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Introduction

In recent years, a number of military and commercial applications have turned to electrical power systems to run a variety of systems efficiently, quietly, cheaply, and precisely.  Improvements in power electronics and dramatic increases in mobile computing power have led to new classes of power conversion over the last decade.  Technologies such as motor drives, uninterruptible power supplies (UPS), power factor correction, and harmonic cancellation systems have come of age, and all of these have made it possible for plants to drastically improve their power quality and improve the control of various systems.     

New energy storage technologies are becoming available that would add to the improvement for a number of areas, both military and commercial.  On the military side, potential uses for the new technology include everything from incorporating electrical power systems into new designs for launching planes from aircraft carriers (EMALS systems), to using ultracapacitors for energy storage and/or load leveling for low-temperature applications where batteries have poor lifetime characteristics (helicopter engine starting),  to designing ultramodern tanks that exclusively use electricity for their power systems.  Commercially, the dramatic increase in the number of nonlinear loads for industrial, residential, and commercial installations has led to an increased need for devices that improve power quality.  Especially in process industries, the cost savings brought about by improved power quality can be significant.  

This report examines some military and commercial requirements for energy storage systems, describes existing energy storage technologies suitable for these requirements, and explores how well ultracapacitors suit these needs.  An explanation of ultracapacitor behavior is given, and a list of technical issues that should be resolved for the successful integration of ultracapacitors into energy storage systems is presented.  The issues presented should provide a guide for future work necessary to ensure that ultracapacitors remain a viable energy storage alternative for both military and commercial applications.

Energy Storage Requirements

A number of military and commercial applications have energy storage requirements that ultracapacitors could eventually fulfill.  Some of these applications are newly-designed electrical systems meant to replace older mechanical technologies, such as the development of an electromagnetic launcher for aircraft carriers.  Applications like this require large, centralized electrical energy storage systems, along with the power systems and control necessary to make them work.  Another class of problems that require energy storage are power quality systems.  For such systems, both central and distributed solutions to transient power quality problems exist.  Central solutions protect an entire facility from electrical problems, while distributed solutions are only applied to critical loads in a plant.  Examples of central solutions include utility substations and alternate feeders as well as compensating equipment such as a Dynamic Voltage Restorer (DVR) or a superconducting energy storage system for load leveling [
].  An  uninterruptible power supply (UPS) is an example of a distributed solution, as is the ultracapacitor-based ride-through system (RTS) [
].

Launch Systems

Electromagnetic aircraft launch (EMALS) systems are a developing technology that hopes to replace the old steam-based catapult design on aircraft carriers.  By performing this function electrically, the control over the launching thrust can be controlled quite precisely.  Typically,  the control effort is directed to maintain a constant thrust during launch.  This should have several beneficial effects, including  reducing the stress applied planes under launch,  and allowing for effective fault tolerance as the launch catapult can be run by several linear motors, any one of which could fail without causing catastrophic failure.  To create such a system, a sizeable energy storage system is required to avoid unnecessarily large power surges on the ship’s reactor.  Typically, an EMALS system might have to deliver 150-200 MJ to its load over a launch time of 2.5 seconds.  In this case, the power profile is triangular: it ramps to a peak power of 120-160 MW from zero during the launch.  

An energy storage system for EMALS must therefore be designed to deliver most of its energy over a two to three second burst at the rate of perhaps once per minute for several minutes.  As with most other military applications, the system should be reliable; it should not be prone to a single point failure – redundancy is required, and it would be preferable for it to fail gracefully rather than catastrophically.  One of the most important requirements for this application is that candidate systems should require very little maintenance, and they should be easy to monitor.  The less manpower required to operate and maintain the system, the lower its operating costs are.

