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Preamble 
Off-grid wind energy conversion systems are preferred by people whose energy use or homes are 
not connected to the grid and/or for whom connection to the grid would be expensive. Other 
people prefer the independence of off-grid systems or live where utilities and governments make 
it difficult to tie a renewable energy system to the grid. Most remote communities in Alaska rely 
heavily on diesel engine technology, with 93% of power supplied by diesel generators and the 
disadvantage of unpredictable fuel prices. Wind-generated power is regarded as an attractive 
vanguard of energy supply solutions; it has become a natural choice for many communities 
because it offers energy diversification, has the potential to reduce energy costs, and addresses 
security of supply. Development of wind-generated power holds the promise of a contribution to 
sustainable energy portfolios for electric utilities in Alaska’s rural villages, many of which are 
isolated from the Alaska Railbelt electrical grid intertie and from each other.  

Integration of wind-generated electricity depends on many variables, not the least of which is 
connectivity to transmission networks. Connecting high penetrations of wind-generated 
electricity to the power grid requires that wind turbines are capable of complementing some of 
the power system control services—voltage and frequency control—currently carried out by 
conventional synchronous generation. Albeit there is strong potential for wind systems 
deployment, integration of higher levels of penetration into diesel power plants in remote 
Alaskan communities requires methods to stabilize power quality on isolated grid systems. In 
this regard, appropriate control of power electronics is elemental in achieving power stability. 
Only two systems have operated as high-penetration wind-diesel systems in Alaska: one is in 
Wales and one is on St. Paul Island. 

The Alaska Center for Energy and Power (ACEP) has been funded by the Denali Commission 
under the Emerging Energy Technologies Grant Fund to address issues specifically related to 
operation of wind turbine systems and ancillary equipment in remote Alaskan communities. The 
project focuses on harmonization of intelligent control strategies, state-of-the-art power 
electronic devices, and advanced storage to establish technological options that could allow for 
operation in a diesel-off mode. A test bed facility will serve to analyze and qualify a power 
electronic converter, supplied by Sustainable Automation, Inc., for its capability to stabilize the 
power quality of a microgrid. The fundamental idea is to provide frequency, voltage, and VAR 
support while the gen-sets are off-line, with the derived benefits of reduced capital cost of high-
penetration systems and greater fuel savings. Successful operation on the test bed may then be 
extended to a pilot project. 

This initial report gives a review of technologies that are suitable for communities in Alaska that 
are operating wind-diesel hybrid systems, including aspects such as power electronics, energy 
storage, and control strategies. Additionally, key research questions are developed as well as 
testing protocols and experiment specifics, based on final equipment selection for the test bed.  
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1. Wind‐Diesel Hybrid Power: Basis for 
Current Research  

1.1 Background  

In remote Alaskan villages, hybrid power systems combine multiple power sources such as wind 
turbines and backup diesel generators to provide electricity. For many years, wind-diesel systems 
have been used for remote power in various configurations. Currently wind in rural Alaska 
communities is used primarily to supplement electric power generation, but a large amount of 
energy is needed for heating and transportation.1, 2 The main challenge with wind-diesel power 
systems is that wind energy is stochastic. Turning the variable energy of wind into constant 
energy can be a difficult task—the more energy from wind, the more complex the task. It is 
standard practice to run some diesel gen-sets as a constant spinning reserve to manage the wind 
fluctuation.  

Many “off-the-grid” domestic systems rely on battery storage, but storing large amounts of 
electricity in batteries or by other electrical means has not yet been put to general use in Alaska. 
Some wind-diesel hybrid power systems in the 50–150 kW size range have relied on rotary 
converters (i.e., a DC machine coupled directly to an AC synchronous generator) for power 
conversion. These systems are relatively affordable and have been more easily maintained in 
remote areas,3, 4 but they operate at lower efficiencies than solid-state inverters. Advances in 
power electronics over the past decade and the subsequent reduction in cost and increase in 
reliability make solid-state inverters a logical option for future wind-diesel systems. This project 
seeks to develop strategies to compensate for high-wind penetration by incorporating power 
electronic converters with advanced control algorithms. 

Control of wind-diesel systems is essential to curtailing excessive fluctuation of frequency and 
voltage that affect the quality of electricity supplied to the load. High-penetration systems, in 
which the average wind power generated can approach or even exceed the average load, require 
sophisticated controllers and more-extensive components. This additional cost and complexity 
can be justified by greater fuel savings and reduced diesel-operating time. 

                                                            
1 Alaska Energy Authority (AEA) and Alaska Center for Energy and Power (ACEP) Report, “Alaska energy: a first 
step toward energy independence. A guide for Alaskan communities to utilize local energy resources.” January 
2009. 
2 G. Fay, T. Schworer, and K. Keith, “Alaska isolated wind-diesel systems performance and economic analysis,” 
June 2010. 
3 I. Baring-Gould and D. Corbus, “Status of wind-diesel applications in arctic climates,” Presented at the Arctic 
Energy Summit Technology Conference, Anchorage, Alaska, October 15–18, 2007. NREL/CP-500-42401. 
4 S.M. Drouilhet, “Power flow management in a high penetration wind-diesel hybrid power system with short-term 
energy storage,” Presented at Windpower ’99, June 20–23, 1999, Burlington, Vermont. NREL/CP-500-26827. 
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1.2 Research Basis and Scope 

1.2.1 Problem Identification 

As Alaskan wind farms increase their integration on isolated diesel grids, high levels of wind 
penetration create power system control and interconnection issues, notably, voltage instability. 
Many diesel power plants in Alaska suffer from severe phase imbalance (unequal loading on the 
three phases). This problem is especially common in villages where the distribution system 
consists of individual single-phase feeders rather than a network of three-phase feeders, which is 
easier to keep in balance. Phase imbalance wastes energy, as it requires a larger gen-set to run. 
Induction generators, typical of small to medium wind turbines used in wind-diesel systems, are 
especially sensitive to phase imbalance.5 

From a utility perspective, the often-disruptive behavior of wind turbine generators (WTGs) 
during and following faults has been considered a threat to system reliability. Increased 
penetration raises a number of operational concerns because of the intermittent nature of wind 
and the inability of traditional fixed-speed wind turbines to control wind power. Although the 
installation of modern variable-speed wind turbines based on power electronic interfaces 
ameliorates these problems, the efficient operation of isolated systems requires enhanced 
scheduling and control tools, like wind-power forecasting6, 7 and effective spinning reserve 
management.8, 9 

1.2.2 Wind-Diesel Research Needs  

The impact of increased wind power penetration on power system response and stability is a 
crucial consideration for wind turbine operation. The various participants in the Alaska wind 
industry need first-hand research information on the effects of increased wind power penetration, 
notably, how it affects transient stability, frequency response/regulation, voltage response, fault 
ride-through capability, and load-following capability. Though this report specifically focuses on 
qualifying the Sustainable Automation, Inc. inverter in the lab test bed, it also reviews inverter 
technology in existing installations and in a broader range of power electronics applicable to 
wind-diesel hybrid systems.  

                                                            
5 S. Drouilhet, “Preparing an existing diesel power plant for a wind hybrid retrofit: Lessons learned in the Wales, 
Alaska, wind-diesel hybrid power project,” Presented at the WINDPOWER 2001 Conference, Washington, DC, 
June 4–6, 2001, NREL/CP-500-30586. 
6 R. Doherty and M. O’Malley, “A new approach to quantify reserve demand in systems with significant installed 
wind capacity,” IEEE Trans. Power Systems, vol. 20, no. 2, pp. 587–595, 2005. 
7 B. Ernst et al., “Predicting the wind,” IEEE Power and Energy Magazine, vol. 5, no. 6, pp. 78–89, Nov/Dec 2007.  
8 M.A. Ortega-Vazquez and D.S. Kirschen, “Estimating the spinning reserve requirements in systems with 
significant wind power generation penetration,” IEEE Trans. Power Systems, vol. 24, no. 1, pp. 114–124, 2009. 
9 P.A. Ruiz and P.W. Sauer, “Spinning contingency reserve: Economic value and demand functions,” IEEE Trans. 
Power Systems, vol. 23, no. 3, pp. 1071–1078, 2008. 
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The approach of this research project is to simulate operation of a high-wind penetration system 
on a wind-diesel test bed in order to evaluate capability of power electronic components for 
output power quality and reduction in diesel usage. Using simulated village loads, researchers 
can evaluate the interaction of these power sources under predictable conditions at the test bed 
and work through actual problems the system might encounter in the field. Recommendations 
will serve to assist the Alaska wind industry in developing and improving hybrid power-
generation systems. 

Wind energy, being non-dispatchable, has operational characteristics that are different from 
conventional energy sources. In developing testing protocols for the wind-diesel test bed, key 
research questions will be identified and addressed: 

1. Impacts of increased wind penetration and the conditions under which increased 
penetration will result in violation of reliability criteria10  

a. with concomitant displacement of aged conventional generation; and 
b. without any decrease in existing conventional generation. 

2. Assessment (and/or development) of control enhancements to fully utilize the reactive 
power capability of the power electronic converter under high penetration with regard to 
voltage response and stability.  

3. Since power electronic devices, overall, tend to be sensitive to high voltages and currents, 
equipment validation of the converter for each aspect of impact of increased wind power 
penetration on  

a. small-signal and transient stability,  
b. frequency stability, and 
c. voltage response. 

4. Confirm ability of power electronics to meet certain operational technicalities, such as 
low voltage ride through (LVRT) and dynamic reactive compensation, as per 
requirements of the Federal Energy and Regulatory Commission (FERC) standards.11  

Long-term research will be defined based on need and the availability of additional equipment 
and components, with key areas such as grid simulation, low load operation, and secondary load 
management and prioritization easily identified. The project team intends to work closely with 
utility partners when deploying successful diesel-off strategies in the field to ensure that the 
research program meets the agenda of the utility partners for systems deployment. 

                                                            
10 J.C. Smith, R. Thresher, R. Zavadil, E. DeMeo, R. Piwko, B. Ernst, and T. Ackermann, “A mighty wind: 
Integrating wind energy into the electric power system is already generating excitement,” IEEE Power and Energy 
Magazine, vol. 7, no. 2, March/April 2009. 
11 The Federal Energy Regulatory Commission is the U.S. federal agency with jurisdiction over high voltage 
interstate transmission systems, sales, wholesale electric rates, hydroelectric licensing, natural gas pricing, and oil 
pipeline rates. 
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1.2.3 Overall Objectives 

The key objectives of this project are as follows: 

1. Address technical issues related to high-wind penetration as part of the overall generation 
portfolio in order to reduce the amount of diesel fuel used and improve the economics of 
existing and planned wind-diesel systems. 

2. Confirm that the Sustainable Automation inverter can stabilize power quality in a diesel-
off mode in a nontraditional communal arrangement. 

3. Address issues specifically related to operation of turbines and ancillary equipment in 
remote locations. 

4. Take high-penetration systems to the next level by enhancing the rate of success of 
diesel-off operations. 

5. Contribute significantly to solidifying Alaska as the leader in wind-diesel technology 
worldwide and expand employment and economic opportunities in this sector. 
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2. Diesel‐off Mode Operation for High‐
Penetration Power Systems  

2.1 Introduction to Wind-Diesel Systems 

Combining two or more generating technologies such as wind and diesel creates a hybrid power 
system. The classic wind-diesel hybrid system is based on a combination of fossil fuel engine 
generators and wind turbines, usually alongside ancillary equipment such as energy storage, 
power converters, and various control components, to generate electricity.12 Hybrid power 
systems are designed to increase capacity and reduce the cost and environmental impact of 
electrical generation at remote places and facilities that are not linked to the public power grid. If 
wind conditions are sufficient, wind-diesel systems can provide electricity at a lower cost by 
reducing reliance on diesel fuel for remote communities. 

The successful integration of wind energy with diesel gen-sets relies on complex controls to 
ensure correct utilization of intermittent wind energy and controllable diesel generation to meet 
the demand of the usually variable load. “Diesel-off” hybrid power systems represent the next 
generation of wind-diesel systems.13 In traditional systems, the diesel gen-set regulates both the 
voltage and frequency of the grid. In order to maximize fuel savings, the diesels must be shut off 
when other renewable resources are available, but to do so power electronics must be advanced 
enough to meet the needs of the grid. In most cases, the energy provided by diesel gen-sets is 
much higher than the energy produced by the installed wind turbines.  

When incorporating renewable-based technologies into isolated power supply systems, the 
amount of energy that will be obtained from the renewable sources will strongly influence the 
technical layout, performance, and economics of the system. Multiple configurations exist to 
integrate wind onto the diesel power plant, including the utilization of resistive dump loads, load 
controls, and short- or long-term energy storage. All configurations require some level of load 
management. In order to maximize fuel savings these auxiliary components must be added to the 
system. Two methods are typically used to deal with excess power: resistive loads and power 
regulation of the wind turbine itself, which requires blade pitch control and/or speed control 
when using synchronous generators. Energy storage, while having many advantages and 
disadvantages, can be used to minimize start/stop cycles on the diesel gen-set when there is 
turbulent, gusty wind. Various types of energy storage have potential including flywheels, 
pumped storage, and batteries.  

