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Abstract: This paper explores an Electrochemical-capacitor based energy storage system designed to provide
isolated distributed energy resources (DER) an ability to ride through short-term overloads such as those caused
by motor starts. A three-phase laboratory prototype has been developed. Operation of the device is verified.
Additionally, results from the testing of three electrochemical capacitor technologies are compared.

1. Introduction

Distributed energy resources (DER) consist of an energy source (photovoltaic, wind, natural gas) and a power
conversion interface (electronic power conversion system (PCS), generator, etc.)[1,2]. Typically less than a
megawatt in size, DER are intended to be connected to electric utility distribution systems. DERs can provide
economic and power quality benefits. They also have a reliability value if they can operate individually, or as an
‘island’, upon loss of the electric utility source.

Isolated or islanded DER often cannot handle transient loads, such as excessive currents drawn by motors
during the starting phase. The Power Conditioning System (PCS) that serves as the interface to utility
distribution and loads has an inherent current limit. Depending on design, if the current exceeds PCS capability
the PCS will either trip or reduce its output voltage,.

The possibility of utilizing an energy storage system to improve transient loadability of DERs was investigated
in [1]. As shown in Figure 1, an electro-chemical capacitor is interfaced to the DER terminals using a simple,
short-term rated, dc-ac inverter. At the onset of a large transient load current the capacitor supplies the excess
current needed, thus augmenting the capability of the DER. Electrochemical capacitors are particularly suited to
this application because of their high specific power, reasonable energy density, and the ability to operate over a
wide temperature range. Simulation studies were used to demonstrate the feasibility of the approach.

This paper describes experience with a laboratory prototype of the proposed system, and three different
electrochemical capacitor technologies.
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Figure 1 Proposed Device To Improve the Transient Loadability of a DER
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Figure 2 DER Current, Load Current, and Current from the Proposed Device.
2. Background

Distributed energy resources are expected to become an important component of future electric distribution
systems. Intended to operate in parallel with an existing utility source, these technologies can potentially
provide value in terms of improved power quality, reliability and economic benefits. There is significant interest
in allowing these resources to continue operation, individually or even more preferably as an island, when the
utility source is lost.

However many DER supply energy through an electronic Power Conversion System with very little over-
current capacity. For example, a 75 KVA, three-phase, 208/120 V micro-turbine system, has a rated current of
208 A (rms). The PCS in such a system would usually be designed to handle roughly 250 A (rms). On the other
hand, a 10 HP motor with normal current of 28 A draws as much as six times rated current, i.e., 166 A during
starting. If the DER had a reasonable amount of load to begin with, the motor starting current would easily
overload the DER.

A PCS can be designed to reduce output voltage in an effort to reduce current. Such a PCS would exhibit
significant voltage sag as the motor starts. Other designs may simply disconnect the PCS. If an island contains
several DERs, the tripping of one compromises the entire island. Thus, islanded operation requires additional
ride-through capability. There are several standard approaches [3,5] to handling transient loading such as motor
starts, namely, switched capacitors, isolation of critical loads using uninterruptible power supplies, and power
quality devices with energy storage [1].



In the context of islanded DERs, switched capacitors only provide a partial solution. The capacitor can supply
the reactive part of the starting current needed, but not the portion of current required for acceleration. In
conventional application, this latter component of current is easily supplied by the utility system, but an isolated
DER may not be able to do so. Uninterruptible power supplies protect the critical load and can also reduce DER
load to some extent; however the DER is still compromised by the motor start. Thus, energy storage based
power quality devices appear to be an appropriate solution. The solution investigated herein falls in the energy
storage category.

3. Laboratory Prototype
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Figure 3 Overview of laboratory prototype.

Figure 3 provides an overview of the prototype and the laboratory setup. The three-phase 208/120 V source
represents the DER and is connected to a motor and other load. The normal current for the motor is 1.3 A, and
the starting current is 8 A. The PCS for the proposed device is a three-phase voltage-sourced inverter, rated for
a208/120 V, square wave output, with peak current of 15 A. The dc source for the PCS is provided by
electrochemical capacitors. The capacitors are charged from a separate, low current, charger not shown in the
figure.

