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Abstract— Campus microgrid is composed of distributed 

energy resources (DER) including distributed generation (DG), 
controllable loads, and storage. In this paper, the role of high 
reliability distribution system (HRDS) in microgrid operations is 
evaluated. The HRDS implemented at Illinois Institute of 
Technology (IIT) is used as a case study along with DER to 
increase the load point reliability and decrease the operation cost 
of the microgrid.  

I. SUMMARY  
N this paper, HRDS is introduced and applied to the IIT 
microgrid and the improvements on reliability indices are 

evaluated.  The proposed indices include the system average 
interruption frequency index (SAIFI), system average 
interruption duration index (SAIDI), customer average 
interruption duration index (CAIDI), customer average 
interruption frequency index (CAIFI), expected energy not 
supplied (EENS) and loss of load expectation (LOLE). The 
results show that the integration of HRDS switches will help 
improve the reliability indices in a microgrid.  

Figs. 1 and 2 show the third at IIT loop with and without 
HRDS switches. It is also assumed that the redundant cables 
in Figs. 5 and 6 will be available when the primary feeding 
cable has failed. The demand at Perlstein and Alumni Hall are 
aggregated as the Perlstein Hall load. In Fig. 1, a failure mode 
will result in downstream load curtailments until the manual 
switching restores the loads. Since the transfer switches are 
manually operated, the estimated time for manual source 
transfer at the building feeder is about three hours. In Fig 2, 
the HRDS switches at load points provide uninterruptable load 
serving capability. In order to calculate the interruption 
indices in the system the buildings are referred as customers 
throughout the paper. Hence there are four customers in the 
third loop. 

II. SIMULATION OF MICROGRID OPERATION  
The microgrid operation cost includes the cost of energy 

trade with the main grid, cost of microgrid energy supply, and 
curtailment costs (value of lost load.) The operation cost of 
battery in a microgrid is assumed negligible. When the hourly 
price of energy at the main grid is higher than the marginal 
cost of microgrid generation, the microgrid could supply the 
excess energy to the main grid in real-time for reducing the 
operation cost. The main grid electricity price is procured 
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based on the historical residential real-time electricity price of 
ComEd which is applicable to commercial customers [20].   

   
  

 
Fig. 1 Third loop layout without HRDS switches 
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Fig. 2 Third loop layout with HRDS switches 

The microgrid outages could result in the loss of revenue 
estimated at 80$/kWh (value of lost load) which covers the 
replacement cost of damaged equipment (campus facilities as 
well as research), personnel and administrative cost of 
reinitiating and sustaining key research experiments, cost of 
aggravation associated with disrupted academic classes, 
laboratories, and any other major campus events such as open 
houses and conferences interrupted by microgrid outages.  

The annual operation cost is 140,497$/yr. The HRDS 
implementation would reduce the operation cost to 
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126,644$/yr. The storage will further reduce the annual 
operation cost to 119,236$/yr by performing demand response 
and taking the advantage of daily market price fluctuations. 
The lost loads in the three Cases are 173.236, 0, and 0 
kWh/yr, respectively.  

Fig. 3 shows the energy flow to the microgrid on the 23rd 
day of the year. Here the energy drawn from the main grid 
(hours 4, 5, 16 and 17) is stored at the microgrid when the 
energy price at the main grid is low and deployed once the 
main grid price is high (hours 10, 11, 19 and 20.) Here, the 
main grid price is not high enough to trigger the microgrid 
generation. The lowest price of energy at the microgrid occurs 
at hours 4 and 5 (2.4 ¢/kWh) and increases to 3.5 and 3.6 
¢/kWh at hours 10 and 11 respectively. This cycle is repeated 
at hours 16-17 and 19-20.  
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Fig. 3 Battery and main grid supply to the microgrid in 23rd day. 
 
There are four customers in the third loop. Three cases are 

shown in Table I. In Case 1 (without HRDS) , there is a single 
load interruption in Perlstein Hall so SAIFI and CAIFI are 
0.25 (interruptions/customer.yr) and 1 (interruptions/affected 
customer.yr) respectively. The outage duration is 3 hours and 
SAIDI and CAIDI are 0.75 (hrs/customer.yr) and 3 
(hrs/customer interruption.yr) respectively. In Case 2 (with 
HRDS), no outages occur in the microgrid which decreases 
SAIFI, CAIFI, SAIDI and CAIDI to zero.  Likewise, in Case 
3 (with HRDS and battery), SAIFI, CAIFI, SAIDI and CAIDI 
are zero. In both Cases 2 and 3, the customer outage duration 
is zero hours. 

Table I. Annual energy not supplied at load points 

 Hermann 
Hall (kWh/yr) 

Siegel 
Hall (kWh/yr) 

Wishnick 
Hall (kWh/yr) 

Perlstein 
Hall (kWh/yr) 

Case1 0 0 0 173.236 
Case 2 0 0 0 0 
Case 3 0 0 0 0 

REFERENCES 
[1] N. Hatziargyriou, H. Asano, R. Iravani, and C. Marnay, “Microgrids: An 

Overview of Ongoing Research, Development and Demonstration 
Projects,” IEEE Power and Energy Mag., vol. 5, no. 4, Jul./Aug. 2007. 