                                                            
12 E.I. Baring-Gould, L. Flowers, P. Lundsager, L. Mott, M. Shirazi, and J. Zimmermann, “Worldwide status of 
wind-diesel applications.” DOE/AWEA/CanWEA wind-diesel conference. 2002. 
13 G. Fay, T. Schworer, and K. Keith, “Alaska isolated wind-diesel systems performance and economic analysis,” 
ACEP/WiDAC publication, June 2010. 
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Wind-diesel systems may be classified in the following manner:14  

1. Wind turbine generator type 
a. Induction  
b. Synchronous  
c. Induction or synchronous with AC/DC/AC power conversion 

2. System power control  
a. None 
b. Dump load 
c. Storage 
d. Load management 
e. Turbine rotor 

3. Storage 
a. No storage 
b. Battery 
c. Flywheel 
d. Hydraulic/pneumatic 
e. Pumped storage 
f. End use 

4. Configuration 
a. One WTG/one diesel 
b. One WTG/multiple diesels 
c. Multiple WTGs/one diesel 
d. Multiple WTGs/Multiple diesels  

Small systems usually focus on a DC bus bar and include small renewable generation devices 
and enough storage for a few days. The production of AC power comes from a power converter 
or diesel generator. Large systems focus on the AC bus bar and utilize larger equipment and 
storage in order to cover fluctuations in power production. In all cases, the overall efficiency and 
expected maintenance costs of gen-sets will depend on the number of starts and stops it 
experiences. Hybrid systems installed in remote communities follow these guidelines as well.  

The large variety of systems in Alaska also has varying levels of complexity. Wales uses 
induction generators, a dump load, and energy storage, and has multiple WTGs connected to 
multiple diesels. St. Paul Island has induction WTGs, a dump load, no storage, and one WTG 
connected to multiple diesels. Toksook Bay has synchronous WTGs, a dump load, no storage, 
and multiple WTGs connected to multiple diesels. In Alaska, 150 communities have been 
identified as having a class 5 or higher wind resource. Table 1 shows some of the communities 
that have installed wind-diesel hybrid systems.  

                                                            
14 R. Hunter and G. Elliot, Wind-Diesel Systems: A Guide to the Technology and its Implementation. Cambridge: 
University Press, 1994. 
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Table 1: Isolated communities utilizing commercial wind-diesel hybrid systems in Alaska. 

 
Community 

 
Wind, kW 

 
Population 

Date 
Commissioned 

St. Paul 675 500 1999 
Kotzebue 1140 3200 1999 
Wales 130 160 2002 
Toksook Bay 400 500 2006 
Kasigluk 300 500 2006 
Savoonga 200 600 2008 
Tin City 230  2008 
Nome 1180 3570 2008 
Hooper Bay 300 1100 2008 
Kodiak 4500 6200 2009 
Unalakleet 600 700 2009 

2.2 Wind-Diesel Hybrid Power Plant Classification 

There are many different design concepts for wind-diesel systems, ranging from simple designs 
in which wind turbines are connected directly to the diesel grid with a minimum number of 
additional features, to more-complex systems where advanced controls and components are 
required. When considering the installed cost per kW, small gen-sets are more expensive to buy 
and operate than larger machines. Therefore, batteries can be cost-effective for small systems. 
With larger electrical requirements, engine-driven gen-sets are normally used because of the high 
expense of storing large amounts of energy in batteries. Two overlapping concepts dictate the 
system design and required components:  

 The amount of energy that is expected from the renewable sources (system penetration).  

 The methods that will be used to control the power system depending on the level of 
renewable contribution.  

The amount of wind power (“wind penetration”) is the common measure of performance and a 
decisive factor for system design. Wind penetration is the fraction of energy produced by wind 
compared with total available combined wind and diesel energy generation.  

 

Instantaneous penetration
Wind power output, kW

Primary electrical load, kW
 

 

Average penetration
Wind energy produced, kWh
Primary energy demand, kWh

 

Peak values are instantaneous; averages are long term. There is no generally accepted maximum 
level of wind penetration; the limit for a particular grid will depend on many factors, for 
example, existing generating plants, pricing mechanisms, capacity for storage, or demand 
management.  
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Table 2: Penetration class of wind-diesel systems.15 

Penetration 
Class 

Operating Characteristics 
Penetration, % 

Peak 
Instantaneous 

Annual 
Average 

Low 

 
 Diesel(s) run full-time 
 Wind power reduces net load on diesel 
 All wind energy goes to primary load 
 No supervisory control system 

 

< 50 < 20 

Medium 

 
 Diesel(s) run full-time 
 At high wind-power levels, secondary loads dispatched to ensure 

sufficient diesel loading or wind generation are curtailed 
 Requires relatively simple control system 

 

50–100 20–50 

High 

 
 Diesel(s) may be shut down during high wind availability 
 Auxiliary components required to regulate frequency and voltage 
 Requires sophisticated control system 

 

100–400 50–150 

 

 
2.2.1 Low Penetration 

Low-penetration systems are those in which the wind energy contribution to the power system is 
rather limited, with instantaneous penetrations likely to be below 50%. In many ways, the energy 
generated by the wind turbines is seen as a negative load on the diesel plant. Low-wind 
penetration does not require complex technology, and few or no diesel modifications are required 
usually. When wind power production is always less than the load and other power plants are 
constantly online to control grid frequency and voltage, the power system saves fuel by reducing 
the load on diesel gen-sets. This is similar to connecting a wind turbine to a large national grid. 
The disadvantage is that it does not save appreciable amounts of fuel, especially if an unsuitable 
type of diesel gen-set is used. Modest fuel savings (no more than 20%) are possible.  

The power system that has operated since 1997 in Kotzebue, Alaska, a northwestern coastal 
community of over 3,000 people, is classified as a low-penetration system. 

 

 

 

                                                            
15 I. Baring-Gould and M. Dabo, “Technology, performance, and market report of wind-diesel applications for 
remote and island communities,” WINDPOWER’09 Conference and Exhibition, May 2009. NREL/CP-500-45810. 
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2.2.2 Medium Penetration 

In medium-penetration systems, wind production plays a more significant role in the power 
system. This category of system is characterized by a larger ratio of renewable energy 
contribution that requires auxiliary components and an advanced supervisory controller to ensure 
that power quality is maintained. Some modifications to diesel controls may be necessary, as 
automated diesel operation is desirable. It is normal practice to integrate secondary loads, such as 
a resistance heater, to regulate system frequency. Several system configurations exist to ensure 
that the power system’s high power quality is maintained, even with half, up to 100%, of 
instantaneous peak power being provided by intermittent renewable sources.  

Configurations of medium-penetration systems include some or all of the following aspects:  

a) Potential power-reduction capabilities of the wind turbines themselves. 
b) Inclusion of secondary loads (thus increasing the overall system load).  
c) Assurance that no more than a specified amount of energy will be generated by the wind. 
d) Use of controlled dump loads to assist in clipping the peaks off wind variability (thus 

assisting in the control of frequency). 
e) Installation of capacitor banks to correct power factor.  
f) Utilization of advanced power electronics to allow for real-time power specification. 

Medium-penetration systems can have relatively simple supervisory control. 

The ability to provide high power quality in medium-penetration power systems has been 
demonstrated in a number of locations in Alaska, for example, Toksook Bay and Kasigluk.16  

2.2.3 High Penetration 

As instantaneous wind power penetration continues to rise, the potential exists to have more 
wind energy than is needed to meet community load. The ability of the gen-sets to control 
frequency and voltage is then significantly reduced. Unless there is a large need for additional 
energy, it is economical to shut off the diesel engines when the whole load can be supplied by 
renewable sources. The operational concept behind these systems is that additional equipment is 
installed to ensure power system stability and power quality when the gen-sets are shut off. They 
require a completely integrated power system with an advanced supervisory controller.  

To match the variable wind power output to demand, any instantaneous power production over 
100% (over required electrical load) is supplied to a variety of controllable secondary loads. 
Synchronous condensers, dispatchable loads, rotary converters, power converters, advanced 
system controls, and possibly energy storage in the form of batteries or flywheel systems are 
used to ensure power quality and system integrity. High-penetration systems are characterized by 
a sophisticated supervisory control system, with possible fuel savings up to 70%. 
                                                            
16 Alaska Energy Authority Wind Program: operating wind systems in Alaska. Online [Available] 
http://www.akenergyauthority.org/programwindsystem.html 
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2.2.3.1 High-Penetration Wind-Diesel Installations in Alaska 

Wales 

In 1995, the Alaska Energy Authority, Kotzebue Electric Association, Alaska Village Electric 
Cooperative, and National Renewable Energy Laboratory (NREL) began collaboration to 
implement a high-penetration wind-diesel system in northwest Alaska. The project was intended 
to demonstrate the technology in order to encourage commercial system replication in other rural 
communities worldwide.  

The Wales power system, which underwent final commissioning in March 2002, combines three 

diesel generator sets with a combined power of 411 kW—two 65 kW AOC 15/50 wind turbines, a 

130-Ah battery bank comprised of SAFT nickel-cadmium batteries, an NREL-built rotary power 
converter, and various control components. The primary purpose of the system was to meet the 
electrical demands of the village with high-quality power while minimizing diesel fuel 
consumption and diesel engine run time. The system directs excess wind power to several 
thermal loads in the village, thereby conserving heating fuel. The plant control logic is that if any 
particular piece of equipment is not operational, the power system will revert to a mode that 
allows the most advantageous operation. For example, if the rotary converter fails and is unable 
to provide energy storage or high-penetration power control, the system controller will dispatch 
the turbines to operate as a medium-penetration system. If all else fails, the diesels will provide 
primary power.17 

St. Paul Island 

St. Paul is an island in the Bering Sea. The island is home to an airport and industrial complex 
owned by the Tanadgusix Corporation (TDX). In 1999, TDX with the help of Northern Power 
Systems installed a high-penetration no-storage hybrid power system that maximizes the 
contribution of St. Paul’s abundant wind resource. The primary components of the St. Paul plant 
include a 225 kW Vestas V27 wind turbine, two 150 kW Volvo diesel engine generators, a 
synchronous condenser, a 27,000 liter (6,000 gallon) insulated hot water tank with thermal 
control, and a microprocessor-based control system capable of providing fully automatic plant 
operation. 

The average electric load is 85 kW. When wind power exceeds the electrical demand, excess 
power is diverted to heating hot water. Heating the complex requires a large amount of diesel 
fuel. Sizing the wind turbine beyond the average complex electric load was intentional in order 
to save on heating costs.  

                                                            
17 S. Drouilhet and M. Shirazi, “Wales, Alaska high-penetration wind/diesel hybrid power system: Theory of 
operation,” NREL Report No. TP-500-31755, pp. 77, 2002. 
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2.2.3.2 High-Penetration Wind-Diesel Systems Worldwide 

Table 3 is a list of some isolated communities utilizing commercial wind-diesel hybrid systems 
with a significant proportion of the energy being derived from wind.  

 
Table 3: High-penetration wind-diesel power installations worldwide. 

Site Region 
Status as at 

(year) 
Diesel, kW Wind, kW Penetration, % 

Mawson St. Antarctica 2010 480 600 90 (peak) 
Cape Clear Ireland 1990 72 60 70 (peak) 
Foula Shetland Is. 2001 28 60 70 
Froya Island Norway 1996 50 55 94 
San Cristobal, 
Galapagos Is.  

Ecuador 2010  2400  

Flores Island Portugal 2010  680 60 
Rathlin Island UK 2010 260 990 100 
Ross Island Antarctica 2010 3000 1000 65 
Esperance Australia 2010 14000 5850  
Coral Bay Australia 2010 2240 600 93 (peak) 

 

Mawson 

Mawson Station, which has cold-climate conditions similar to Alaska, is a permanent base in 
Antarctica managed by the Australian Antarctic Division (AAD). it is the oldest continuously 
inhabited Antarctic station below the Antarctic Circle and is the only Antarctic station to use 
wind generators for over 70% of its power needs. The main drivers behind the addition of wind 
turbines to the Mawson Station energy system were much the same as for other remote area 
locations. The primary reason is the cost of shipping the fuel nearly 5500 km from Australia to 
Antarctica. Secondary reasons are reduced CO2 emissions (approximately 600 tonnes per year)18 
and the reduced risk of fuel spillage. Wind energy resources on Antarctica are substantial. Data 
collected at Mawson Station from 1990–1994 are summarized below:19 

• Maximum wind speed:  39.1 m/s 
• Maximum wind gust: 68.9 m/s 
• Mean wind speed: 11.15 m/s 
• Standard deviation: 6.95 m/s 

Technical solutions to the varying wind output include controlling demand by means of the 
heating load. On average, the turbines have been able to supply 65% of the station’s needs and 
have reduced shipments of 700,000 liters of diesel fuel from once a year to once every four to 
five years.  

                                                            
18 W. Pyper, “Extreme Power.” ECOS Magazine, pp. 8–9, 2003. 
19 C. Brown, A. Guichard, and D. Lyons, “Wind Energy in Polar Regions: Casey Station Antarctica,” Proceedings of 
the 12th Annual Conference of the Canadian Wind Energy Association, Kananaskis, Canada, 1996. 
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2.3 High-Penetration Challenges 

Voltage instability problems are attracting significant attention as Alaskan wind farms increase 
their level of wind penetration on isolated diesel grids. Currently in hybrid power systems, the 
diesel gen-set regulates both voltage and frequency of the grid and provides the needed VAR 
support. One of the considerations with high-penetration wind-diesel systems is that, ultimately, 
the diesel needs to be shut off in order to realize maximum fuel savings. To supply the required 
power quality without using diesel, other equipment, such as a switchable capacitor bank, static 
converter, or synchronous condenser (rotary converter) is needed to provide VAR support. A 
system’s total reactive power needs are balanced at all times with these devices to maintain 
voltage stability. This function can also be accomplished through power electronics such as 
inverters.  

Common barriers to deployment of high-wind penetration systems are listed below. 

