of electricity
Power is  one of  the three crucial  considerations in a data center,  alongside  space and  cooling,  so keeping power
available  means engineers  must  understand both electrical  power and the distribution system that  carries  it.  That
understanding starts with matter itself. Matter is made of molecules, and each molecule is made of atoms bonded
together — either by covalent bonds (one or more valence electrons shared between two nuclei) or  ionic bonds (a
bonding electron transferred rather than shared).

Describe the basic elements of electricity and differentiate between conductors, insulators, and semiconductors▪

Calculate power and energy, and identify the elements of an electrical circuit▪

Define alternating current (AC) and explain resistance, capacitance, and inductance in an AC circuit▪

Describe the power triangle and power factor▪

List the sources of direct current (DC) voltage and calculate the voltage, current, or resistance of circuits▪

Explain the operation of capacitors and inductors in DC circuits▪

Compare the characteristics and uses of different wires, and list the commonly used types of conduit▪

Define a data center electrical distribution system and its components, and contrast three-phase with single-phase
supply

▪

Identify the difference between voltage types and voltage classifications used in a data center▪

Explain alarms, relays, and tripping units, and the functions of the meters on a distribution board▪
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I N S I D E  T H E  AT O M

The electron theory of electricity explains a current as electron flow: negatively charged electrons move from one atom
to the next along a conductor — one attaches as another is lost — and that continuous movement is an electric current.
What pushes them is electromotive force (EMF), the force that drives electrons in a set direction within a conductor.
EMF is measured in volts, because voltage is the difference in electrostatic charge between two points: the greater the
difference, the higher the voltage, and the amount of charge is proportional to the potential.

S I X  S O U R C E S  O F  E M F

TABLE 4.1  Conductors, insulators, and semiconductors

CATEGORY BEHAVIOR EXAMPLES

Conductors Electrons are loosely bound and free to move;
permit current to flow easily

Copper, aluminum, gold, silver

Insulators Hold their electrons tightly; very high resistance,
so current barely moves

Rubber, plastic, glass, dry air

Semiconductors Act as a good insulator or a good conductor
depending on conditions; four valence electrons

Silicon, germanium, carbon

Each good conductor has its niche:  copper is inexpensive,  aluminum is inexpensive and light,  gold resists corrosion
best (used for high-quality service), and silver is the most electrically conductive element of all. Semiconductors are the
interesting middle case. Doping them with impurities changes their behavior: adding boron creates electron holes — a
p-type semiconductor — while adding antimony creates free electrons — an n-type semiconductor. Combine a p-type
and an n-type and you get a PN junction, the building block of the transistors at the heart of electronic devices.

Two laws tie the quantities together. Resistance (R), measured in ohms, is the opposition to current flow, and Ohm's
law says that for a given resistance current is directly proportional to voltage: a current of 1 ampere flows when 1 volt
is applied across 1 ohm. Written out, I = E ÷ R and E = I × R. Power (P) is the rate at which electricity does useful
work, measured in watts (1 kW = 1,000 W); Watt's law says 1 W is consumed when 1 V drives 1 A, or P = E × I.

Every atom has three particles: electrons (negatively charged), protons (positively charged), and neutrons (no
charge).

▪

Protons and neutrons are heavier and stay in the nucleus; the lighter electrons orbit it.▪

Valence electrons sit in the outermost shell and are highly reactive — they need only low energy to break free and
form bonds.

▪

Free an outer electron and the atom carries a net positive charge, then seeks another electron to rebalance — the
basis of electric current.

▪

Chemical — batteries▪

Electromagnetism — generators▪

Heat / thermal energy — thermocouples▪

Light / electromagnetic radiation — solar cells▪

Pressure — piezoelectric crystals▪

Friction — static electricity▪
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Power captures the state at a given instant;  energy is power drawn over time (energy = watts × hours), which is
why utilities sell electricity in kilowatt-hours.

