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Converting Renewable Energy into Electricity: Alternating Current (AC) Generators
By Robert Treiber III, ECE ‘18
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Abstract
AC generators convert mechanical energy into electricity by utilizing Faraday's Law of Induction and Maxwell's Equations.  Today, there are many different methods of converting mechanical energy produced by renewable energy sources, like the ocean and wind, into electricity, but they all require AC generators.  Is there a potential to adapt these methods from smaller, cheaper, more portable options?

History
Physics
Michael Faraday discovered electromagnetic induction in 1831 while working as a Chemistry professor at the Royal Institution, in London. Faraday was trying to prove that a magnetic field should produce an electric current; however, he recognized that in order to create a current within a conductor, the conductor must be moving through the magnetic field.  James Maxwell expanded on Faraday's work by "introducing a vector quantity in the basic mathematical foundations of electromagnetism… known as vector potential of the magnetic field. (Varvoglis)" Maxwell expanded Faraday's Law into twenty partial differential equations showing the relationships between spatial and temporal changes of electrical and magnetic quantities. These twenty equations were later broken into two sets; The set containing four vector partial differential equations is the "official" set of Maxwell's Equations [2].

AC Generators
There were no systems for controlling and distrusting AC power until Galileo Ferraris designed the first polyphase AC generator in 1885.  Two years later, in 1887, C.S. Bradley independently built the first three-phase AC generator, proving to be a huge improvement over Ferraris' single-phase AC generator.  Then, in 1888, Mikhail Dolivo-Dobrovsky built the first polyphase AC generator.  Over the next 10 years, the AC power system rapidly improved in areas like power, control, cost, and size [4]. Today, AC generators are used all over the world to convert various types of renewable energy into electricity.

How an AC Generator Works
Creating Induced Electromotive Force (EMF)
The simplest form of AC generation is created by rotating a closed loop, rectangular wire, or coil, through a uniform magnetic field at a constant rate (Figure 1a). Faraday's Law of Induction states "the induced EMF in a closed loop equals the negative of the time rate of change of magnetic flux through the loop (Young, Freedman, Ford, & Sears)."  Magnetic flux measures the total magnetic field passing through an area. Simplifying Faraday's Law of Induction: induced EMF in a closed loop equals the negative of the time rate of change in the amount of magnetic field passing through an area. Once induce EMF has been calculated, its direction must be determined.  Understanding the direction of an induced EMF should be broken down into four steps: (1) define the positive direction for the area vector, (2) determine if magnetic flux is increasing or decreasing, (3) point your thumb in the positive direction for the area vector and curl your fingers in, (4) if magnetic flux is decreasing then induced EMF will be positive and going in the same direction as your curled fingers; if magnetic flux is increasing the induced EMF will be negative and going 
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Figure 1: (a) Simple AC Generator; (b) Graph of flux through the loop and resulting EMF [6]

in the opposite direction as your curled fingers.  Regardless, the resulting EMF is a sinusoidal function, meaning the circuit is utilizing alternate current, as seen in Figure 1b.

AC Alternators
In practical cases, mechanical energy is converted into electricity using a single- or three-phase alternator.  AC alternators differ from simple AC generators, described in the previous section, because the wire-loop system remains stationary, wrapped around an armature while the magnet system rotates within.  As seen in Figure 2, the armature acts as a frame for the wire-loop system which is often heavier and bulkier than the magnet system, requiring less energy to produce an EMF.  As the magnet system in the middle rotates, the magnetic field moves through the coils initiating current flow and potentials in the three coils.
[image: ]
Figure 2: Three-Phase AC Alternator [3]