1. Technical  

 Lack of dispatchable load and controllers. To allow for higher penetration systems, 
innovative technologies are needed for wind power plants, including additional 
reactive power control, curtailment of wind production for forecasted no-load periods, 
participation in frequency control, and fault-ride-through capability. Enhanced 
demand-side management by identification of dispatchable loads is needed; for 
example, residential heating, functional energy storage systems, and remote 
monitoring for increased reliability. 

 Lack of an established technology track record.  

 High and undocumented installation and operation expenses. 

 Limited capacity of the grid. This issue is both economic and technical; isolated grid 
systems are not able to absorb large frequency fluctuations. 

 Wind intermittency, because it does not offer security of supply and impacts power-
unit scheduling. 

2. Institutional 

 Lack of trained personnel and the ability to keep trained personnel in communities.  

 Environmental, siting, or other development concerns.  

3. Policy 

 High capital cost and general discounting of sustainability: perceived risk and 
associated higher financial costs for upgrade of existing network (mandatory 
improvements on existing network efficiency and utilization by introducing new 
components such as FACTS, or by upgrading degraded components as cables, 
protections, transformers, etc.). 

 Limited funding to support the development of alternative systems to diesel. 
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2.4 Dispatch with Diesel-Off Technology 

Figure 1 illustrates a simplified architecture for a remote power system that incorporates wind 
and diesel generation, battery-bank energy storage, a bidirectional converter, and village loads. 
The secondary load controllers regulate power to the electric boilers (acting as dump load) 
located at several points in the village; these secondary loads are used to displace heating fuel 
that would otherwise be burned in existing boilers. The diesel gen-sets are used to provide power 
to the system when wind cannot cover the load. The battery, if installed as storage media, is used 
to store energy to cover long periods or store power to fill short gaps in supply. 

The power converter is an important part of the power system both for grid-connected and 
isolated operation; it has the ability to control the wind turbine, balance the energy, and supply 
good power quality to the power network. The converter/battery bank assembly enhances 
integration of cage induction generators and synchronous generators into the grid system. A grid 
inverter interfaces the DC-link to the grid. The system is able to control both the active power 
from the generator and the reactive power to the grid, allowing the turbine to take part in the 
power system control. 

In implementing the diesel-off concept, a proper control strategy has to be developed to take full 
advantage of the wind energy during the periods that it is available and to minimize diesel fuel 
consumption. A proper control strategy also has to maintain power quality by controlling both 
voltage and frequency. 

 
Fig. 1: Conceptual framework to illustrate diesel-off mode operation for an Alaskan community. 
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The basic control algorithms for the inverter controller provide for robust operation under all 
possible conditions. These control algorithms are for operating the inverter in a battery-charging 
configuration with the AC-connected wind turbine that is either (1) diesel connected or (2) diesel 
not connected. Additional control algorithms also include high-speed switching of a binary step 
dump load to control excess power flows from the wind turbine. The inverter control algorithms 
are designed for operation under the following conditions: 

 Diesel-OFF state – no diesel gen-sets online. The wind turbine is the main energy source 
to meet consumer demand. The converter establishes the grid frequency. As with the 
diesel generator, the voltage regulator on the converter controls the field current to 
maintain the desired AC bus voltage. Frequency is controlled by modulating power flow 
to the secondary load or battery. The AC dump load is used to dissipate excess power and 
to limit battery-charging current when the batteries are full. 

 Diesel-ON state – diesel gen-sets online. The inverter operates in parallel with diesel gen-
sets and the wind turbine. The energy produced from the wind turbines acts as a negative 
load. The diesel gen-sets follow the load, and any excess power is used to charge 
batteries, if present, or is dissipated by the dump load. During periods of no wind, the 
diesels may also charge batteries in order to operate efficiently. In the case of a stand-
alone diesel generator set (or sets) configured with automatic load-sharing controls, both 
the real and reactive power loads are shared in proportion to their respective ratings while 
regulating voltage and frequency on an isolated power bus. The power flow to the 
secondary loads and/or energy storage is controlled to maintain diesel loading within a 
comfortable range, while the converter is used to assist the diesel generators in providing 
VAR support as necessary. 

Control algorithms are designed to instantaneously shift power bi-directionally from the DC to 
the AC bus. The transition from diesel-on mode to diesel-off mode and vice versa is an important 
state transition that is controlled by the hybrid system controller and based on the battery state of 
charge, if present, and net load (i.e., village load minus wind turbine output). A predefined 
minimum load, typically around 40%, is always kept on the diesel generator to prevent running 
the generator under a no-load condition.  

When the net load is low, the system transitions to a diesel-off state at a user-selected battery 
voltage to maximize wind turbine energy capture to the system. When the net load is high and 
the battery voltage is low, the system transitions to a diesel-on state so that the load can be met 
and the batteries charged.  
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3. Technology for Enhancing Power 
Quality in Wind‐Diesel Systems 

3.1 Power Stability 

3.1.1 Grid Connection and Stability 

Due to wind speed variations, wind energy not only is intermittent but also fluctuates, making 
the output power of wind turbines challenging to incorporate. Power fluctuations make it 
difficult for wind turbines to contribute to the ancillary services (reactive power and voltage 
control, loss compensation, load following, system protection, and energy imbalance) necessary 
to support the distribution of electric power from generation to consumer. In conventional wind 
farms, turbines are normally isolated from the grid in the event that even moderate (usually 6% 
or more) voltage imbalances are detected,20 which contributes to poor utilization of the turbines. 
To maintain grid connection at all operation times, modern wind energy conversion systems 
incorporate a fault-ride-through capability in the control concept. 

According to the U.S. DOE’s Energy Efficiency and Renewable Energy Network (EERE),21 
some wind turbines in Alaska produce more than their maximum rated power output, because air 
becomes denser at lower temperatures. This effect can cause a 20% increase in maximum power 
output at -35°F. Instead of dissipating the surplus power in a dump load, the increased power 
output may be utilized for additional community loads: 

 Optional loads – These loads will be met only if surplus power is available, as other 
sources can be used when excess energy is not available (e.g., space heating). 

 Deferrable loads – These are loads that must be met over a fixed period (e.g., on a daily 
basis) and if not supplied by surplus power, will be served by primary bus bar power. 
Some loads can be controlled by the power system instantaneously to reduce the required 
power demand, saving the system from having to start an additional gen-set to cover what 
is only a momentary defect of power, that is, demand-side management. 

Figure 2 depicts a wind-diesel power system configuration, in which standard grid-connected 
wind turbines, energy storage, and diesel gen-sets are connected to the AC bus bar of the system 
that supplies a village load. In large interconnected power grids, it is incumbent on each 
generating plant to do its fair share in maintaining the security and reliability of the grid. The 
ability of a power plant to continue operation after a grid disturbance is governed by the 
following conditions: 
                                                            
20 E. B. Muhando, T. Senjyu, A. Uehara, T. Funabashi, and C-H. Kim, “LQG design for MW-class WECS with 
DFIG based on functional models’ fidelity prerequisites,” IEEE Trans. Energy Conversion, vol. 24, no. 4, pp. 893–
904, 2009. 
21 U.S. DOE Energy Efficiency and Renewable Energy Network, Online [Available] www.eere.energy.gov/ 
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1. The ability of its generator to recover voltage and remain in synchronism with the power 
grid after the disturbance (i.e., transient stability), and 

2. The ability of its turbine generator and auxiliary systems to remain in operation during 
and after the disturbance (i.e., fault ride-through capability). 

 

Fig. 2: Interconnection for a typical large-scale wind-diesel power system (S. Drouilhet, NREL)22. 

Power grids have a long tradition of well-established reliability criteria and standardized 
engineering design practices that have formed the basis of power grid development, design, and 
operation. These criteria and design practices have been formalized into grid codes.23 

Voltage in electricity grids is stabilized by a combination of the rotational inertia (rotating mass) 
of synchronous power generators in the grid and a control algorithm acting on the rotational 
speed of a number of major synchronous power generators. When small non-synchronous 
generation units subsequently replace a significant part of the power generation capacity, the 
total rotational inertia decreases significantly. Consequently, variation in the rotational speed of 
the synchronous generators increases, and this causes large frequency variations that can result in 
an unstable grid.  

A way to stabilize the grid frequency is to add virtual rotational inertia to the distributed 
generators. Virtual inertia can be attained for any generator by adding short-term energy storage 
to it, combined with a suitable control mechanism for its power electronics converter. In this 
way, a generator can behave like a virtual synchronous generator during short time intervals, and 
contribute to stabilization of the grid frequency.  
                                                            
22 S. Drouilhet, and M. Shirazi, “Wales, Alaska high-penetration wind/diesel hybrid power system: theory of 
operation,” NREL Report No. TP-500-31755, 2002. 
23 R. Piwko, N. Miller, R. T. Girard, J. MacDowell, K. Clark, and A. Murdoch, “Generator fault tolerance and grid 
codes: Clarifying confusion with transient stability requirements,” IEEE Power and Energy Magazine, vol. 8, no. 
2, pp. 18–26, Mar/Apr 2010. 
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3.1.2 Power Quality Issues 

Operation of distributed generation has an impact on the power quality and reliability of the 
electric network, with voltage flicker and harmonic distortion being of concern. Although power 
quality issues are common to distribution networks, the addition of wind generation can have a 
significant impact. During normal operation, wind turbines produce a continuously variable 
power output. Power variations are mainly caused by the effects of turbulence in the wind and 
tower shadow (tower structure interferes with wind inflow to the blades). These effects lead to 
periodic power pulsations at the frequency at which the blades pass the tower, which are 
superimposed on the slower variations caused by meteorological changes in wind speed.  

New wind turbine designs use transistor-based converters, which are operated at switching 
frequencies above 3 kHz, and their impact on the voltage waveform is usually negligible. In 
general, however, the connection of electric equipment changes the harmonic impedance of the 
network. There may also be higher frequency power variations (at a few Hz) caused by the 
dynamics of the turbine. The advantage of variable-speed operation of the rotor is that many of 
the faster power variations are smoothed by the flywheel action of the rotor, rather than being 
transmitted to the network. However, fixed-speed operation using a low-slip induction generator 
will lead to cyclic variations in output power and, hence, network voltage.  

3.1.2.1 Harmonics 

When a non-linear load or distorting load is connected to the power system, the fundamental 
sinusoidal waveform of the current flowing through the system is bound to change. This change 
causes a non-sinusoidal voltage drop across various network elements connected to the system 
resulting in distorted waveform propagation throughout the system to buses remote from the 
original source. A wind turbine with an induction generator directly connected to the grid 
without an intervening power electronic converter is not expected to distort the voltage 
waveform. However, for variable-speed induction generator-based wind turbine designs that use 
power electronic converters, the issues of harmonic distortion of the network voltage should be 
assessed against given or calculated limits for harmonics. 

Power electronics applied for soft start may generate short-duration high-order current 
harmonics, but their duration and magnitude are usually small. Hence, for a system with fixed-
speed wind turbines, emission limits for harmonics are not a constraint. The connection needs to 
be managed carefully, however, if excessive transients are to be avoided. For example, capacitor 
banks employed in fixed-speed wind turbines may shift the resonant frequency of the harmonic 
impedance. Possible harmonic sources already present in the network may cause unacceptable 
harmonic voltages. Consequently, for networks with significant harmonic sources, the 
connection of wind turbines with a suitable filter should be carefully designed to avoid an ill-
conditioned modification of the harmonic impedance. 
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3.1.2.2 Voltage Flicker 

An important power quality aspect is flicker, which describes dynamic variations in the network 
voltage. Flicker is induced by voltage fluctuations (dips) caused by load-flow changes in the 
grid. A voltage dip is a sudden reduction in network voltage to a value of between 100% and 0%, 
followed by voltage recovery after a short period, conventionally 1 millisecond to 1 minute. Dips 
between 10% and 15% of the terminal voltage are commonly due to load switching. Larger dips 
may be caused by faults. 

Flicker emission produced by grid-connected wind turbines during continuous operation is 
caused mainly by fluctuations in output power, which emanates from wind speed variations, 
wind gradient, and the tower shadow effect, and depends on the wind power generation 
technology applied (mechanical properties of the wind turbine). Flicker due to switching 
operations arises from startup and shutdown of the wind turbines. 

Flicker emission generated by variable-speed wind turbines is quite different from flicker 
emission generated by fixed-speed wind turbines. Variable-speed wind turbines have the ability 
to reduce power fluctuations, since the faster power variations are not transmitted to the grid, but 
are smoothed by the flywheel action of the rotor. Flicker is of considerable significance for wind-
diesel systems that  

(i) often use relatively large individual items of plant (mainly structural elements – 
tower and blades) compared with load equipment;  

(ii) may start and stop frequently; and 
(iii) may be subject to continuous variations in input wind energy.  

Though variable-speed wind turbines have good performance with respect to flicker emission, 
flicker mitigation becomes necessary as the level of wind power penetration increases and can be 
realized by appropriate reactive shunt compensation.24 The most commonly used device for 
flicker mitigation is the Static Var Compensator (SVC); however, the Static Compensator 
(STATCOM) has received much more attention recently. Compared with the SVC, the 
STATCOM has many advantages, such as overall superior functional characteristics, better 
performance, faster response, smaller size, lower cost, and the capability of providing both active 
and reactive power.25  

The Institute of Electrical and Electronics Engineers (IEEE) publishes voltage flicker limits in 
the form of recommended practice documents. The most notable publications are IEEE 519-1992 
and IEEE 141-1995, which describe a borderline of visibility and a borderline of irritation curve, 
with each related to the continuity, amplitude, and frequency aspects of voltage fluctuations.  