Power Quality Systems

As described in [
], Maxwell has developed an ultracapacitor-based ride-through system (RTS) for adjustable speed drives (as shown in Figure 2).  The RTS acts as an uninterruptible power supply for drives as it maintains the dc bus voltage during brief voltage sags and momentary interruptions.   This kind of protection is necessary for a couple of reasons.  First, the power supply for a drive’s control electronics may not be able to survive an under-voltage condition.  Also, many processes run by ASDs cannot tolerate the loss of motor speed or torque control caused by the decrease in the drive’s bus voltage.  ASD tripping can be very costly to an industrial plant as many processes have high material losses if the process is suddenly halted.  (See Figure 1 for details.)  The associated down time and production losses incurred from clearing any damaged material and restarting the process are significant.  If an ASD can continue to operate normally during momentary outages and sags, significant cost savings can be realized [
].
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Figure 1  Outage costs for process industries
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Figure 2  Maxwell 100 kW Ride-through System

The ultracapacitor-based system shown above is designed to allow ASDs to operate normally during transient problems in an electrical system.  The system tightly regulates the bus voltage of the target system during a sag or outage.  When these events happen, the converter must regulate the output bus to a predetermined threshold voltage for as long as possible.  The converter must also monitor the capacitor bus and shut down when the capacitor voltage drops too far and the current rises too much.   Figure 3 shows the RTS block diagram.  The figure shows that the RTS uses only a two terminal connection to its target load, (here, the dc bus of an ASD) provides its own control power, does its own sensing and management,  and can be considered as an energy storage building block.
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Figure 3  Block diagram for the Maxwell RTS

Although the above system was designed to support adjustable speed drives, the same topology is a natural fit for UPS applications.  Such a system could have a number of uses in various military applications.  For instance, new shipboard power systems (such as those that are called for in the Integrated Power Systems (IPS) program) could include dc buses (or ac lines) that are protected from transients, or they could require that certain critical systems are always able to function, even in the event that shipboard power shuts down.  (For example, the IPS program requires that certain elevators can not get stuck even in the case of a power outage.)  In the commercial world, most power problems tend to be relatively brief, and the sags tend not to be very deep.  Figure 4 gives a graphical representation of the distribution of voltage sag and outage problems seen on 120 V lines; the data comes from surveys conducted by the National Power Laboratory (NPL) [
].   Here, it is clear that the majority of sags are relatively shallow, and over 80% of these disturbances only last for a few seconds.  RTS systems are designed to meet these needs.  In some cases the RTS can be sized to obviate the need for battery-based UPS systems in that the RTS can support its load long enough for a backup power system to come on-line (10-20 seconds in some instances).
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Figure 4  Voltage sag distribution for 120 V lines

Energy Storage Technologies

A number of energy storage technologies can be considered as potential candidates for energy storage applications.  Categorizing each technology requires consideration of common factors such as energy density, power density, cost, size, weight, durability, portability, and flexibility. Not all of the technologies are equally well-developed; for the most part industrial batteries use decades-old lead-acid technology, while the other technologies are significantly newer.  Surveys of these technologies are available in [
], [
], and [
].  The following section is largely derived from these sources.

Batteries

In all their various forms, batteries store energy by taking advantage of the characteristics of certain chemical reactions.  Several types of batteries have been developed – lead-acid, nickel-cadmium, nickel-metal hydride, and lithium-ion range from the oldest and best-known to the newest, state-of-the-art battery technologies that could be used in commercial or military applications.  All of these battery types have an impressive ability to store energy; lithium-ion beats the others’ power density capability, but is far more expensive than the other technologies.

Although batteries tend to have a tremendous volumetric energy density, their highly nonlinear nature leads to several undesirable aspects of their use.  For instance, it is quite difficult to determine the energy available in the batteries – their state of charge (SOC) – at any particular instant, due to batteries’ nonlinear nature.  Several factors affect a battery’s SOC, including the cell temperature and the discharge history.  Further, many industrial batteries require constant maintenance, must be stored in a room with a well-regulated temperature and ample airflow, and have a relatively short cycle life.

Flywheels

Flywheels are an emerging energy storage technology in the commercial and military areas.  Flywheels use the kinetic energy of a sizeable rotating mass as their energy storage medium; the energy is typically stored and extracted via the use of a controlled motor/generator.  A power electronic control system is used to control the energy stored in the flywheel.  The energy stored in a flywheel can be described as noted in (1):
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In (1), m represents the flywheel mass, r the mean radius, and ( the angular velocity.  A flywheel can store as much energy as its construction will allow; each machine has a maximum allowable rotational speed.  Energy is transferred to or from the flywheel with a motor/generator; a figure representing this is shown below.  Since the electrical machine is typically coupled directly to the shaft of the flywheel, there must be a lower limit constraining ( since the required torque for low rotational speeds would exceed at some point the maximum torque rating of the electrical machine.  