W O R K E D  E X A M P L E  —  P O W E R  V S .  E N E R G Y

Keep the two straight: power is the rate of doing work, while energy is the capacity to do work, accumulated over
time — power is measured in watts, energy in watt-hours. A car battery delivering 500 A at 12 V supplies 500 × 12
= 6,000 W, which is 6 kW of power at that instant. Energy is what adds up on the bill: per the deck's example,
leaving a 60 W light bulb on over 30 days raises energy consumption by about 21.6 kWh. Same electricity, two
different questions — how fast (power) versus how much (energy).

E V E R Y  C I R C U I T  N E E D S  F O U R  B A S I C  PA R T S

C O M M O N  P I T F A L L

Electrons themselves crawl. In a 12-gauge copper wire carrying 10 A, an individual electron drifts only about 0.02 cm
per second — yet the light turns on the instant you flip the switch. The wire is already packed with free electrons, like
marbles filling a tube; push one marble in at the source and the whole line shifts at once, so the effect travels at
nearly the speed of light even though each electron barely moves.

4.2 AC circuit fundamentals
Alternating current (AC) is the most common source of power. Unlike DC, AC continually reverses the polarity of its
terminals, alternating the direction of charge over time; its generic schematic symbol is a circle with a wavy line inside.
AC dominates because it is easy to generate, transform, and distribute over long distances — although the final step
down to the rack is DC.

In a data center, AC power is distributed through the facility while DC is used at the racks. The facility receives AC
from a utility provider, and a transformer steps the voltage down to the design voltage for the equipment. Power feeds
the main distribution board, then the automatic transfer switch (ATS) and the switchgear that control and monitor
it — and can transfer to an emergency generator during a utility failure. From there it reaches the uninterruptible
power supply (UPS), which delivers clean power to the IT equipment and stores energy in batteries.

T H E  A C / D C  C O N V E R S I O N S  I N  T H E  U P S  PAT H

Source — provides the EMF (for example, a battery)▪

Path — carries the current (wire)▪

Load — does the work and resists current (resistance)▪

Control device — opens and closes the circuit (switch)▪

A closed-loop system: all the current that flows to a device must return.▪

A rectifier in the UPS converts incoming AC to DC to continuously charge the batteries.▪

An inverter converts the battery or rectifier DC back to AC for the distribution components feeding the servers.▪

Inside each server, the power supply converts AC back to DC — because processors, fans, and hard drives all run
on DC.

▪

During a utility outage the UPS bridges the gap on battery power until the generators start.▪
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AC is born from  electromagnetic induction:  pass a conductor through a magnetic field and an  EMF (voltage) is
induced, with a magnitude set by how many magnetic lines are cut per unit time. Plot the induced EMF of a conductor
rotating in the field and you trace a sine wave. One complete sine wave — a 360° rotation of a simple generator — is
one cycle; the number of cycles per second is the frequency, measured in hertz (Hz).

Transformers move electrical potential (voltage) from one level to another. The primary winding connects to the AC
source and the  secondary winding to the load; a magnetic core concentrates the flux that induces an EMF in the
secondary.  The  ratio  of  primary  to  secondary  turns  equals  the  ratio  of  primary  to  secondary  voltage,  so  a
transformer can step voltage  up or down to  the level  the load requires.  Power is  conserved:  primary voltage ×
primary current = secondary voltage × secondary current.

SINGLE-PHASE THREE-PHASE

commercial, low-voltage devices generation, transmission, industrial

Three-phase transformers are wired in delta or wye configurations — most professionals use a delta input with a wye
output. In a high-leg delta, a center tap creates a neutral, and the phase-to-neutral voltage of phases A and C is half
the phase-to-phase voltage while phase B (the high leg) is √3⁄2 of it: if A-B, B-C, and C-A are all 480 V, then A-N and C-
N are 240 V but B-N is 415 V. In a wye configuration an internal tap is common to all three windings, and the phase-
to-phase voltage equals the phase-to-neutral voltage × √3.