                                                            
24 S.K. Salman and A.L.J. Teo, “Windmill modelling consideration and factors influencing the stability of a grid-
connected wind power based embedded generator,” IEEE Trans. Power Systems, vol. 18, no. 2, pp. 793–802, 2003. 
25 A. Arulampalam, M. Barnes, and N. Jenkins, “Power quality and stability improvement of a wind farm using 
STATCOM,” Proc. IEE Generation, Transmission & Distribution, vol. 153, no. 6, pp. 701–710, 2006. 
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3.2 Converter Systems for Grid Forming  

3.2.1 Converter Basics 

Power electronics have evolved rapidly, leading to the development and application of 
semiconductor devices and microprocessor technology. For either technology, higher 
performance is steadily given by silicon-based devices, including silicon carbide insulated gate 
bipolar transistors (IGBTs). Recent advances in high-voltage direct current (HVDC) technology 
using IGBT-based converters seem to offer a solution and facilitate cost-effective construction of 
multi-terminal HVDC networks. These modern HVDC-IGBT systems offer clear technological 
advantages for modern wind turbine converters, especially in the area of controllability and 
efficiency. A specific advantage of HVDC systems is reactive power-control capability, favoring 
grid integration and system stability.  

A converter, depending on the topology and application, may allow both directions of power 
flow and can interface between the load/generator and the grid. There are two different types of 
converter systems:  

1. Grid-commutated systems – These systems, which are mainly thyristor converters, 6 or 
12 pulse or even more, and usually produce integer harmonics that, in general, require 
harmonic filters, are efficient, cheap, and reliable. However, thyristor converters are not 
able to control the reactive power. 

2. Self-commutated converter systems – These systems are pulse-width modulated 
(PWM) converters that use IGBTs, and can control both active and reactive power. The 
implication is that reactive power demand can be delivered by a PWM converter. The 
high frequency switching of a PWM converter may produce harmonics, generally in the 
range of some kHz. Due to high frequencies, the harmonics are relatively easy to 
eradicate by small-size filters.  

Proper sizing of inverters and converters for the entire operation cycle may be made easily via 
computation software available commercially. Semiconductor (IGBT and diode chips) service 
life may be estimated as the number of expected annual load cycles. A modular, full-power 
converter allows for simplified, more-effective power quality control functions including 
harmonics, reactive power, and flicker. Acting as a buffer, the converter protects both the 
generator and the gearbox from the harmful effects of weak grid systems. The converter also 
enables the machine to be easily outfitted with low voltage ride-through (LVRT) electronics that 
enhance the capability of wind turbines to stay online, producing power even during severe grid 
disturbances. Three important issues of concern in using a power electronic system are 
reliability, efficiency, and cost.  
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3.2.2 Frequency and Voltage Regulation in Wind-Diesel Systems 

Regulating frequency is essentially a matter of maintaining an instantaneous balance of real 
power (kW) in the system at all times, while voltage regulation involves maintaining an 
instantaneous balance of reactive power (kVAR) at all times. These two functions together are 
sometimes referred to as grid forming, and can be accomplished through power electronic 
converters. The basic notion of these converters is that services can be provided for power 
quality and grid stability by using intelligent control in advanced grid connections. Power 
converters can play the dual role of energy storage interface and microgrid frequency and voltage 
regulation for off-grid high-penetration hybrid systems, stabilizing the grid whenever the 
conventional generation is off-line. 

By introducing power electronics, the wind turbine system gets to perform like a power plant. 
Performance wise, the wind turbines can react more quickly, though of course the real power 
produced depends on available wind. In some systems, reactive power can even be delivered in 
the absence of wind. Most new developments of wind turbine manufacturers feature full-size 
converters to fulfill grid code requirements26 with respect to active power control, reactive power 
and voltage control, and fault ride-through capability.  

The power system inverter can work in either master mode or slave mode. In master mode, the 
inverter controls the system’s frequency and voltage when the diesel is disconnected. The power 
exchange is determined by the system’s power balance. In slave mode, the user specifies the real 
and reactive power required to be generated or absorbed. The diesel generator or the grid handles 
the voltage and the frequency control. The transfer from slave to master mode is determined 
based on the control strategy designed by the power plant designer or operator. 

In considering solid-state converters for the test bed in this project, we noted that to date, wind-
diesel hybrid power systems in the 50–150 kW size range found in Alaska have relied on rotary 
converters (DC machine coupled directly to an AC synchronous generator) for power 
conversion, as they are less expensive and easier to maintain in remote areas. The rotary 
converter/battery bank assembly consists of a battery bank and two machines: (1) a DC machine 
and (2) a synchronous machine. When set up to operate in the synchronous condenser mode, the 
assembly can provide or absorb reactive power, which is accomplished by setting the battery 
reference power to zero. The functionality of rotary converters is similar to the inverter except 
that they operate at lower efficiencies than solid-state inverters. Recent advances in power 
electronics in the past decade, and their subsequent reduction in cost and increase in reliability, 
make solid-state inverters a logical converter option for future wind-diesel systems. 

                                                            
26 The fundamental requirement for wind power systems, as per IEEE 1547 standard, is that they should 
significantly preserve grid power quality in terms of voltage amplitude, frequency and phase. In particular, the 
current injected into the grid should not have a total harmonic distortion (THD) greater than 5%. 
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3.2.3 Algorithmic Tuning for Power Electronics 

The criteria by which individual diesel gen-sets, wind turbines, and the AC/DC converter are 
turned on and off are the subject of a whole suite of dispatch algorithms that have to be 
programmed into the control system. Of particular interest are linear classical controllers and the 
emerging class of advanced multi-objective paradigms, as detailed in the following sections. 
High penetration and thus excessive fluctuation of power output negatively influences the quality 
of electricity supplied to the load, particularly frequency and voltage. Momentary outages are 
precisely where energy storage is most cost-effective and other solutions are least applicable. 
Thus, proper control and converter tuning for wind-diesel hybrid systems are essential in the 
integration design. 

ENERCON GmbH of Germany is one of the players in the wind industry that has developed 
self-sufficient energy supply using only wind energy (diesel-off mode) for its turbines. These 
turbines range in size up to 900 kW and are well suited for locations on islands or in smaller 
rural communities to complement the diesel stations that normally supply the energy. Although 
shutting off gen-sets maximizes fuel savings, tight control of all power system components is 
required to ensure system stability. The main control system has to ensure that in all 
configurations and operational modes the system delivers stable, uninterruptible power precisely 
according to demand—a challenge in small local grids.  

The converter unit expected for the ACEP test bed project consists of an inverter/rectifier bridge, 
a generator interface contactor, a battery charge controller, a hybrid controller, and the associated 
control electronics. A twofold approach will be taken to integrate the inverter for use with the 
wind turbine simulator: (1) development of a detailed model to analyze both steady state and 
transient behavior of the system, and (2) modification and testing of the inverter with the 
simulator based on the modeling results. Although the converter will be supplied preprogrammed 
by the manufacturer, test trials will be conducted to determine any needed modifications to the 
system controller. The approach will be to develop other source codes in LabVIEW or some 
other program (MATLAB, HOMER, PowerFactory, etc.) to model various system components 
and characterize transient response of the system to such variables as voltage and frequency 
response and large shifts in dump load or grid power. The dynamic models will be based on 
energy balance among a wind turbine simulator, inverter/battery, diesel generator, grid load, and 
dump load. 

Control algorithms that provide for robust operation under all possible conditions will be written 
for the inverter controller. The basic inverter-control algorithm is for operation of the inverter in 
a battery-charging configuration with an AC-connected wind turbine with (1) diesel connected or 
(2) diesel not connected. Additional control algorithms also include high-speed switching of a 
binary step dump load to control excess power flows from the wind turbine.  
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3.2.3.1 Linear Controllers 

The most common strategies incorporate the linear proportional-integral-derivative (PID) 
controller that has been tested in the field environment and thus generally embraced by the wind 
industry. Classical methods based on proportional-integral (PI) and PID algorithms are a good 
starting point for many aspects of closed-loop controller design. However, nonlinear limitations 
imposed by the various components in the wind-diesel system (e.g., energy storage, diesel gen-
sets, and wind turbine) limit the achievable performance of the controllers. The major limitations 
of PI(D) control for high-wind penetration applications include the following: 

1. Poor performance – PID loop gains must be reduced so that the control system does not 
overshoot, oscillate, or “hunt” about the control set-point value. The control system 
performance thus needs to be improved by combining the PID controller functionality 
with that of a feed-forward control output (since the feed-forward output is not a function 
of the plant feedback, it can never cause the control system to oscillate, thus improving 
system response and stability). 

2. PID controllers are linear; hence, their performance is variable in wind turbine systems 
that are nonlinear. Practical application issues can arise from instrumentation connected 
to the controller, such as need for high sampling rate, measurement precision, and 
measurement accuracy. Often PID controllers need to be enhanced through methods such 
as gain scheduling or fuzzy logic. 

3. Due to the differential term in the PID, small amounts of measurement or process noise 
can cause large amounts of change in the output, requiring the additional use of a low-
pass filter to filter the measurements. However, low-pass filtering and derivative control 
cancel each other, so reducing noise by means of instrumentation is a much better choice. 
Alternatively, the differential band can be turned off in most systems with little loss of 
control—equivalent to using the PID controller as a PI controller. 

4. Integral windup during implementation refers to the situation where the integral or reset 
action continues to integrate (ramp) indefinitely. This usually occurs when the 
controller’s output can no longer affect the controlled variable, which in turn can be 
caused by controller saturation (the output being limited at the top or bottom of its scale), 
or if the controller is part of a selection scheme and is not the selected controller.  

This systematic approach to PID-controller design requires a linearized model of the wind-diesel 
system to provide a means of visually observing the effect of gain changes on grid-forming 
parameters (voltage and frequency) and actuator duty cycle. Several considerations must be 
made in order to design a PID controller using a linear model, as small variations may be 
exacerbated by complex component dynamics and sensor noise. 
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3.2.3.2 Advanced Control Schemes27 

Recently, multivariable control paradigms have been gaining prominence, as they are multi-
objective and several control goals can be met simultaneously. The fundamental concept 
common to these designs is that they are both adaptive and depend on state feedback (often with 
state estimation to render full-state feedback). Unlike classical PI or PID algorithms that act on a 
single input signal, multivariable schemes will act on several inputs, often by a synthesis of 
several controllers with their respective objectives. Multivariable schemes use higher-order 
controllers to tackle particular problems related to voltage and frequency control in the wind-
diesel system, using suitable control algorithms. A brief overview of such robust schemes 
follows. 

Linear Quadratic Gaussian  

Linear quadratic Gaussian (LQG) is an adaptive control method that incorporates gain 
scheduling. The LQG method converts the control system design problem to an optimization 
problem with quadratic time-domain performance criteria. Disturbances and measurement noise 
are modeled as stochastic processes.  

H2/H∞  

In developing H2/H∞ controllers, the control objectives are cast as optimization programs with 

unique cost function subject to linear matrix inequality (LMI) constraints. Design by H∞-

optimization for linear multivariable control involves minimization of the peak magnitude of a 
suitable closed-loop system function; it is very well suited to frequency response shaping. 
Moreover, robustness against plant uncertainty is handled more directly. H∞-optimization 
amounts to the minimization of the ∞-norm of the relevant frequency response function. An 
important aspect of H∞ optimization is that it allows inclusion of robustness constraints explicitly 
in the criterion. Introducing μ-synthesis in the design aims at reducing the peak value of the 
structured singular value; it accomplishes joint robustness and performance optimization.  

Fuzzy Logic Systems  

Fuzzy logic systems (FLS), which yield controllers that are more flexible but quite context-
dependent, employ a set of fuzzy linguistic rules that may be provided by experts or can be 
extracted from numerical data. In either case, engineering rules in FLS are expressed as a 
collection of IF–THEN statements. 

                                                            
27 None of these ideas is new and all of them have been explored to some extent; problem formulation is normally 
the most difficult part of the process. It is the selection of design variables, constraints, objectives, and models of the 
disciplines. A further consideration is the strength and breadth of interdisciplinary coupling in the problem. Once the 
design variables, constraints, and objectives, and the relationships between them have been chosen, the problem can 
be expressed in a standard format that expresses requirements for the minimization of a cost function. 
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ACEP’s role in high-penetration wind-diesel collaborative research is to develop the conceptual 
framework for diesel-off operation earmarked for high-penetration areas, by conducting trials on 
the test bed. The research agenda may be defined as follows: 

1. Identify a wind-diesel hybrid system architecture well suited to implementation in remote 
Alaskan villages. 

2. Assist the wind industry in the design of non-wind turbine hardware components of the 
system (system controller, secondary load controllers, energy storage subsystem, etc.). 

3. Develop the control software (fully test and debug) necessary to operate the system stably 
and reliably.  

With regard to point number three, developing the control programs will address the variability 
of real wind, and thus particular care is needed in the design of the trials. Challenges in 
implementing advanced control paradigms include the following: 

1. Computational cost – Most of these techniques require large numbers of evaluations of 
the objectives and constraints. Fortunately, many of the optimization techniques are 
adaptable to parallel computing, and much current research is focused on methods of 
decreasing the required time. 

2.  Evaluation of controller performance is limited to simulations – A vital aspect of the 
development of new control algorithms for novel schemes is the assessment of their 
effectiveness; this is difficult because of the variability of the wind input.  