[2] G. Venkataramanan, C. Marnay, “A larger role for microgrids,” IEEE 
Power and Energy Mag., vol. 6, no. 3, May 2008. 

[3] B. Kroposki, R. Lasseter, T. Ise, S. Morozumi, S. Papathanassiou, and N. 
Hatziargyriou, “Making microgrids work,” IEEE Power and Energy 
Mag. vol. 6, no. 3, May 2008. 

[4] J. Kim, J. Jeon, S. Kim, C. Cho, J. H. Park, H. Kim, K. Nam, 
“Cooperative control strategy of energy storage system and  
microsources for stabilizing the microgrid during islanded operation,” 
IEEE Trans. On Power Electronics, vol. 25, no. 12, Sep. 2010. 

[5] U. Kwhannet, N. Sinsuphun, U. Leeton and T. Kulworawanichpong, 
“Impact of energy storage in microgrid systems with DGs,” International 

conference on power system technology (POWERCON), Hangzhou, 
Oct. 2010. 

[6] N. Jayawarna, C. Jones, M. Barnes, N. Jenkins, “Operating microgrid 
energy storage control during network faults,” IEEE International 
Conference on Systems Engineering, San Antonio, Texas, Apr. 2007. 

[7] A. G. Tsikalakis, N. D. Hatziargyriou, “Centralized control for 
optimizing microgrids operation,” IEEE Trans. on Energy Conversion, 
vol. 23, no. 1, Mar. 2008. 

[8] J. A. P. Lopes, C. L. Moreira, A. G. Madureria, “Defining control 
strategies for microgrids islanded operation,” IEEE Trans. Power Syst., 
vol. 12, no. 2, May 2006. 

[9] S. Ahn, J. Park, I. Chung, S. Moon, S. Kang, S. Nam, “Power-sharing 
method of multiple distributed generators considering control modes and 
configurations of a microgrid,” IEEE Trans. on Power Delivery, vol. 25, 
no. 3, Jul. 2010. 

[10] F. Katiraei, M. R. Iravani, “Power management strategies for a microgrid 
with multiple distributed generation units,” IEEE Trans. Power Syst., 
vol. 21, no. 4, Nov. 2006. 

[11] I. Bae and J. Kim, “Reliability evaluation of customers in a microgrid”, 
IEEE Trans. Power Syst., vol. 23, no. 3, Aug. 2008. 

[12] S. Kennedy, M. Marden, “Reliability of islanded microgrids with 
stochastic generation and prioritized load,” IEEE Powertech, Bucharest, 
Jun. 2009. 

[13] R. Billinton and R. Allan, Reliability Evaluation of Power Systems, 
Second Edition, London: Plenum Publishing Corporation, New York 
1996. 

[14] L. Wu, M. Shahidehpour, and T. Li, “Stochastic security-constrained 
unit commitment,” IEEE Trans. Power Syst., vol. 22, no. 2, pp. 800-811, 
May. 2007. 

[15] L. Wu, M. Shahidehpour, and Z. Li, “GENCO’s risk-constrained 
hydrothermal scheduling,” IEEE Trans. Power Syst., vol. 23, no. 4, pp. 
1847-1858, Nov. 2008. 

[16] P. Glasserman, Monte Carlo Method in Financial Engineering, Springer, 
New York, 2003. 

[17] C. E. Lin, Y. S. Shiao,  C. L. Huang, P. S. Sung, “A real and reactive 
power control approach for battery energy storage system,” IEEE Trans. 
Power Syst., vol. 7, no. 3, pp. 1132-1140, 1992.  

[18] A. Flueck, Z. Li, “Destination: perfection”, IEEE Power and Energy 
Magazine,vol. 6, no. 6, pp. 36-47, Nov. 2008. 

[19] IIT perfect power prototype final report, Endurant Energy, Oct. 2007. 
[Online]. Available: http://www.galvinpower.org 

[20] ComEd residential real-time price (RRTP) of electricity in Chicago 
[Online]. Available: http://www.thewattspot.com/. 

[21] J. Dupaˇcová, N. Gröwe-Kuska, and W. Römisch, “Scenario reduction in 
stochastic programming: An approach using probability metrics,” Math. 
Program., ser. A 95, pp. 493–511, 2003. 

[22] GAMS/SCENRED Documentation. [Online]. Available: http://www. 
gams.com/docs/document.htm. 

 
 

BIOGRAPHIES  
Mohammad Shahidehpour (F’01) is Bodine Distinguished Professor and 
Director of the Galvin Center for Electricity Innovation at Illinois Institute of 
Technology (IIT).  
Mohammad E Khodayar (M’99) received his MS degree in electrical 
engineering from Sharif University of Technology, Tehran, Iran in 2006. He is 
a Ph.D student in electrical engineering at Illinois Institute of Technology. His 
research interests include power system operation and planning. 
Masoud Barati is a Ph.D. student in the Electrical and Computer Engineering 
Department at the Illinois Institute of Technology. His research interests 
include operation and economics in smart grid 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /OK
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for IEEE Xplore. Created 15 December 2003.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