Three kinds of load behave differently in an AC circuit, and the difference is all about phase — the timing between the
voltage and current sine waves. Resistive loads (heating elements, incandescent lighting, load banks) keep the two in
step; capacitors and inductors shift them 90° apart in opposite directions.

TABLE 4.2  AC loads: opposition, phase, and power

LOAD OPPOSITION PHASE (I  VS. E) POWER

Resistive Resistance R In phase — peak together True power P — watts (W); always
positive

Capacitive Capacitive reactance XC Current leads by 90° Reactive power Q — VAR; both +
and −

Inductive Inductive reactance XL Voltage leads by 90° Reactive power Q — VAR; both +
and −

A capacitor opposes changes in voltage — it charges on the positive half cycle and discharges on the negative half,
cycling 60 times a second in a 60 Hz supply — and its opposition is capacitive reactance (XC). An inductor opposes
changes in current by building and collapsing a magnetic field; its opposition is  inductive reactance (XL), and the
changing current produces a counter EMF. When resistance and reactance combine, the total opposition is impedance
(Z). The net reactance is XT = XL − XC: there is no phase difference in a purely resistive circuit, but a full 90° phase
difference in a purely capacitive or purely inductive one.

Used in commercial low-voltage electronic
devices

▪

Transformer needs one primary and one
secondary winding

▪

Simpler, but delivers pulsing rather than constant
power

▪

Used for power generation, transmission, and
distribution

▪

Three coils spaced 120° apart inside the
generator

▪

Needs three primary/secondary winding sets,
wired in sequence

▪
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TABLE 4.3  The power triangle

POWER SYMBOL · UNIT FORMULAS CONSUMED BY

Apparent S · VA S = I × E and S = E² ÷ Z The whole circuit; read by the
utility meter

True (real) P · W P = I² × R and P = E² ÷ R Resistive loads — real work

Reactive Q · VAR Q = I² × XT and Q = E² ÷ XT Inductors and capacitors

Power factor (PF) is  the ratio  of  true power to  apparent  power —  PF = P ÷ S — equal  to  the  cosine of  the
impedance phase angle and carrying no unit. A purely resistive circuit has no VAR and a PF of  1, called unity (for
example, 1,000 W against 1,000 VA): the most efficient use of power. PF ranges from −1 to 1. A leading (negative)
power factor comes from capacitive load (motors, capacitors, radio circuits); a lagging (positive) power factor comes
from inductive load (generators, inductors, relays) — and because most real loads are inductive, the lagging case is the
one that wastes energy and efficiency.

C A L C U L AT I N G  P O W E R  F A C T O R

W O R K E D  E X A M P L E  —  P O W E R  F A C T O R  A N D  P U E

Add inductive load and reactive power (VAR) climbs, dragging PF down. 1,053 VA of apparent power against 1,000
W of true power (53 VA of reactive) drops PF from 1 to 0.9; push reactance further to 882 VAR and PF falls to 0.75.
Because the incoming utility meter reads apparent power, a low PF costs real money — and it shows up in equipment
specs, too: a 1,000 kVA UPS at 0.95 PF yields 950 kW of real power, but the same UPS at 0.9 PF yields only 900 kW,
a 50 kW loss. Since data centers are built on apparent power, the goal is to correct PF as close to 1 as possible by
reducing non-working power (kVAR), which also improves power usage effectiveness (PUE).

C O M M O N  P I T F A L L

Leading vs. lagging trips people up. Capacitive load gives a leading (negative) power factor between −1 and 0; 
inductive load gives a lagging (positive) power factor between 0 and 1. Because most data center loads are inductive,
the lagging case is the practical enemy — it is what erodes efficiency and wastes energy — while a leading power
factor is generally not a concern.