3. Field trials – Despite the power and reliability of some of the simulation models now 
available, there is no substitute for field trials in real wind conditions. The variability of 
the wind makes it particularly difficult to carry out field trials repeatedly and reliably, 
particularly if the effectiveness of two or more alternative controllers (or their cost 
benefit!) is to be compared  

It is noteworthy that efficiency of a wind-diesel conversion system does not scale simply by 
physical dimensions; control plays a significant role in increasing the cost and size of the layout 
while improving overall efficiency. In addition to improving the design of the control algorithms, 
it is possible to use additional sensors to help the controller effectively achieve its objectives. As 
various control paradigms are analyzed for suitability in tuning the converters for diesel-off 
mode operation on the ACEP test bed, it will be important to quantify the benefits of any new 
controller. Although computer simulations in investigating various converter controllers 
(linear/classical or multi-objective) are useful, field trials are also vital. 
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3.3 Energy Storage Systems 

A large penetration of wind generation into the power system can create poor power quality and 
poor stability margins. The necessity of energy storage becomes apparent during instances of 
maximum load and the constantly rising base load in the networks. Once connected to the 
network, the energy storage devices provide such services as frequency stability, load balancing, 
and ready-to-use stored energy. Even relatively short-term energy storage (15–20 min at average 
load) significantly increases the amount of time the system can be operated purely on renewable 
sources and helps ensure continuous and reliable power delivery. Table 4 shows specific 
technology options available for short-, mid-, and long-term energy storage for Alaskan 
communities. Though most are viable for Alaska, suitability is evaluated based on capacity for 
storage, duration, and cost, among other issues. 

Table 4: Energy storage options by timescale and complexity.28 

Short (0–30 min) Medium (30 min–12 hr) Long (12 hr–3 months) 
Flywheel Ceramic thermal storage Compressed air 

Zinc Bromide battery Thermal for electrical generation Pumped hydro 
Lead acid battery Thermal fluid storage Borehole community thermal

Capacitors VRB battery Sodium sulfur battery 
 Zinc Bromide battery Hot water storage 
 Lead acid battery  
 Electric vehicles  
 Hot water storage  

 

Whereas a typical high-penetration wind-diesel system might achieve 40–50% fuel savings, the 
same system with the addition of energy storage could achieve fuel savings of 70–80%. In order 
to realize these fuel savings, it is essential that the system be designed such that the diesel gen-
sets can be turned off, which requires that methods to improve power quality and stability for 
such systems be found. High wind-power penetration and intermittency issues have been 
addressed by advances in energy-storage technologies, including devices such as batteries, ultra-
capacitors, super-inductors, and flywheels. Of critical importance in performing frequency 
regulation with energy storage-based systems is their cyclic life capability.  

Electric energy storage in isolated off-grid hybrid power systems with a high penetration of 
renewable energy can greatly reduce the portion of the load that must be met with traditional 
fossil fuel-based generation. In addition to meeting electrical needs, most Alaskan communities 
have a significant thermal load that could be met using diurnal excess electrical capacity from 
renewable sources (wind). 

 

                                                            
28 J. Murphy, G. Holdmann, and D. Witmer, “Energy storage for Alaskan communities,” ACEP Report, July 2009. 
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3.3.1 Flywheels 

Operation 
Flywheel energy storage systems (FESS) are based on the concept of wind power smoothing, 
using rotor inertia as an energy storage component with the aim of mitigating grid susceptibility. 
In its operation, the FESS may be likened to a kinetic energy battery that systematically stores 
electric energy by way of kinetic (rotational) energy via the flywheel. When absorbing energy, 
the flywheel’s motor acts like a load and draws power from the grid to accelerate the rotor to 
higher speed. When discharging, the motor switches into generator mode, and the inertial energy 
of the rotor drives the generator, creating electricity that is injected back into the grid as the rotor 
slows down.  
 

 

Fig. 3: Wind-diesel system with flywheel energy storage, and a Beacon Power29 product. 

Figure 3 shows a flywheel system interconnected with a wind-diesel hybrid system. The 
flywheel system, which is used for uninterruptible power supply, stores energy in a spinning 
rotor for reconversion to electric power when needed. The storage system smoothes the power of 
the wind turbine by storing and/or restoring energy, thereby regulating voltage amplitude and 
leveling the electric power delivered to the grid so that the entire wind energy conversion system 
behaves like a conventional power plant. 

Advanced FESS systems have rotors made of high-strength carbon filaments, suspended by 
magnetic bearings; the rotors spin at speeds of 20,000 to over 50,000 rpm in a vacuum enclosure. 
Such flywheels can come up to speed in a matter of minutes—much quicker than some other 
forms of energy storage. Characteristics such as high conversion efficiency (80–90%), high 
stored energy density, long life, and high power exchange with the system render the FESS well 
adapted for improving the quality of the electric power delivered by the wind turbine.  

                                                            
29 Online [Available] http://www.beaconpower.com/. 
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Costs  

Flywheel purchase costs vary from $100/kW to $300/kW. The lower end of the range represents 
larger and/or lower rpm models, while smaller and/or higher rpm models have higher-per-kW 
costs. Installation is relatively simple and inexpensive, typically running about $20/kW to 
$40/kW, including an allowance for electrical connections. Operating and maintenance costs will 
generally be modest, but vary significantly depending on the type of flywheel and maintenance 
approach. Routine maintenance is minimal and simple; bearing replacement for lower rpm 
flywheels with mechanical bearings will cost from $5/kW to $15/kW, depending on flywheel 
design. Replacing the vacuum pump, where required, will likely cost about $5/kW. Standby 
power consumption runs about $5/kW/year for lower rpm flywheels using mechanical bearings 
or combinations of mechanical and magnetic bearings, but generally about one-tenth of this for 
higher rpm flywheels using only magnetic bearings. 

Manufacturers/Suppliers 
1. Beacon Power is one of the leading manufacturers of flywheels. At the heart of Beacon’s 

Smart Energy 25 flywheel is a high-strength carbon fiber composite rim, supported by a 
metal hub and shaft, with a motor/generator on the shaft. The rotor spins between 8,000 
and 16,000 rpm. At 16,000 rpm, a single Smart Energy 25 flywheel can deliver 25 
kilowatt-hours (kWh) of extractable energy at 100 kW power level for 15 minutes. 
Multiple flywheels are connected in parallel to provide any desired megawatt-level power 
capacity. A 20 MW energy storage plant consists of 200 such flywheels. 

For example, Beacon’s experience to date in ISO New England shows that 6,000 or more 
effective full charge/discharge cycles per year are required. The system is capable of over 
150,000 full charge/discharge cycles at full power charge/discharge rate, with zero 
degradation in energy storage capacity over time. For the frequency regulation 
application, flywheel mechanical efficiency is over 97%, and total system round-trip 
charge/discharge efficiency is 85%. Beacon’s flywheel has a designed minimum 20-year 
life, with virtually no maintenance required for the mechanical portion.  

2. Powercorp30 of Australia have been developing applications using wind turbines, 
flywheels, and low-load diesel (LLD) technology to maximize wind input to small grids. 
A system installed in Coral Bay, Western Australia, uses wind turbines coupled with a 
flywheel-based control system and LLDs to achieve better than 60% wind contribution to 
the town grid. Their flywheel ranges in size from 250 kW to 1 MW. 

 

                                                            
30 Online [Available] www.pcorp.com.au/. 
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3.3.2 Battery Energy Storage System (BESS) 

Battery banks (group of batteries wired together) for grid-intertied wind electric-generation 
systems have emerged as a reliable utility backup, since potential grid outages are attributable to 
high winds. The ratio of battery-to-wind capacity (battery/wind capacity ratio) for small wind 
systems with battery storage has an important effect on wind-turbine energy output. The ratio is 
also affected by battery type, configuration, and age, as well as the output characteristics of the 
charge controller for the small wind turbine. 

Construction and Sizing 

The basic construction of a rechargeable (storage) battery consists of a group of one or more 
secondary cells utilizing electrochemical reactions that are electrically reversible. Rechargeable 
batteries come in many different sizes and use different combinations of chemicals. Commonly 
used secondary-cell chemistries are lead acid, nickel cadmium (NiCd), nickel metal hydride 
(NiMH), lithium ion (Li-ion), and lithium ion polymer (Li-ion polymer). Rechargeable batteries 
offer economic and environmental benefits in comparison with disposable batteries. While 
rechargeable cells cost more initially, rechargeable batteries can be used many times over.  

Battery bank sizing is one of the more complex and challenging processes in system design. If 
the battery bank is too large, it may not be fully charged, while if it is too small, the intended 
loads may not be run. Factors to identify in the storage unit sizing include 

1. Electricity usage – The amount of energy consumed per day with regard to the loads 
(appliances, electronics, etc.) and for duration, in Watt-hours/day. 

2. Number of days of autonomy – Battery banks are typically sized to keep household 
electricity running for one to three calm days. 

3. Depth of discharge (DoD) limit – This is the limit of energy withdrawal to which the 
battery (or battery bank) will be subjected (deeper discharge shortens battery life). 

4. Ambient temperature at battery bank – Batteries perform best in moderate temperatures 
(temperature standard for most battery ratings is 77°F). Cold temperatures tend to reduce 
battery capacity, while high temperatures tend to shorten battery life. 

The DoD is normally stated as a percentage of the nominal ampere-hour capacity; a DoD of 0% 
means no discharge. Usable capacity of a battery system depends on the rate of discharge and the 
allowable voltage at the end of discharge. Due to variations during manufacture and aging, the 
DoD for complete discharge can change over time or discharge cycles. Generally, a rechargeable 
battery system will tolerate more charge/discharge cycles if the DoD is lower on each cycle. 
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Cost, Capacity, Service Life 

Table 5 summarizes important aspects of commercially available rechargeable battery 
technologies.31 

Table 5: Rechargeable battery technologies.32 

Type Voltage 
V 

Energy Density Power 
W/kg 

Efficiency 
% 

E/$ 
Wh/$ 

Disch. 
%/mo. 

Cycles 
(#) 

Life 
(Yr) MJ/kg Wh/kg Wh/L 

Lead-acid 2.1 0.11–0.14 30–40 60–75 180 70–92 5–8 3–4 500–800 5–8 

Alkaline 1.5 0.31 85 250 50 99.9 7.7 <0.3 100–1000 <5 

Ni-iron 1.2 0.18 50  100 65 5–7.3 20–40  50+ 

Ni-cadmium 1.2 0.14–0.22 40–60 50–150 150 70–90 1.25–2.5 20 1500  

NIH2 1.5  75      20 15+ 

NiMH 1.2 0.11–0.29 30–80 140–300 250–1000 66 1.37 20 1000  

Ni-zinc 1.7 0.22 60 170 900  2–3.3  100–500  

Li-ion 3.6 0.58 160 270 1800 99.9 2.8–5 5–10 1200 2–3 

Li polymer 3.7 0.47–0.72 130–200 300 3000+ 99.8 2.8–5  500–1000 2–3 

LiFePO4 3.25  80–120 170 1400  0.7–3.0  2000+  

Li sulphur 2.0 0.94–1.44 400 350     ~100  

Li titanate 2.3  90  4000+ 87–95 0.5–1.0  9000+ 20+ 

ZnBr   75–85        

V redox 1.15–1.55  25–35   80  20 14000 10 

NaS   150   89–92     

Molten salt 2.58  70–110 160 150–220  4.54  3000+ 8+ 

Ag-zinc 1.86  130 240       

 

Grid energy storage applications use industrial rechargeable batteries for load leveling, where 
they store electric energy for use during peak load periods, or when excess renewable generation 
is available, such as storing power generated from wind turbines. By charging batteries during 
periods of low electrical demand and returning energy to the grid during periods of high 
electrical demand, load-leveling helps eliminate the need for expensive peaking power plants and 
helps amortize the cost of generators over more hours of operation. Battery systems tend to have 
a terminal voltage that does not decline rapidly until nearly exhausted. Batteries are inherently 
DC devices; they require a bidirectional DC-AC power converter interface to the AC system. 
The main drawback for BESS is the cost of installation.  

 

                                                            
31 The nomenclature in the columns is explained as follows: 

o Voltage refers to nominal cell voltage in V 
o Energy density = energy/weight or energy/size, given in three different units 
o Specific power = power/weight in W/kg 
o Efficiency = charge/discharge, % 
o Energy/consumer price in W·h/US$ (approximately) 
o Disch. is the self-discharge rate in %/month 
o Cycle is the durability in number of cycles 
o Life is the time durability in years 

32 Linden, David, and Thomas B. Reddy (Ed.), Handbook of Batteries, 3rd ed., McGraw-Hill, New York, 2007. 
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3.3.3 Flow Batteries 

Promise of commercial viability within a marketplace that is increasingly receptive to storage 
justifies the strong interest in flow batteries. A flow battery is a form of rechargeable battery in 
which electrolyte containing one or more dissolved electroactive species flows through an 
electrochemical cell that converts chemical energy directly to electricity. A key feature of most 
flow batteries is that the energy is stored in charged electrolytes outside the cell and generally in 
tanks. The electrolyte is usually pumped through the cells of the reactor, although gravity feed 
systems are also known. There are major benefits in separating the “power” function (determined 
by size and number of cells) from the “energy” function (determined by volume of electrolyte). 
The dissolution of active species in the electrolyte permits external storage of reactants, thereby 
allowing independent scale-up of power and energy density specifications. Additionally, external 
storage of reactants avoids self-discharge. 

Classes of Flow Batteries 

Various classes of flow batteries exist: 

1. The redox (reduction-oxidation) flow battery – All electroactive components are 
dissolved in the electrolyte. The energy of the redox flow battery can be determined 
independently of the battery power, because the energy is related to the electrolyte 
volume (tank size) and the power is related to the reactor size. In practical terms, this 
means that the discharge time of a redox flow battery at full power can be varied as 
required, from several minutes to many days. 