Single-Phase vs Three-Phase
A single-phase system requires two wires, the conductor and the neutral. Meanwhile, a three-phase system is comprised of four wires, three conductors and a neutral.  The three conductors in the three-phase system should be out of phase, spaced 120° apart.  Three-phase circuits/power distribution systems are more efficient than single-phase systems because three-phase power distribution systems can deliver the same magnitude of power as a single-phase with fewer and smaller conductors.  Once the AC current is generated, it must be converted to DC current. When converting AC current to DC current, three-phase AC rectification yields smoother DC current.  The only real advantage of using a single-phase AC alternator is its simplicity compared to a three-phase AC alternator.  See Table 1 for more single-phase and three-phase comparisons. [3] 

	
	Single-Phase
(Figure 1a)
	Three-Phase (Figure 2)

	Wave Shape
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	Voltage (Max)
	230V
	415V

	Power Transfer Capability
	Low
	High

	Network
	Simple
	Complicated

	Loss 
	Maximum
	Minimum

	Power Supply Connection
	Easy
	Hard

	Efficiency
	Low
	High

	Economical/ Practicality
	Home Appliances
	Large Industries or Heavy Loads


Table 1: Comparing Single-Phase and Three-Phase [5]

Renewable Energy Sources Converted using an AC Generator
Hydroelectric Energy
People have been harnessing hydropower for thousands of years, making it the most utilized form of renewable energy.  One of the most effective and efficient ways of converting hydropower to electricity is by building a dam to control the flow of water.  A dam combines the fluid dynamics and Bernoulli's equation, forcing water to flow from an area of extremely high pressure, through a turbine, to an area of low pressure.  Large Hydropower plants will connect a generator directly to the turbine to improve the efficiency of energy conversion.  We can also harness hydropower without trying to control the flow of water.  The Pelamis System is a buoyancy-based device that sits on the surface of the ocean.  The crashing waves cause the Pelamis System to "wiggle" in the ocean (Figure 3). 
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Figure 3: The Pelamis System

As the system wiggles in the ocean, the pistons connected between each section of the system pump water back and forth through turbines. Similar to the turbines used in dams, an AC generator is connected to the turbine to produce electricity. [1]

Wind Energy
Wind power is one of the most important renewable energies, second to hydropower.  Although wind turbines are the most common method of harnessing renewable energy, they are only 35% efficient.  The rotor plays a major role in how efficiently the wind's energy is harnessed. This transmits the mechanical energy generated by the rotor in the form of a rotational force or torque, eventually used to turn a generator. [1]

Ocean Thermal Energy Conversion (OTEC)
OTEC uses the difference between the water temperature at the surface and in the deep sea to power a thermodynamic heat engine, ultimately generating electricity.  OTEC plants require a change of at least 20 °C from the surface to the bottom of the plant.  Each device must reach a minimum of 500 meters below the surface in order to reach cold enough water; however, most plants go as far as 1000 meters down to ensure that energy is being converted as efficiently as possible.  Heat from the ocean's surface is used to vaporize a special thermodynamic liquid, often ammonia because of its low boiling point. The vapor is then forced through a turbine connected to an AC generator and discharged into the ocean (Figure 4).  Although OTEC systems are less than 10% efficient, some specific OTEC-hybrid systems can also produce clean water for drinking as a byproduct. [1]



[image: ]
Figure 4: Ocean Thermal Energy Conversion Block Diagram

Conclusion
The Law of Conservation of Energy states that energy can neither be created nor destroyed; energy can only be transferred or changed from one form to another.  In theory, a 100% efficient system should be achievable.  Unfortunately, energy is often "lost" in the form of heat or friction during a change of state and every change of state dilutes the efficiency of the system even more.  By cutting down on the number of mechanical parts (turbine, gears, drive shafts, etc.) and reducing the friction between them, the efficiency of the system will likely increase.  This is why not yet practical to try and convert small amounts of energy to power things like laptops or phones.  Improving the efficiently of converting renewable energy to electricity will result in small, portable systems for converting energy into electricity.  I believe that we will eventually be able to buy mini-renewable energy converters and use them as portable battery/generator or even set them up around the house to create your own power-plant at home.
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