4.3 DC circuit fundamentals
A direct current (DC) circuit runs current in a single, constant direction. The simplest example uses a battery as the
voltage source, a lamp as the load, a switch as the control device, and a wire path between them. Historically, Benjamin
Franklin assumed current must flow from positive to negative — his guess was found to be incorrect (electrons actually
flow negative to positive), but the conventional current direction he set became widely accepted and is still used today.

Single-phase: PF = 1000 × P(kW) ÷ (V × I)▪

Three-phase, line-to-line: PF = 1000 × P(kW) ÷ (√3 × V(L-L) × I)▪

Three-phase, line-to-neutral: PF = 1000 × P(kW) ÷ (3 × V(L-N) × I)▪
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W H E R E  D C  S H O W S  U P  I N  A  D ATA  C E N T E R

TABLE 4.4  Sources of DC voltage

SOURCE CONVERTS… NOTES

Battery Stored chemical energy → electrical Electrochemical cells; found in UPS systems,
generators, MV switchgear control power, and fire-
alarm panels

Rectifier AC → DC Uses one or more semiconductor diodes

Thermocouple Heat → EMF Two dissimilar metals; measures temperature; drives
fans, alarms, shutdowns (millivolt output)

Photovoltaic (solar)
cell

Radiant energy (light) → electrical Supplements rather than replaces primary sources

DC generator Mechanical power → electrical Electromagnetic induction (Faraday's law)

Rectifiers deserve a closer look because they feed the UPS. A half-wave rectifier uses a single diode and passes only the
positive half of each cycle. A full-wave bridge rectifier uses  four diodes, passing the positive half and inverting the
negative half, which makes it more efficient. A three-phase rectifier uses six diodes in three paired sets; in it the anode
is positive and the cathode is negative — the opposite of a discharging battery. DC generators, meanwhile, convert
mechanical power to electrical power and need three essentials: a magnetic field, a conductor, and relative motion
between them.

SERIES — ONE PATH PARALLEL — MULTIPLE BRANCHES

current has a single route current splits among paths

Two reactive components round out DC behavior. A capacitor stores and later releases energy on two conductive plates;
its  capacitance,  measured  in  farads  (F),  depends  on  the  plate  area,  the  distance  between the  plates,  and  the
dielectric material (a non-conductor such as glass, porcelain, or paper). It reaches steady state — fully charged or fully
discharged — after five time constants. An inductor opposes the rate of change of current; its inductance is measured
in  henrys (H).  Under  steady DC it  induces  zero voltage and behaves  like  a  short  circuit (very  low resistance):
inductors resist changes in AC but pass DC easily.

Control power circuits to the major electrical switchgear▪

Harmonic filtering on the input, for power-factor control▪

Filtering the inverter's switching frequency and harmonic distortion on the output▪

UPS batteries are a natural DC source▪

Total resistance adds: RT = R1 + R2 + R3▪

Current is the same through every component▪

Voltage drops sum to the applied voltage — 
Kirchhoff's voltage law

▪

Total power = the sum of each component's
power

▪

Equivalent resistance = the reciprocal of the
sum of the reciprocals

▪

Voltage is the same on every branch▪

Current splits — more flows through the lower-
resistance branch

▪

Current in = current out at each junction — 
Kirchhoff's current law

▪
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C O M M O N  P I T F A L L

Don't confuse the two reactive parts. A capacitor opposes changes in voltage and is rated in farads; an inductor
opposes changes in current and is rated in henrys. Under steady DC their behavior is opposite: the capacitor blocks
(once fully charged), while the inductor passes freely (acting as a short circuit).

4.4 Types of conductors and conduit
A conductor offers very little resistance to the flow of electrons. The best conductors are  metals whose atoms have
fewer  than  four  valence  electrons,  so  their  outer  electrons  move  freely.  The  property  that  measures  this  is
conductance — a material's  ability to allow electron flow — which is  inversely related to resistance.  Copper is
typically the conductor of choice: its single valence-shell electron gives it high conductance at a relatively low cost.