2. The hybrid flow battery – One or more electroactive components is deposited as a solid 
layer, unlike the redox type. The hybrid flow battery is similar to a conventional battery, 
in that its energy is limited to the amount of solid material that can be accommodated 
within the reactor. The discharge time of a hybrid flow battery typically may be varied 
from several minutes to a few hours. 

3. The redox fuel cell – This fuel cell has a conventional flow battery reactor, which only 
operates to produce electricity (i.e., it is not electrically recharged). Recharge occurs by 
reduction of the negative electrolyte using a fuel (e.g., hydrogen) and by oxidation of the 
positive electrolyte using an oxidant (typically oxygen or air). Examples include the 
vanadium redox flow battery, polysulfide bromide battery (Regenesys), and uranium 
redox flow battery. Hybrid flow batteries include the zinc-bromine, cerium-zinc, and all-
lead flow batteries. Redox fuel cells are still less common commercially. 

Rechargeable flow batteries, which can be used as rapid-response storage media, are designed to 
smooth out transient fluctuations in wind energy supply and match up quite well with the needs 
of utility-scale wind farms. 
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Numerous flow/redox battery technologies are under development, including several vanadium 
categories, zinc bromine, iron chromium, cerium zinc, and polysulphide bromine. Their 
development status ranges from laboratory-based research and development to field 
demonstrators on the verge of commercialization. Target applications start at single-digit 
kilowatt power levels and extend to tens and ultimately hundreds of megawatts. The business 
case for a particular installation will normally include high-energy (multi-hour) duty, but because 
flow batteries can be very responsive, they have the potential to generate additional revenue 
through provision of power quality or other functions, at the minute, second or millisecond level.  

Flow batteries are distinguished from fuel cells in that the chemical reaction involved is often 
reversible; that is, they are generally of the secondary battery type, so can be recharged without 
replacing the electroactive material. In addition to electrical recharging, flow batteries can be 
rapidly replenished by electrolyte exchange while simultaneously recovering the spent material 
for re-energization. 

Advantages  

Redox flow batteries, and to a lesser extent hybrid flow batteries, have the advantages of high 
storage capacity, flexible layout (due to separation of the power and energy components), 
exceptional cycle life due to inert electrodes (no solid-solid phase changes), quick response times 
(in common with nearly all batteries), no need for “equalization” charging, and no harmful 
emissions (in common with nearly all batteries). Some types of redox flow batteries also offer 
easy state-of-charge determination (through voltage dependence on charge), low maintenance, 
and tolerance to overcharge/overdischarge.  

Disadvantages 

Flow batteries are rather complicated in comparison with standard batteries, as they may require 
pumps, sensors, control units, and secondary containment vessels. Energy densities vary 
considerably, but in general are rather low when compared with portable batteries, such as the 
Li-ion. 

Existing Installations 

Vanadium redox flow batteries are currently installed at Huxley Hill wind farm (Australia), with 
a capacity of 6 megawatt hours (MWh), which represents under an hour of electrical flow from 
this particular wind farm (at 20% capacity factor on its 30 MW rated capacity). A 12 MWh flow 
battery is to be installed at the Sorne Hill wind farm (Ireland). In Japan, utilities are required to 
generate a portion of their energy from renewable sources. The utility, J-Power, has augmented a 
30 MW wind farm installed at the Tomari Wind Hills in Hokkaido by a vanadium-based flow 
battery system that can supply 4 MW of power for up to 90 minutes (6 MWh). 
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3.3.4 Synchronous Condensers 

A synchronous condenser (also known as a synchronous compensator) is a specialized 
synchronous motor whose shaft spins freely with the aim of adjusting electrical conditions on the 
local electric power distribution grid. Its field is controlled by a voltage regulator, to either 
generate or absorb reactive power as needed to support the grid’s voltage or to maintain the 
grid’s power factor at a specified level.  

Operation Principle 

The synchronous condenser (SC) uses rotary technology to improve overall power quality by 
reducing voltage transients and eliminating problems associated with harmonic distortion. The 
SC is operated in a borderline condition between a motor and a generator, with no mechanical 
load to fulfill this function. The SC is connected to the power line and is intentionally run in an 
overexcited condition. Once installed, the SC continuously monitors the power factor and 
produces the right amount of VAR needed to correct any power factor without switching 
transients. The condenser will adjust the excitation level automatically to maintain the power 
factor at the correct setting. The level of excitation is dependent on the amount of power factor 
correction desired and the amount of power factor sensed by the condenser controls. 

The SC can compensate either a leading or lagging power factor by absorbing or supplying 
reactive power to the line; this enhances power line voltage regulation. To stabilize the power 
system during short circuits or rapidly fluctuating loads, the device’s field excitation is increased 
thereby boosting the energy stored in the rotor of the machine, which is used to furnish the power 
system with magnetizing power (kVARs). Furthermore, the leading power factor can be adjusted 
by varying the field excitation, which makes it possible to nearly cancel an arbitrary lagging 
power factor to unity by paralleling the lagging load with a synchronous motor. 

The ability of synchronous condensers to absorb or produce reactive power on a transient basis 
stabilizes the power grid against short circuits and other transient fault conditions. Transient sags 
and dips that are milliseconds in duration are stabilized. This action supplements longer response 
times of quick-acting voltage regulation and excitation of generating equipment. The 
synchronous condenser aids voltage regulation by drawing leading current when the line voltage 
sags, increasing generator excitation which thereby restores line voltage. The principal advantage 
of the synchronous condenser is the ease with which the amount of correction can be adjusted. 
Unlike a capacitor bank, the value of reactive power can be continuously adjusted. However, the 
synchronous condenser does have higher losses than a static capacitor bank. Most synchronous 
condensers connected to electrical grids are rated between 20 MVAR and 200 MVAR, and many 
are hydrogen-cooled. 
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3.3.5 Dump Loads 

One component that may be required in hybrid power systems but is uncommon in conventional 
isolated systems is the dump load—a resistive load that consumes any excess generated power. 
Excess energy is shunted to the dump load when necessary, enabling the total power supplied by 
the wind turbine generator to match the sum between the consumer’s loads and the dump load. A 
dump load is used to protect against excess power in the network. Such an excess could arise 
during times of high renewable contribution and low load. Excess energy could lead to grid 
instability.  

The dump load may be a real device, based on power electronics or switchable resistors. In AC 
systems, the dump load is normally an actual device, although in certain cases some of the excess 
power may be dissipated by other means, such as wind turbine blade-pitch regulation. In DC 
systems, on the other hand, the function of the dump load is normally accomplished by intrinsic 
power regulation of the wind turbine or photovoltaic panels.  

A dump load may be used in one of two ways: 

 In an AC system where there is no other form of frequency regulation – Dump load may 
be used to control grid frequency, which could occur, for example, in a diesel system in 
which all the diesels are shut off. Frequency regulation is attained as active power 
balance is achieved. 

 When there is more power produced on the grid than can be used or stored – This could 
occur, for example, in a situation where there is a low load, but a large amount of 
renewable generation. 

Dump load is essentially a dissipative circuit in a hybrid power system, and the excess power 
may be used for water heating, fuel cells, etc. In typical fashion, if there is excess power 
remaining after the load has been met and the storage has been filled, the next step is to attempt 
to supply the secondary loads. If there is still excess power remaining in the system after the 
secondary loads have been met, then the excess is sent to the dump load. Alternatively, some 
high-penetration systems operate with no energy storage mechanisms and, therefore, rely on the 
dump load to stabilize system frequency. Power dissipation on the DC bus is assumed 
accomplished by intrinsic power regulation of generators on that bus. 

 



Power Electronics for High Penetration           -38-                                 September 30, 2010 
 

4. Proposed Hybrid Test Bed Facility for 
Diesel‐off Mode Operation  

4.1 Background and Cross-Reference to Related Work 

4.1.1 Existing Wind-Diesel Hybrid Test Beds  

Recent reviews have identified approximately one hundred documented wind-diesel installations 
worldwide.33, 34 Adapted from these reviews, Table 6 details the most established research 
laboratories with wind-diesel systems under observation and study. 

Table 6: Wind-diesel hybrid energy system laboratories. 

Laboratory Country 
Report 
Period 

Diesel
kW 

Wind 
Turbine 

kW 
Notes 

NREL USA 1996 120 1 x 20 
1 x 75 
1 x 20 
1 x 10 
1 x 50

Multiple units, AC & DC buses, battery 
storage 

CRES Greece 1995 45 1 x 30 PC-based control system 
DEWI Germany 1992 30 1 x 50 

1 x 30
 

RAL UK 1991 85 1 x 45 Microcomputer controller, PC data logger 
and flywheel storage 

EFI Norway 1989 50 2 x 55 Microcomputer controller, data acquisition 
system, and wind turbine simulator

RERL-UMass USA 1989 15 1 x 15 PC-based control system, data acquisition 
system and rotary converter 

IREQ Canada 1986 35 1 x 50 
1 x 30

Rotary condenser 

AWTS Canada 1985 100 1 x 40 
1 x 35 
1 x 65 
1 x 80 
1 x 50

Rotary condenser 

RISØ DTU Denmark 1984 30 1 x 55 PC-based control system, data acquisition 
system and rotary condenser 

ECN Netherlands     

 

Of the systems outlined in Table 6, most are appropriate for conceptual comparison with the 
potential ACEP wind-diesel test bed facility. However, since the NREL installation has 
performed a lot of research and installation work in Alaska, it is considered further. 

                                                            
33 T. Ackerman, Wind Power in Power Systems, John Wiley & Sons, Ltd., Stockholm, 2005. 
34 P. Lundsager, H. Bindner, N. E. Clausen, S. Frandsen, L.H. Hansen, and J.C. Hansen, “Isolated systems with wind 
power,” RISO, Roskilde, 2001. 
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4.1.2 NREL Hybrid Power Test Bed 

The National Renewable Energy Laboratory’s hybrid power test bed (HPTB) facility was 
constructed in 1997 at the National Wind Test Center (NWTC) in Boulder, Colorado. This 
facility was built to facilitate the development and testing of both experimental and commercial 
hybrid power systems, mainly as a wind energy R&D platform based on requests from wind 
turbine manufacturers with limited testing facilities. The facility boasts a number of unique 
features, including the ability to test up to three hybrid power systems simultaneously, use either 
real or simulated renewable energy sources, simulate a local electric grid, test with real or 
simulated village loads, and test wind turbine systems producing DC or AC. A custom-designed 
switch panel with three AC and three DC buses gives the test bed the flexibility to connect or 
disconnect various system components to meet the objectives of a specific testing program.  

The HPTB includes a personal-computer-based control and data acquisition system with a 
graphical interface. The switch panel can connect selected components, with combined 
capacities of up to 200 kW (can be increased to 500 kW easily) onto common power buses. The 
test bed incorporates a 100 kW village load simulator. The computer-controlled simulator 
mimics typical electric loads for a small village. It allows full control of voltage and frequency 
levels, can simulate voltage sags/swells and transients, as well as perform harmonic analysis of 
output. The test bed also has the flexibility to incorporate real village loads such as power tools, 
lighting systems, water pumps, or an icemaker into its tests.  

Two 60 kW diesel gen-sets are available for use in hybrid systems being tested. The diesel gen-
sets may also serve as grid simulators, allowing researchers to test a hybrid power system’s 
ability to synchronize its power output and connect with an existing small grid. A large induction 
generator functions as a 75 kW AC source simulator. The DC source simulator is a solid-state 
device that provides up to 20 kW of reproducible DC power. Simulated renewable energy 
sources allow engineers to conduct repeatable testing. Renewable energy technologies at the 
facility include three wind turbines, rated from 10 to 50 kW. A PV array between 10 and 20 kW 
is planned. The NWTC’s good solar and wind resources allow a full range of power system 
testing under normal operating conditions.  

Table 7: NREL’s HPTB equipment details. 

Component Rating 
AOC 15/50 Wind Turbine 50 kW 
Bergey Excel Wind Turbine 10 kW 
Variable-Speed Wind Turbine 20 kW 
PV Array 20 kW 
DC Renewable Energy Simulator 20 kW 
AC Renewable Energy Simulator 75 kW 
Diesel Gen-Set Grid Simulator 60 kW 
Two Village Load Simulators 100 kW 
DC Battery Banks 24 and 120 volts 
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4.1.3 Lessons Learned from NREL’s HPTB Facility 

The National Renewable Energy Laboratory’s HPTB system was designed in 1995 and installed 
in 1996/7, using state-of-the-art components available at the time. The facility expanded in 2001, 
increasing the AC panel from 10 to 15 devices and the DC panel from 8 to 10 devices, and 
adding two new diesel (85 and 125 kW) and four each 50 kW power electronic programmable 
AC grid simulators, required for high-speed reaction times that the diesels could not provide. The 
original system was designed specifically for hybrid systems. The new system includes 
information on hydrogen, gas turbines, etc., for distributed generation, which is really a different 
focus. 

The four computers were upgraded on several occasions with newer versions of the LabVIEW 
software, the goal being to collect data using the four PCs at the highest possible speeds. The 
tasks are accomplished by having the first PC control the switch panel and access data from the 
National Instruments SCXI system; this data streams in real time and is not collected. Each of 
the other three PCs have a function to control a device (such as village load simulators, wind 
turbine simulator), and can be programmed to glean particular information from the real-time 
data stream of the primary PC to be collected for each particular experiment. One note regarding 
the four operating and control PCs: they are on a separate LAN isolated from the main LAN and 
Internet connections. By isolating the PCs, it is possible to collect data at very high speeds, since 
there is no security software in the background slowing down the system. 