Figure 5 shows a block diagram of a flywheel energy storage system.  The flywheel is located on the same shaft as the motor/generator, and a bi-directional ac-dc converter controls the motor.   
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Figure 5  Block diagram of a flywheel energy storage system

SMES

SMES systems store energy magnetically by maintaining a large circulating current in a superconducting coil or magnet [8].  The use of superconducting coils means that SMES systems are quite efficient at storing and transferring energy, but a large, sophisticated refrigeration system is necessary to maintain the low operating temperatures required to keep the coil superconducting.  The added complexity, size, and cost of a SMES refrigeration system generally relegate their use for high power systems.

Ultracapacitors

Ultracapacitors (also known as supercapacitors) store energy in much the same way that regular capacitors do: by storing and separating opposing charges.  Standard capacitors store charge on conductive plates separated by a dielectric, while for ultracapacitors, the situation is somewhat more complicated.  Consider a standard capacitor containing conductive plates of surface area A separated by a dielectric of thickness d.  The capacitance is calculated in (2):
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Double-layer capacitors create their capacitance in a slightly different manner. Figure 6 shows a representation of a double-layer capacitor.  The electrodes, shown in green, are immersed in an electrolyte and separated by a porous insulating material.  Electrodes typically have a large surface area and low resistance in order to maximize the capacitor’s energy and power densities.  In (a), the capacitor is both uncharged and disconnected from outside circuits.  As the terminal voltage builds as in (b), ions form in the electrolyte at the electrode boundary.  Since the surface area of the capacitors is exceptionally large, and since the distance separating the ions from the charge on the electrodes is so small (see (2)), a sizeable capacitance is created along the surface of each electrode.  The circuit shown in (c) gives a rough representation of the electrical circuit created by this topology.   The resistor in (c) is derived from the electrolyte and the electrode geometry.
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Figure 6  Double-layer capacitor illustration. (a) Discharged.   (b) Charged.  (c)  Simplified circuit model.

Both batteries and ultracapacitors use liquid electrolytes [
]; however, unlike batteries, ultracapacitors are not based on non-reversible electrochemical processes.  Ultracapacitors behave like true capacitors; their stored energy is proportional to the square of their voltage as in (3).  Monitoring the energy level of the system becomes trivial as it only requires a voltage reading.  System control is easy compared to many other energy storage methods.  Ultracapacitors have lifetime characteristics similar to those of capacitors and batteries.  For each, lifetime is an exponential function of the float voltage and is dependent on temperature.  A comparison of different performance characteristics for capacitors, ultracapacitors, and batteries is provided in Table I.  
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Table I  Comparison of performance characteristics for energy storage types

Batteries
Ultracapacitors
SMES
Flywheels

Efficiency
70-90%
90%
95%
90%

Power
5 kW – 10 MW
5 – 200 MW
0.3 – 1000 MW
1 kW – 10 MW

Energy
0.1 – 600 MJ
1 kJ – 10 MJ
1 – 500 MJ
1 – 15 MJ

Cycle Life
2000
105
104
104

Charge Time
hours
seconds-minutes
minutes-hours
minutes

Maturity
mature
available 
available
available

Capital Cost

($/kW)
100-200
500
700-1000
300

Ultracapacitor Technology

This section will focus on the present Maxwell technology and examine where it fits in with other state-of-the-art technologies.  The construction and electrical performance of the existing Maxwell technology will be described, and variants currently under examination will be outlined.  Finally, a list of necessary improvements to the existing ultracapacitor technology for further systems development will be presented.
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Figure 7  Maxwell PC2500 ultracapacitor cell  (2500 F, 2.3 V)
Fundamentals of Operation

Maxwell’s PowerCache( ultracapacitors use a double-layer capacitor technology.  An illustration of the ultracapacitor components is shown below in Figure 8.  Each cell has a positive and negative current-collecting plate connected to its respective terminal.  Each active electrode is comprised of an activated carbon sheet with aluminum contacts to the terminal; the electrodes are immersed in an organic electrolyte.  Other ultracapacitor technologies make use of an aqueous rather than an organic electrolyte; aqueous electrolytes have far less resistance but  less energy density than organic electrolytes [5].
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Figure 8  Ultracapacitor components