TABLE 4.5  Metal conductors and their electrical use

METAL TYPICAL ELECTRICAL USE

Silver Where low resistance is critical (the most conductive element)

Copper Common conductors — relatively inexpensive, high conductivity

Aluminum Common conductors where weight matters; less expensive than copper

Nickel Radio tubes and electronics

Nichrome Heater elements

Gold Special-application electronic and computer equipment (corrosion-resistant)

Constantan Heat-measuring devices

COPPER ALUMINUM

the default conductor when weight rules

W I R E  C O N S T R U C T I O N  A N D  I N S U L AT I O N

Ampacity is the maximum current a wire can safely carry without overheating; it depends on the conductor's size and
material and is limited by the insulation, because insulation tolerates less heat than the metal does. Geometry matters
too: a larger diameter carries more current with reduced resistance and reduced voltage drop, while a longer wire has
more resistance and a larger voltage drop that lowers the voltage reaching the load. Diameter is measured in American

Inexpensive and readily available▪

High conductivity, low resistance▪

Easily worked into its final form▪

Higher resistance than copper, but low weight▪

Used in high-voltage transmission lines▪

Large expansion and contraction; can corrode and
cause fire — needs frequent inspection

▪

Solid wire — one solid strand: durable, less expensive, good for outdoor applications▪

Stranded wire — many strands woven together: flexible, handles repetitive motion▪

Insulated wire — protects the conductor from damage and prevents short circuits▪

Non-insulated wire — used for grounding, or where continuous contact is needed (for example, overhead power
lines)

▪
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Wire Gauge (AWG) — and counterintuitively, the higher the gauge number, the smaller the wire (a 2-gauge wire is
larger than a 10-gauge wire).

C O N D U I T  —  A N D  I T S  C O M M O N  T Y P E S

4.5 Data center electrical distribution
A data center's electrical distribution system is the backbone of its power — a very complex architecture designed to
deliver power safely and reliably. Its many components include transformers, automatic transfer switches (ATSs),
backup generators, power panels, bypass panels, power distribution panels, and remote power panels.

TABLE 4.6  The distribution chain, source to rack

STAGE ROLE

Utility power grid (A and B) Supplies power at high voltage; redundant grid access usually isn't feasible, so
generators back it up

Transformer Steps the very high utility voltage down to safer levels

ATS On a power interruption, signals the backup generator to start

Backup generator At least one diesel or gas unit supports equipment during an outage

Maintenance bypass panel (MBP) Lets the UPS run in bypass mode for servicing, with no load interruption

UPS Bridges the gap until the generator reaches full power, and supplies clean power

PDP → RPPs → rack PDUs Distribute power out to the racks through a redundant power chain

Tracing  the  voltage  tells  the  same  story:  the  utility  sends  medium-voltage  (MV) power  to  the  site;  the  on-site
transformer intercepts it and converts it to low voltage (LV), which feeds the switchgear, then the panel boards, then
the distribution panels, and finally the cooling system and the racks.

THREE-PHASE SUPPLY SINGLE-PHASE SUPPLY

efficient — industrial and commercial simpler — lower capacity

A conduit is a protective enclosure that directs and encases conductors, guarding them from physical damage and
excessive moisture.

▪

Not all conduit provides grounding on its own — any metal conduit must be bonded into a continuous path to
ground.

▪

Common types: rigid metal, plastic, flexible metal, flexible PVC, liquid-tight, and raceways.▪

Three wires (four with a neutral); phases 120°
apart

▪

Each phase peaks twice per 360° cycle → steady,
constant power

▪

More efficient, greater power-transfer capability▪

Uses less wire than single-phase for the same
power

▪

Two wires: phase (live) and neutral; typically 
230 V, 50 Hz

▪

Voltage rises and falls → constant power can't
be delivered

▪

A less complex network (two wires, not four)▪

Lower voltage: a 230 V single-phase pairs with
415 V three-phase

▪
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W H Y  S I N G L E - P H A S E  C A N  B E C O M E  I N S U F F I C I E N T

4.6 Voltage types used in a data center
Power is the underrated element of a data center's physical infrastructure — without it, the equipment is nothing but a
heap of metal. Before comparing the voltage types, four terms anchor the discussion.