The NREL’s HPTB design and layout incorporated a large panel with an initial high cost, and 
incurred a second high cost when the system was expanded from 10 to 15 AC devices and 8 to 
10 DC devices in 2001, requiring a building expansion and costly conduit runs to every 
individual device. Based on these costs, it is recommended that in developing the new system for 
ACEP with the components available today, the following be taken into account: 

1. All components should be centrally located in one panel – Install a small panel that 
houses the system controls, contactor interlocks, safety interlocks, voltage 
instrumentation, and data acquisition. 

2. A bus loop around the facility with drops at each device should be utilized (not an 
internal bus). 

3. The main bus should be rated at the highest current used for testing. 

4. Each device should have a remote panel with current transducers and either a contactor or 
transfer switch. 

5. The configuration should have a smaller footprint within the test facility and eliminate 
separate conduit runs to each device.  

6. Each device should have a short drop from the bus, eliminating long conduit runs, a 
major cost saving considering that most devices could be rated at currents close to the 
max rating of the test facility bus anyway. 
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4.2 Proposed ACEP Wind-Diesel Test Bed Configuration 

4.2.1 Concept and Overall System Layout 

The proposed wind-diesel test bed will support a range of activities directed at advancing the 
development and deployment of wind hybrid systems in Alaska by development and validation 
of innovative control concepts and components. The test bed will consist of both real and 
simulated components.35 It is anticipated that the test bed will be capable of simulating loads and 
connect/disconnect loads, storage, and other generators from a central control. Research 
engineers can evaluate the interaction of these power sources under realistic conditions at the test 
bed and work through actual problems that the system might encounter in the field. The test bed 
allows for evaluation of system performance, cost-effectiveness, and reliability using real or 
simulated diesel and wind energy resources. Simulated energy resources enhance improvement 
in system design based on experiments, a feature that is important for developing new 
components, advanced hybrid systems, and dispatch and control systems.  

The primary purpose for the wind-diesel hybrid test bed is to investigate component dispatch 
strategies for various wind and demand-load profiles, including analysis of load and storage 
management. The immediate task will involve lab testing of a high-penetration wind-diesel 
control system at the test bed, with data from several specific sites in Alaska. This testing will 
involve an evaluation of a power electronic converter developed by Sustainable Automation, 
Inc., for diesel-off operation. Testing will be done on individual components to ascertain 
capability of compliance with different grid conditions based on data from the field.  

Figure 4 depicts a conceptual AC bus layout for the wind-diesel system that combines multiple 
power sources: wind turbine simulator, gen-set, and a battery storage system. The novelty of the 
layout lies in placement of the outlying components to keep conduit runs short while 
interconnecting the respective components. There are two system buses to allow the facility to 
support simultaneous testing of two separate power system configurations, using various devices 
on the test bed. The panel also functions as a means of interlocking all contactors so that no 
device can be on more than one bus and all devices are of the same voltage. All voltage 
transducers will be located on the bus, while current sensors will be located on the devices.  

The controller is electrically coupled to at least one of the generation systems. A supervisory 
control and data acquisition (SCADA) system will be incorporated for internal monitoring and 
self-regulation of the system by gathering and analyzing real-time data.  

 

                                                            
35 Real components are actual pieces of equipment that might be found in a real power system, such as a diesel gen-
set and a synchronous condenser. A simulated component is a device designed to realistically simulate the actual 
electrical characteristics of a particular power system component. For example, a load simulator will inject power 
back into the grid rather than dissipate energy in a real load or charge a real battery.  
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Fig. 4: ACEP conceptual AC bus layout.36 

The following are the main embodiments of the testbed system: 

1. Instrument and control panel – This houses the AC and DC switch panels that consist of 
the buses, contactors, and instrumentation. The switchgear contains all the controls and 
instrumentation to accommodate bidirectional power flow and ensure that the addition of 
devices is nearly plug and play.  

2. Inverter – This operates with the diesel generator (as a current source) or in stand-alone 
mode (as a voltage source), and can charge batteries with the diesel generator or with 
excess energy from the wind turbine simulator. The inverter also can instantaneously 
control power flows between the AC and DC bus.  

3. Load bank – Lead-acid batteries will be used for energy storage.  

4. Diesel gen-set – Currently, only one gen-set exists at the ACEP facilities. A second gen-
set capable of low-load testing will be added later. 

5. Wind turbine simulator – This comprises an induction motor that connects to a generator 
through a mechanical coupling. The rotating system may be adapted to any parameter 
relevant to wind simulation, such as wind speed, temperature, turbulence, and resulting 
torque of the rotating system, to provide typical wind-resulting conditions that relate at 
least somewhat to real situations.  

6. Variable-speed drive – This uses programmed inputs to drive the induction motor on the 
wind turbine simulator. 

                                                            
36 Proposed layout in consultation with Jerry Bianchi, Bianchi Tech Services, Lakewood, CO. Jerry worked at 
NREL for many years and was involved in setting up and the commissioning of the NWTC’s HPTB facility. 
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Figure 5 is an elaborate electrical interconnection of the wind-diesel test bed, comprising two 
diesel gen-sets, a secondary load (electric boiler), and the utility grid. (In the immediate setup, a 
wind turbine simulator replaces the NW100 nacelles, hooked up back-to-back.) The power 
system also consists of other devices including a generator interface contactor, a battery charge 
controller, a hybrid controller, and associated control electronics. 

 
Fig. 5: Electrical diagram of the planned ACEP wind-diesel test bed.37 

The wind-diesel test bed needs to be set up for evaluation of the converter performance, dispatch 
strategies, and battery storage capability for diesel-off operation. The wind turbine simulator will 
be used to simulate different wind conditions correlated with those that are present at specific 
sites with respect to conditions such as sudden change of wind speed, wind gusts, fluctuating 
wind direction, turbulence, and wake effects. The control signals from the controller may be 
designed for any desired simulation purpose, to simulate any relevant grid code in an 
environment pertinent to a specific analysis. The simulated grid conditions should include faults 
and extremes (voltage dips and increases, frequency variations of phases, short circuits, 
variations in reactive power, etc.). Analysis will depend on established feedback after each 
instance of testing. 

                                                            
37 Sustainable Automation, Inc.  
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4.2.2 The Wind Turbine Simulator 

The proposed wind turbine testing system for simulations will be mounted on a test bench—an 
arrangement to hold a load carrying structure for the wind turbine nacelle components. The use 
of the test bench is advantageous in the sense that the setup may be standardized to provide 
reproducible results. The characteristics of the wind turbine system may be tested in a broad, 
physically simulated environment, such that wind-resulting inputs and grid-resulting inputs may 
be evaluated in combination, thereby providing a unique opportunity to incorporate feedback to 
and from the grid in a realistic (or a certain desired test) situation.  

Figure 6 is an assembly of the main parts of the wind turbine simulator at the Sustainable 
Automation facilities at Boulder, Colorado. The common load-carrying structure supports the 
wind turbine simulator, which is composed of an electric motor (representing the wind system) 
that is driven to establish desired physical conditions; the motor in turn transfers rotation to the 
generator by means of mechanical coupling. The electrical interface serves to couple the 
generator of the turbine testing system to the controller (not shown).  

 
Fig. 6: Wind turbine simulator at the Sustainable Automation facility, Boulder, Colorado. 

With this device, it will be possible to simulate different grid situations such as extreme 
overload, fault, short circuits, asymmetric phase amplitude and angle, or other independent or 
cooperating grid situations. The different situations of the grid will thus indirectly apply different 
load situations on the tested equipment through the generator. A general challenge related to 
wind turbines when coupled to weak utility grids is that, under some circumstances, transfer of 
transients, noise, or voltage drops or peaks can result between the utility grid and the turbine 
coupled to the grid. It is our objective to establish a system that can physically simulate the 
coupling between the wind turbine and diesel systems with the grid.  
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4.3 Recommended Testing Protocols38 

4.3.1 Functionality Checks 

Before running the tests, functionality checks will be conducted to verify proper inverter 
operation and state transition for steady-state and quasi steady-state operation. These checks 
verify that the system operates the way the hybrid controller intends it to, and allow any 
shortcomings to be noted. The checks are necessary to benchmark revisions of the software code, 
as it is intended that ACEP researchers will perform reprogramming of the inverters to suit 
various conditions. Table 8 lists the functionality checks to be performed on the test bed that 
comprises the wind turbine (WT) simulator, battery storage, diesel gen-set, and dump load. 

Table 8: Functional checks. 

Functionality 
check 

Control 
unit state 

Description Result 

Generator min. 
load 

Shutdown 
and 
Charge 

 Verify generator minimum load is at prescribed value when 
“village” load is taken off system. 

 Add load back in equal increments, and verify that min load is 
attained. 

 

State transition 
from Inverter to 
Charge 

Inv-
Charge 

 
 Verify state transition with and without WT Simulator running 

 

State transition 
from Charge to 
Inverter 

Charge-
Inv 

 
 Verify state transition with and without WT Simulator running 

 

 

Battery charging 
algorithm 

Charge 
and 
Inv 

 Verify that battery-charging algorithm works with diesel and 
with AC source Simulator (i.e., diesel-on and diesel-off 
modes).  

 Verify that dump load absorbs all excess power at Max Bat 
High setting above Gen Dump Min setting.  

 Verify that hysteresis works and that batteries start charging 
when voltage drops below Max Bat Low  
(both diesel-on and diesel-off modes). 

 

Dump load Inv 
 Verify that dump load absorbs all excess power when battery 

voltage is greater than Max Bat High and WT Simulator is 
running. 

 

Transition to 
Shutdown on 
Inverter fault 

Inv- 
Shutdown 

 In Inverter mode, disconnect batteries (DC bus) and verify that 
Inverter transitions to shutdown mode and that diesel starts and 
connects to “village” load. 

 

Gen Dump 
Min Inv 

 Verify that Gen Dump Min setting equals charging power to 
batteries when batteries are fully charged (i.e., trickle charge). 

 

   

                                                            
38 This material relies heavily on the initial concept for NREL’s HPTB system. 
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4.3.2 Test Procedures with the Wind Turbine Simulator 

The purpose of the test procedures is to verify that the inverter can bring the simulator on to the 
grid without faulting the inverter or over-speeding the turbine. In addition, longer-term steady-
state testing will be conducted to verify that the system operates as designed. Start-up testing will 
be conducted to verify that the inverter can start the wind turbine (WT simulator). 

The WT simulator is a variable-speed drive connected to an induction generator and controlled 
via the test bed’s LabVIEW system. Both dynamic and transient tests will be performed on the 
power electronics with the WT simulator to verify that the inverter can handle expected 
conditions during operation. Testing with the simulator will initially be limited to wind turbine 
start-up tests and some steady-state tests to verify that the inverter operates according to the 
desired control algorithms. Other tests will include verifying state transitions, with an emphasis 
on transition from inverter state to charge and vice versa, as well as the battery charging 
algorithms.  

Some of the tests to be performed and their respective descriptions are described below. 

1. Test: Wind Turbine Simulator Start-up at High Power with Diesel 

Purpose:  Characterize system response to a high-wind start-up; vary system settings as required 
to characterize system response. Analyze power output of WT simulator; check 
whether dump load comes on with the simulator and how much power it takes; and 
observe for faults and generator speed steadiness. 

Methodology:  (1) Charge State. Start WT simulator on diesel grid. Batteries at low state of charge. 
Vary system settings as required to characterize system response. 

(2) Charge State. Start WT simulator on diesel grid. Batteries at high state of charge, 
and dump load absorbing power. Vary system settings as required to characterize 
system response. Verify dump load response. 

2. Test: Wind Turbine Start-up – Soft Start 

Purpose:   Verify that the WT simulator soft start is operational with the inverter and that the 
inverter can bring the simulator on to the grid without faulting the inverter or over-
speeding the turbine. 

Methodology:  Measure the voltage and current with an oscilloscope immediately after the WT 
simulator contactor has closed in order to verify that the soft start is operational.  
Confirm that the inverter does not fault and the simulator does not over-speed. 

3. Test: Transition to Shutdown on Inverter Fault 

Purpose: Verify Gen Only State on inverter fault. 

Methodology:  In inverter state, disconnect batteries (DC bus) and verify that inverter transitions to 
Gen Only State and that diesel generator starts and connects to dump (village) load. 
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4. Test: Village Load Step Changes: Adding Load 

Purpose:  Determine the largest step load, using the load simulator, that the system can handle 
both with and without the diesel generator and with and without the WT simulator. 

Methodology: (1) Gen Only State: starting with a zero kW load, increase the load stepwise as 
appropriate (stop incrementing load at first fault).  
Repeat test with different power factor (PF) values. 

(2) Repeat #1 in Charge State with WT simulator. Repeat test with various PFs. 

(3) Subsequently repeat #1 in Charge State with increasing WT simulator power. 

(4) Repeat #1 in Inverter State w/no WT simulator.  

(5) Repeat in Inverter State with WT simulator. 

5. Test: Village Load Step Changes: Decreasing Load 

Purpose:  Determine the largest step load that the system can handle in both diesel-on and 
diesel-off modes (also with and without the simulator).  

Methodology: (1) Gen Only State. Put a step load decrease on the load as appropriate (stop 
decreasing load at first fault).  

(2) Repeat #1 in Charge State with WT simulator. 

(3) Repeat #1 in Inverter State w/no WT simulator. 

(4) Repeat in Inverter State  

(5) Repeat in Inverter State with WT simulator. 

6. Test: Wind Turbine Trip Off-line: Diesel Gen-set On 

Purpose:  Determine system stability, including dump load response, when the WT simulator 
contactor opens at near rated wind turbine power with the diesel generator online. 