Figure 9 below shows a micrograph of two activated carbon fiber strands [
].  The figure gives an idea of the enormous surface area that activated carbon fiber strands have.  When the carbon fiber electrodes are immersed in the electrolyte, ions can form in every available nook and cranny, creating the potential for an enormous capacitance per volume.  The fibers are then flame-sprayed to create a low-resistance connection between the electrodes and the cell terminals. 
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Figure 9  Activated carbon fiber strands
PowerCacheTM ultracapacitors come in several different sizes; the smallest stores roughly 8 F at 2.3 V, and the largest, the PC2500, stores roughly 2500 F at the same voltage. Figure 7 shows a PC2500 ultracapacitor cell; this cell stores roughly 7200 J at 2.3 V, and can pass a current of over 600 A when necessary.  Selected characteristics for this cell are given in Table II.

Table II  Selected ultracapacitor characteristics


Specification
Units

Model
PC7223 / PC2500


Electrode
Carbon


Electrolyte
Organic


Dimensions
164 x 62 x 62
mm

Mass
800
g

Nominal Capacitance
2500
F

Maximum Float Voltage
2.3
V

Operating Temperature
-20 to 60
(C

Series Resistance (25 (C)
0.85
m(


Electrically, ultracapacitor behavior is considerably more complex than previously described in Figure 6.  The structure of the electrodes makes the ultracapacitor cell behave more like a distributed R-C ladder network as shown in Figure 10.  Here, the leakage resistance Rl is extremely large – it causes charged cells to discharge over the course of several days – and is neglected in most studies.  R5 represents the contact resistance for the cell terminals, along with most of the resistance attributed to the electrolyte.  The remainder of the network represents the distributed nature of the capacitor; they are directly related to the geometry of the electrodes. 
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Figure 10  Fifth-order electrical model for ultracapacitors

Clearly, the internal resistances of an ultracapacitor limit the current available at the terminals for a given operational voltage.  The resistances also have the effect of creating a condition known as voltage collapse which occurs when the internal state of the ultracapacitor causes the terminal voltage to rapidly drop to zero when the load is too large.  Voltage collapse can prevent the transfer of a significant percentage of stored energy from the ultracapacitor to the load. The major effect of this phenomenon is that it limits the delivered energy density of an ultracapacitor bank for a particular load profile.  Since the delivered energy density affects the bank size, it is important to match the time constant of a particular ultracapacitor technology with the requirements of its load in order to optimize the bank.

The figure shown below illustrates the point.  Figure 11 shows a comparison of two different ultracapacitor technologies: the existing PC2500 cell, and a new design.  The new design is a cell of roughly the same physical size as the PC2500, but the new package is designed for higher power applications.  The new cell has thinner carbon electrodes than the PC2500 cell; it has about 2/3 as much capacitance, but its time constant is much faster than that of the PC2500.  The new cell also has a slightly different package than the PC2500 as the terminals are designed with a much lower contact resistance.  For the simulations, each cell started with an initial charge of 2.6 V, and each cell was loaded with a constant power discharge sufficient to decrease the terminal voltage to ½ its initial voltage (1.3 V) over its discharge time.  (For example, the existing PC2500 cell discharged to 1.3 V after 10 s when a constant 430 W load was applied, delivering 4300 J to the load.)   The plot shows that the new packaging is indeed more effective than the PC2500 cell for brief discharges; for a two second discharge, the new packaging can deliver over 60% more energy than the PC2500, and the disparity only increases for faster discharges.  Clearly, additional development on low-resistance versions of the ultracapacitor is needed to provide an alternative to other energy storage technologies for a large variety of pulsed loads.
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Figure 11 Comparison of existing (PC2500) and new, lower resistance technology
With the development of new, lower resistance ultracapacitor cells, packaging becomes a critical issue.  Since low resistance cells can pass more current, heat generated internally due to conduction loss (I2R) increases dramatically.  Depending on the application, more attention must be paid to the thermal design of the cell.  A package like the existing one (shown in Figure 7) can be greatly enhanced from a thermal standpoint as a number of improvements can be made.  The very shape of the cell could be redesigned to better allow for the dissipation of heat.  At present, the terminals are the best way to remove the heat from inside the cell package; these too could be redesigned to better match the cells for applications requiring higher power density. 
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Figure 12  56 V module packaging for PC2500 cells
Besides redesigning the individual cell, redesigning modules could be required to optimize the packaging for high power applications.  Existing modules (Figure 12) are not designed to remove a lot of heat from the ultracapacitor cells since capacitors in current use are typically floating at voltage.  In any event, the power density of existing installations is not sufficiently high to cause significant heating.  Also, as currents rise, it may become advantageous to repackage several cells inside a single package to reduce contact resistances and improve its packing density.   