K E Y  T E R M S

Current
The flow of electric charge (such as electrons) in a region; flows from the negative terminal to the positive terminal; measured
in amperes (A)

Voltage
The EMF — the 'pressure' of electricity — that moves electrons; the difference in electric potential between two points;
measured in volts (V)

Resistance
The opposition the current meets as it flows in a circuit; measured in ohms

Phase
The current or voltage in an existing wire and its accompanying neutral cable

These relate through two working equations used to size a data center's power:  current = power ÷ voltage,  and
voltage = current × resistance.

TABLE 4.7  AC voltage vs. DC voltage

CHARACTERISTIC AC VOLTAGE DC VOLTAGE

Polarity Changes with time Remains constant

Direction Changes and reverses with time Remains constant

Power Ranges from 0 to 1 Always 0

Transformer required Yes No

Ease of handling Easy to convert voltage Easy to amplify

Both AC and DC appear in a data center, and each is routinely converted to the other. AC still dominates, but there is a
growing shift toward  DC, which is  more powerful over longer distances, costs less, is often more reliable, and
offers an advantage for renewable energy. DC has limits, though: only a limited amount of equipment accepts a 48 V
DC supply, and fewer manufacturers support it — so the practical preference for running a data center remains  AC
power.

Power reaches the facility as  single-phase (provided by a single transformer at a maximum of  120 V) or, far more
commonly for data centers, three-phase (provided by three separate transformer coils, typically ranging from 4.16 kV
to 34.5 kV). Because all data center IT equipment is designed to run at 100 V to 240 V, that incoming voltage has to be
stepped down in stages.

Rising power density of racks — servers shrink, but a single rack draws more▪

An overall increase in power consumption at newer data centers▪

Technological improvements that push demand up, so single-phase then needs costly extra copper wiring▪
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W O R K E D  E X A M P L E  —  S T E P P I N G  V O LTA G E  D O W N  T O  T H E  R A C K

Step 1 — power delivered: utility power arrives at high voltage, in the range of about 4.16 kV to 34.5 kV AC. Step 2
— stepped down: an on-site transformer steps the AC voltage down. Step 3 — mechanical service: the stepped-
down voltage runs the building's mechanical services, such as heating, ventilation, and air conditioning (HVAC). Step
4 — stepped down for IT: it is stepped down again to the 100–240 V the IT equipment uses. Along the way the UPS
rectifies AC to DC to charge its batteries and inverts back to AC to protect equipment during an outage.

4.7 Voltage classifications, protection relays, alarms, and metering
The final  lesson follows power  from the utility  into  the  building and covers  how it  is  classified,  protected,  and
measured.  Regions  and  standards  classify  voltage  into  ranges;  the  table  below  follows  the  International
Electrotechnical Commission (IEC) standard.

TABLE 4.8  Voltage classifications (IEC standard)

CLASS RANGE ROLE

Low voltage (LV) 1,000 V and below Distributed to end users; LV breakers protect
downstream circuits

Medium voltage (MV) Above 1,000 V to 33 kV Distributes power to end users; minimizes
conductor size

High voltage (HV) Above 33 kV to 230 kV Utility transmission over long distances;
minimizes cable size

Extra HV Above 230 kV to 1,200 kV Bulk transmission

Ultra HV Above 1,200 kV Highest-tier transmission

Utilities transmit at high voltage for one reason: efficiency. Every cable has some resistance, and power lost as heat is
P = I² × R. Raising the transmission voltage lowers the current needed for a given power, which slashes that loss (and
lets  cables  be  smaller),  because  current  is  inversely  proportional  to  voltage.  At  the  data  center,  a  substation
transformer steps HV down to MV, distributed by MV switchgear with protection relays and circuit breakers; further
transformers  step  MV  down  to  LV for  end  users,  where  LV  circuit  breakers with  adjustable  trip  units guard
downstream circuits from overcurrent, short circuit,  and earth fault.  A circuit breaker is an automatically operated
switching device that detects a fault, interrupts the flow, and protects the circuit from damage.