Methodology: (1) Charge State. Batteries at low state of charge. Gen-set at max load it can handle. 
Vary system settings to characterize system response. Verify dump load response. 
(2) Charge State. Batteries at high state of charge.  
Vary system settings as required to characterize system response. 

7. Test: Wind Turbine Trip Off-line: Diesel Gen-set Off 

Purpose:  Determine system stability, including dump load response, when the WT simulator 
contactor opens at near rated wind turbine power with the diesel generator off-line. 

Methodology: (1) Inverter State. Battery at low state of charge. Open the wind turbine contactor and 
record response. Vary system settings as required to characterize system response.  

  (2) Inverter State. Batteries at high state of charge. Open the wind turbine contactor 
and record response. Vary system settings as required to characterize system response.  
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4.3.3 Parallel Operation of Inverter with Diesel Gen-set 

The concept of limiting maximum generator output power on the hybrid inverter system will be 
implemented by using an external device on the inverter to calculate the amount of current the 
inverter should discharge to limit the generator power. Use of an external device (controller) to 
help determine how much current the inverter should “source” is justified, since more 
information is available external to the inverter. 

When the inverter operates in the charge state and the sign of the current command is set 
opposite to the normal charge command, the inverter will discharge current to the grid. Although 
the mechanics of configuring the inverter to discharge current in the charge state are relatively 
simple, several issues must be addressed to ensure that the system functions properly: 

1. Control stability of the limit loop is a major design factor. The dynamics of the inverter, 
generator, and overall system must be considered when attempting to regulate the 
generator power level; therefore, the system should be modeled to determine the response 
characteristics required and evaluate whether this can be achieved by the inverter.  

Trying to limit maximum generator power will also have a major impact on the design: 
a. If design requirements are to minimize generator operation at high power, then a 

relatively simple control loop could be implemented. 
b. If design requirements are to ensure the generator never exceeds a fixed limit, 

then a complex control logic would be required.  
Other issues must be considered with more stringent design requirements (see #3). 

2. Logic must be included to ensure the inverter does not source power to the generator at 
low grid loads. Slow dynamics (for stability) may not respond fast enough during rapid 
drops in the grid load, resulting in the inverter sourcing current back into the generator. 

3. The question of what to do when the battery is not charged sufficiently to support the 
required current demand must be addressed. 

4. Maximum increasing and decreasing current ramp rates would have to be established to 
provide adequate stability while not limiting response during rapid drops in grid power 
(see #2). 

As described above, care should be taken to define the type and quantity of input signals required 
to control the amount of current the inverter should source. This step may drive the design if the 
peak shave logic can be incorporated into the inverter or if a separate controller is required. 
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4.3.4 Battery Charging 

Purpose:  Verify battery-charging algorithm at maximum battery charge and low set 
points. 

 
Background:  In the inverter state, the charging algorithm allows the batteries to be charged 

at any charging rate until the battery bank reaches maximum; once this is 
attained, the dump load comes on, taking a percentage of the available 
charging power. The percentage of power dumped is determined by the various 
components.  

  In the charge state, the batteries are charged until a voltage set point is reached; 
then the charging rate tapers off. The diesel-charging algorithm also 
incorporates a set point that sets a limit on the battery-charging current. This 
set point protects the batteries from charging at too great a charging rate. 

Methodology:  1. Verify that the battery-charging algorithm works with the WT simulator and 
the gen-set.  

  2. Verify that the dump load absorbs all excess power when the battery bank is 
fully charged. 

  3. Verify that hysteresis works and that batteries start charging when voltage 
drops below set point for low battery charge (in both diesel-on and diesel-off 
modes). 

Briefly, key elements of the test phase will involve verifying the effectiveness of diesel-off mode 
operation by the system controller and converters, as well as advanced inverter-control algorithm 
development. Near-term testing to be conducted includes grid-forming (over/under-voltage, 
over/under-frequency, trip tests, harmonics), real and reactive load sharing, controlled battery 
charging/discharging, emission issues, etc. Supervisory Control and Data Acquisition (SCADA) 
monitoring/data logging of diesel starting/stopping and scheduling, voltage and frequency 
stability, and storage management will be carried out to facilitate analysis, troubleshooting, and 
maintenance. 

ACEP has considered purchasing the test bed as a turnkey package rather than individual 
components to reduce the risk of having equipment that does not function well together. The 
overall purpose of the test bed is to analyze components both independently and integrated in a 
wind-diesel system. Performing the steps in Section 4.3 will enable a reliable and reproducible 
way of estimating whether the power system meets a given set of specified requirements under 
different operating conditions. The envisaged testing protocol enhances analysis on the hybrid 
test bed to qualify advanced power converters to assist in managing power flows and power 
smoothing. The approach in integrating the converter is to model both steady-state and transient 
system behavior, and then test (and/or modify) the converter based on the modeling results.  
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4.4 Instrumentation and Monitoring 

Sensors are used to measure hundreds of different parameters. Parameters measured as analog 
signals (e.g., temperature) provide specific values and may use analog signal conditioners; 
parameters measured as digital signals give an on/off signal and can utilize digital input/output 
modules.  

For the ACEP test bed, the following instrumented parameters will be available through the 
operator interface LCD and transmitted to the optional database:  

1. Inverter voltage 9. Inverter frequency 
2. Generator voltage 10. Generator frequency 
3. Inverter current  11. Battery voltage 
4. Generator current 12. Battery current 
5. Inverter real power  13. Battery power 
6. Generator real power 14. Alarm codes 
7. Inverter reactive power  15. Operating State 
8. Generator reactive Power 
 

LabVIEW39 software from National Instruments will be utilized in data analysis, as it has the 
flexibility and expandability needed to meet future technical requirements. Additionally, 
LabVIEW’s high level of support and quality guarantee that the software fulfills the 
requirements for availability and reliability. Instrument error will not exceed 2.5% of full-scale 
values40 unless otherwise noted. Other performance specifications include: 

1. Emissions: Not to exceed FCC Part 15 Rules for Class A device 
2. Efficiency (exclusive of transformer losses): >94% 
3. Voltage regulations: ±5% of nominal, phase-to-phase 
4. Frequency regulation: ±0.5 Hz of nominal 
5. Voltage distortion: Less than 5% THD41 under linear load 
6. Battery voltage ripple: 5 V maximum (2% of nominal battery voltage) 

  

                                                            
39 In running LabVIEW, the host computer provides an intuitive graphical user interface that users can easily adapt 
to the system by moving the components in a panel. The Windows OS application on the host computer 
communicates over Ethernet with the LabVIEW Real-Time module that runs simulation software that typically 
consists of 20 to 25 simulation DLLs executing in parallel. This solution can call user models built with almost any 
modeling environment, including the LabVIEW Control Design and Simulation Module, Simulink software from 
MathWorks, or ANSI C code. The execution rate of a typical simulation loop is 24 ms, leaving plenty of processing 
capacity to meet future expansion needs. 
40 For self-protection, embedded controller algorithms will include several fault detectors. If the generator is 
operating at the time of the fault, the generator start/stop contact and generator contactor will remain closed. If not 
operating, the start/stop contact and generator contactor will close. Upon clearance of the fault, the system will 
transition to either the Generator Only or Blackout state, depending on the operating state of the generator. 
41 Total harmonic distortion. 
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4.5 Recommendations 

1. Contractual Obligations and Intellectual Property 

The project is not exclusively about technology. Achieving diesel-off mode operation 
eventually is not just about buying and installing the equipment. Like any other technical 
system, there must be adequate documentation of the installation. Operators and 
maintenance personnel must have proper training. It is expected that the main supplier 
will provide a qualified engineer for training services after commissioning. Additionally, 
funds must be allocated for maintenance and repair, for example, to replace a worn-out 
battery bank or hire a specialist for troubleshooting.  

Recognizing that simulation has become the most important technique used today for 
evaluation of engineering solutions, ACEP personnel may initiate modifications on the 
control code as well as other simulation software to enhance suitable diesel-off operation. 
Being a research institution, ACEP should negotiate with the equipment manufacturer (as 
deemed necessary) on copyright and all other intellectual property and proprietary rights 
of whatever nature regarding software and related documentation to allow for 
modification as well as public disclosure of pertinent information.  

2. Power Management System and Human-Machine Interface (HMI)/SCADA 

We suggest that the supervisory controller for power management of the overall system 
ensure a reliable power supply under all operating conditions. To do so, the power 
management should have a strategy for running the complete system in safe and 
economic automatic mode, as well as a manual mode, where all functions of the 
supervisory controller can be activated by the operator. For this, the human-machine 
interface (HMI) may be realized with an industrial PC, with the touch-screen connected 
via an ISDN line (Ethernet-link), offering the possibility of remote communication to the 
main controller. In manual operation via the HMI, the operator has access to the main 
control panel and is able to give commands to all system components (start, stop, power 
set point, operating mode, etc.). 

The SCADA system manages the data processing and gives an online overview of the 
complete system with the status of all individual components, all sensor data monitored, 
as well as all status messages stored (starts, stops, alarms, etc.). Ideally, the following 
functions should be available: 

 Sending alarm messages via SMS and/or email. 

 Monitoring online of the whole system from any office PC. 

 Access to complete data stored in the system database. 
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3. Verification and Validation 

It is expected that with initial simulations, using the wind-diesel test bed with data from 
arctic regions in a lab environment, there will be significant differences with expected 
results. This could point to unresolved deficiencies in the models, inconsistencies in 
empirical input parameters to the test bed, and coupling issues between the 
subcomponent systems that cannot be discounted. Since the control codes have been 
developed based on models, verification and validation need to be undertaken prior to 
testing in the field environment. 

Verification is concerned with building the model right, and addresses several issues. 
These issues include the correct implementation of the model in simulations; correct 
representation of input parameters and logical structure of the model to ensure that the 
model is programmed correctly; proper implementation of the algorithms; and assurance 
that the model does not contain errors, oversights, or bugs. For practical verification, the 
models should be subject to a properly structured testing program that increases the level 
of statistical certainty to acceptable levels. This guarantees that they correctly reflect the 
workings of a real system. 

Model validation is concerned with building the right model. Utilized to determine that a 
model is an accurate representation of the real system, it offers a better understanding of 
the model’s capabilities, limitations, and appropriateness. To execute the validation 
process practically, calibration should be undertaken via an iterative process of 
comparing the global model to actual wind-diesel system behavior and using the 
discrepancies between the two, and the insights gained, to improve the model. This 
process should be repeated until model accuracy is judged acceptable, resulting in a 
model having a higher degree of credibility and confidence. 

Since the output of ACEP’s wind-diesel test bed will be fed back to the grid, it is 
expected that the requirements and tests conducted at the laboratory will be guided by the 
IEEE 1547.42 These standards contain the technical specifications and requirements 
universally needed for interconnection of distributed resources (DR), including 
synchronous machines, induction machines, or static power inverters/converters that are 
sufficient for most installations.43 Most notable is Section 4.1: General Requirements 
(i.e., IEEE Std 1547-2003 4.1). 

                                                            
42 IEEE Application Guide for IEEE Std 1547, IEEE Standard for Interconnecting Distributed Resources with 
Electric Power Systems, pp. 1-207, April 15, 2009. 
43 IEEE Std 1547.2-2008: IEEE Application Guide for IEEE Std 1547™, IEEE Standard for Interconnecting 
Distributed Resources with Electric Power Systems. Digital Object Identifier:10.1109/IEEESTD.2008.4816078, 
E-ISBN: 978-0-7381-5865-5, Print ISBN: 978-0-7381-5866-2. Issue Date: April 15, 2009. 
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4.6 Future Plans for Extended Research on the ACEP Test Bed 

Extended multifaceted research on the test bed will assist several wind industry participants in 
implementing competitive, high performance, reliable wind turbine technology to meet remote 
Alaska energy needs. Long-term program objectives may be defined based on the following:  

 

1. Adoption and field trials – It is the intention of the project team that successful diesel-off 
strategies will be deployed in the field to assess equipment performance. Initial plans 
include a series of field trials in collaboration with utility partners, with possible sites at 
the village of Shaktoolik (AVEC), Kotzebue (KEA), and other areas when/if identified. 

2. Enhanced research capacity – The facility will serve as a springboard for expanded 
research in other areas of high-penetration wind-diesel deployment through additional 
funding. The funding will provide seed grants required for critical research faculty to 
engage in/direct the research, as well as support for graduate students. 

3. Leveraging for future funding of crucial equipment for key areas of research, notably grid 
simulation, low load operation, and secondary load management and prioritization. Such 
equipment includes secondary load(s) and associated load controller, a second gen-set for 
low-load analysis, and a utility grid simulator. Other components for long-term research 
include advanced flow battery systems and wind turbine nacelles. 

4. Extended collaboration with industry and utilities for continued product and performance 
testing, modeling, and verification associated with high-penetration wind-diesel systems. 

5. Reduction in cost of energy – A critical economic analysis will be undertaken to qualify 
viability of the strategies so developed in significantly reducing diesel usage for hybrid 
systems.  

6. Publications – An essential part of the project deliverables will include journal 
publications and conference presentations. It would be desirable to maintain a database of 
technologies that are viable for Alaska, such as energy storage, electronic control 
strategies, and pertinent techno-economic data for high-penetration deployment in 
Alaska. 

It is well appreciated that native corporations, like all communities, have competing needs for 
funds. There are issues of community acceptance and support for investment in advanced energy 
technologies in the face of other pressing social and economic needs. The glaring fact is the 
shortage or lack of “education and training” of local operators. Some native corporations, like 
TDX, have to train all of their on-site operators, to gain familiarity with the equipment as well as 
for long-term maintenance. ACEP will contribute to ameliorating this situation gradually through 
research, outreach, and training.  