The voltage ratings of the available electrochemical capacitors vary from 46-76 V. The PCS is interfaced to the
DER through a transformer, which provides the required voltage transformation to 208/120 V. Of course, a
transformer-less PCS would be desirable in an actual application.

The PCS controller is implemented in a micro-controller. The controller can sample either DER current or load
current. If the instantaneous current exceeds a threshold, set lower than the DER current limit, the controller
fires the switches in the PCS Bridge so as to supply the excess current needed. The algorithm is summarized in

(1]



3. Capacitors

Electrochemical capacitors are particularly suited to the proposed application. When motor starts, it draws
approximately six times rated current. Part of this high current is needed to supply kinetic energy as the motor
accelerates. A second, reactive, component is needed to support the magnetic field and results in a large reactive
power requirement at start up. The net energy drawn from the capacitor only supplies the mechanical load,
kinetic energy gain, and losses.

As such, the net energy storage requirement is not substantial. However the power and current requirements are
significant. Electrochemical capacitors match the moderate energy storage and high specific power requirement
well.

Three commercially available capacitor types were used in prototype tests. Their characteristics are summarized
below:

e Type 1: A very high capacitance activated carbon/NIOOH electrode capacitor with KOH electrolyte.

e Type 2: A low capacitance, high voltage, hybrid capacitor with Tantalum /Ruo2 electrode in aqueous
electrolyte
e Type 3: An activated carbon on aluminum capacitor

Salient data for the capacitor cells is given in Table 1.The individual capacitor cells of each type were
connected in series to create modules with a voltage rating of approximately 75 V. The modules are shown in
Figure 4. The ratings of these capacitors are not optimized to the application, but are based on availability. The
Type 1 capacitor is obviously much larger than what is needed. The Type 2 and 3 capacitors are more

reasonable in size.
Table 1 Capacitor Data

Type | Cell | Capacitance | Specific Energy | ESR | Specific Power
Voltage
\Y F Jg J/ce Q W/g
1 1.5 99000 5.5 0.008 |0.018 N/A
38.0 0.036 0.5 2 0.08 N/A
3 10 2.5 5 9 2 7

Figure 4 Capacitor Modules. Clockwise from top left, Type 1, Type 3 and Type 2 capacitors.

4. Test Results



Each capacitor module was charged to 75 Volts. To test each capacitor type, the charged capacitor was
connected at the dc input terminals of the PCS. The motor was started from rest and all voltages and currents
were recorded.

Figure 5 is a typical example of dc current supplied by the capacitor and the ac current supplied by the PCS
during motor start. It is seen that the capacitor can support the fast rise of current desired. Figure 6 shows the
voltage across selected segments of the capacitor strings for each of the three different capacitors. Because of
its very large capacitance the voltage of the Type 1 capacitor remains essentially unchanged. At the onset of
each pulse of current there is a small drop in capacitor terminal voltage corresponding to the voltage drop across
the equivalent series resistance (ESR). The Type 2 capacitor has the lowest capacitance and its voltage drops
significantly as it discharges. The Type 3 capacitor exhibits a significant voltage dip due to ESR effects. Figure
7 shows the voltages across individual capacitor cells in the series string during a test with the Type 2
capacitors. Although there are small differences in initial cell voltages, these voltages track each other well as
the capacitor discharges.

5. Conclusions

The work reported here deals with the development of an energy storage device that can be added to a DER to
improve its ability to handle large transient loads such as motor starts. Improved transient loadbility is necessary
for DER to operate successfully when isolated from a utility. Electrochemical capacitors are particularly suited
to this storage application because of their high specific power and ruggedness.

A three-phase, laboratory scale, prototype has been developed and tested with three types of commercially
available capacitors. These tests show that electrochemical capacitors can be effectively utilized in the proposed

application.

Continuing work will address the development of an optimized, cost-effective design, and practical application.
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Figure 5 Typical PCS dc current (Top) and PCS ac Current



Voltage across first string of 4 capacitor cells
(Capacitor Type 1, Motor Start)
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Figure 6 dc voltage across selected segments of capacitor strings during motor starts.



Voltage across all capacitor cells
{Capacitor Type 2, Motor Start}
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Figure 7 Voltage across individual cells in capacitor string during motor start.
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