P R O T E C T I V E  R E L AY S  —  F U N C T I O N  A N D  O B J E C T I V E S

Function: promptly remove from service any element that operates abnormally or interferes with the system, by
commanding a circuit breaker to open and isolate the fault.

▪

Protect downstream equipment from over voltage, under voltage, over frequency, under frequency, and phase
imbalance.

▪

Protect the power system from surges, over current, short circuit, and earth fault.▪

Objectives: limit damage, permit different service conditions, guarantee maximum service continuity, and trip
breakers under fault conditions.

▪
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TABLE 4.9  Protection types

TYPE WHAT IT GUARDS AGAINST

Over / under voltage Voltage above the upper design limit (a transient spike or a lasting surge), or a three-
phase average dropping below a specified level

Phase monitoring Phase loss, reversal, or unbalance; trips when any phase is more than 12%
unbalanced (with a ≈1.5-second delay to avoid nuisance trips)

Short circuit / over current Excessive current from overload, poor conductor insulation, or a loose connection

Earth (ground) fault A live conductor touching conductive material when insulation breaks down; earth-
fault relays trip the isolation breakers

When a fault occurs, protection relays and transformers alarm locally, and a building management system (BMS)
or an  electrical power monitoring system (EPMS) monitors those signals and generates alarms to inform the data
center operations staff.

M E T E R S  A N D  I N S T R U M E N T  T R A N S F O R M E R S

C O M M O N  P I T F A L L

A protective relay does not fix a fault — it isolates one. Its principal job is the prompt removal from service of any
element behaving abnormally: it monitors voltage, current, or frequency, and when a value leaves the allowed range it
commands the circuit breaker to open. The breaker is the muscle that disconnects the faulted element; the relay is
the brain that decides when.

Module summary

Meters provide visibility: they track electricity use, analyze power quality, report problems such as transients and
harmonics, and measure PUE.

▪

MV switchgear meters measure power, energy, voltage, amperage, power factor, frequency, and harmonics.▪

Digital relay embedded meters act as both a metering and a protective device — analyzing the network,
watching for abnormalities, and activating circuit interruption.

▪

Current transformer (CT): scales the circuit's current down to a proportional, lower secondary current.▪

Potential transformer (PT): scales voltage down to a proportional, lower secondary voltage (rated 120 V, 24 V, or
12 V).

▪

Electricity is electron flow driven by EMF (measured in volts). Matter is made of atoms whose loosely bound
valence electrons make conductors, tightly held ones make insulators, and four-valence-electron materials
make semiconductors (doped p-type or n-type, joined into the PN junctions of transistors).

▪

Ohm's law (I = E ÷ R) and Watt's law (P = E × I) tie current, voltage, resistance, and power together; power
is the instantaneous rate (watts) while energy accumulates over time (watt-hours, billed as kWh). Every circuit
needs a source, path, load, and control device.

▪

AC reverses polarity and direction and is easy to transform and distribute; a data center takes in AC, rectifies it to
DC to charge UPS batteries, inverts it back to AC for the servers, and converts it to DC once more inside each
server.

▪
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Review questions

1. A 10 Ω resistor is connected across a 20 V source. Using Ohm's law, what current flows?

Answer: I = E ÷ R = 20 ÷ 10 = 2 A.

2. Trace a watt of utility AC power to a server's processor — which conversions happen along the way?

Answer: Transformers step the utility AC down; the UPS rectifier converts AC→DC to charge the batteries; an inverter
converts DC→AC for distribution to the servers; and each server's power supply converts AC→DC because the processor,
fans, and drives run on DC.