 Finally, new module packaging requires some attention to cell balancing.  Existing module designs use simple shunting circuitry as in Figure 13 to prevent cell over-voltage.  Along with high temperature, excessive voltage severely limits the effective lifetime of ultracapacitors.  Since most applications require hundreds of ultracapacitor cells to be strung together in series, and since cell capacitance can vary significantly throughout a string (perhaps by 20% or more) , it is necessary to impose some kind  of voltage limiting circuitry.  The shunting technology shown below does prevent high voltages from being impressed upon any of the cell terminals, but other circuitry could be better suited for a variety of applications.  For example, circuitry that works by shunting current around cells above pre-selected voltages will not equalize cells when the stack voltage is significantly below the predetermined maximum.  This deficiency may come into play for applications where the cells nominally float at a low voltage (i.e. less than 2.0 V per cell) to preserve lifetime, only to be charged to a high voltage (2.5-2.6 V per cell) just before discharging.  In such an instance, the cell lifetimes may not be sufficiently protected at the float voltage, since the highest cell voltage would still be higher than anticipated.
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Figure 13  Shunting technology for voltage limiting

An alternative cell balancing method is shown below in Figure 14.  This is a switching capacitor equalizer capable of equalizing the voltage of an arbitrary number of ultracapacitor cells in a string [
].  The SPDT switch shown in the figure is created from two series-connected MOSFETs; the resistor shown in the figure represents the drain resistance of one of the FETs.  The FETs switch in unison at a rapid rate; a switching frequency of 10 kHz is typical.  The circuit works by using the small 100 (F capacitors almost as charge buckets, collecting the excess charge from overcharged cells and distributing it to undercharged cells.  The circuit is particularly elegant in that it uses common, cheap parts exclusively; it requires no tuning, and it can equalize cells over a great range of voltages.  A balancing circuit like this would permit easy lifetime management as it would ensure that the lifetime of all cells would be increased if the full stack voltage were decreased; a feature like that would be quite useful in an application where the ambient temperature was higher than desired.  This topology is also interesting in that it is modular; building the circuit directly into a multi-cell module is quite possible.  Clearly, an equalizer of this type is worth further investigation.
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Figure 14  Switching capacitor equalizer

Future Work

To date, a family of ultracapacitors have been developed to service demand for everything from cellular phones to advanced ride-through systems.  As commercial demand for these cells increases throughout the next few years, the manufacturing costs for these cells will continue to drop; manufacturing capacity for all ultracapacitor types should be enhanced.  Technically, in order to be useful for future military and commercial high power applications, a number of advances are required for the ultracapacitor design:

1) Examination of and experimentation with a number of new electrodes is necessary to reduce the cell time constant to improve efficiency.  The thin electrode cell described in Figure 11 is but one option available for further study.  In the next few years, other technologies are expected to be available with far shorter time constants than even this thin electrode cell.  

2) New packaging techniques are required to fully exploit anticipated advances in power density.  A new module design is required to better match the requirements of 0.5-3 second loads rather than the existing module, which is designed for 5-10 second loads.  An effective cooling system for the new loads must be developed.

3) Effective, cheap, and modular cell balancing technologies must be examined more fully to create a truly versatile ultracapacitor building block.

Each of these projects will contribute greatly to the viability of ultracapacitors as an energy storage technology for a variety of military and commercial projects.   From a systems standpoint, projects 1) and 2) listed above are required to extend the utility of ultracapacitor-based energy storage systems to an exciting  new set of applications, and new projects should be directed towards these efforts.
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