3. Why is a lagging power factor a problem, and how do data centers respond to it?

Answer: A lagging PF comes from inductive load and raises reactive power (VAR), forcing higher apparent power and
wasting energy and efficiency. Because data centers are built and metered on apparent power, they correct PF toward
unity (1) by reducing non-working power (kVAR).

4. Distinguish a capacitor from an inductor by what each opposes, its unit, and its steady-DC behavior.

Answer: A capacitor opposes changes in voltage, is measured in farads, and once fully charged blocks steady DC. An
inductor opposes changes in current, is measured in henrys, and under steady DC acts as a short circuit (inducing zero
voltage).

5. Give the IEC ranges for LV, MV, and HV, and explain why long-distance transmission uses high voltage.

Answer: LV is 1,000 V and below; MV is above 1,000 V to 33 kV; HV is above 33 kV to 230 kV. High voltage lowers the
current needed for a given power, and since line loss is P = I²×R, less current means far less heat loss (and smaller
cables).

AC loads differ by phase: resistive (in phase, true power P/W), capacitive (current leads 90°, reactive Q/VAR),
and inductive (voltage leads 90°, reactive). Impedance Z combines resistance and net reactance, XT = XL − XC.

▪

The power triangle relates apparent (S/VA), true (P/W), and reactive (Q/VAR) power; power factor = P ÷ S,
with unity = 1. Data centers are built and metered on apparent power, so PF is corrected toward 1 by cutting
lagging, inductive reactive load.

▪

DC flows in one constant direction; its sources are batteries, rectifiers (AC→DC via diodes), thermocouples, solar
cells, and DC generators. Series circuits add resistance and share current; parallel circuits share voltage and split
current (Kirchhoff's voltage and current laws).

▪

Capacitors (farads) oppose changes in voltage and block steady DC once charged; inductors (henrys) oppose
changes in current and pass steady DC like a short circuit.

▪

Conductors are low-resistance metals (copper is the default); ampacity is the safe current limit, and a higher 
AWG number means a smaller wire; conduit protects and routes conductors and must be bonded to ground.

▪

The distribution chain runs utility → transformer → ATS → generator and UPS (with an MBP) → PDP → RPPs →
rack PDUs; three-phase supply is more efficient and preferred over single-phase, which falls short as rack
power density and consumption rise.

▪

IEC voltage classes (LV ≤ 1,000 V, MV to 33 kV, HV to 230 kV) reflect the step-down from high-voltage
transmission to the 100–240 V IT gear uses; protective relays and circuit breakers isolate faults, BMS/EPMS
raise alarms, and meters with CTs and PTs measure power quality and PUE.

▪
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6. Contrast three-phase and single-phase supply for a data center.

Answer: Three-phase uses three wires (four with a neutral) 120° apart, delivers steady constant power, is more efficient,
transfers more power, and uses less wire for the same power — the preferred choice for data centers. Single-phase uses
two wires (phase and neutral), delivers pulsing power at lower voltage, and becomes insufficient as rack power density
and power consumption rise.

7. What is the principal function of a protective relay, and what raises the alarm when it operates?

Answer: To promptly remove from service any element operating abnormally, by commanding a circuit breaker to open
and isolate the fault. Relays and transformers alarm locally, and a BMS or EPMS monitors them and alerts the operations
staff.

MODULE   4   ·   E LECTR ICAL   FUNDAMENTALS AWS  ACADEMY  ENG INEER ING  OPERAT IONS  TECHN IC IAN

13


	Electrical Fundamentals
	Learning objectives
	4.1The basic concepts of electricity
	4.2AC circuit fundamentals
	4.3DC circuit fundamentals
	4.4Types of conductors and conduit
	4.5Data center electrical distribution
	4.6Voltage types used in a data center
	4.7Voltage classifications, protection relays, alarms, and metering
	Module summary
	Review questions


