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• PhDEE ‘89 Virginia Tech (Synchrophasors)
• Faculty Member and Chair of Electric Energy 

Research at School of ECE, Georgia Institute of 
Technology, 1989-2015
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in the World, 1996 Olympic Village, Atlanta

• IEEE Power and Energy Society Governing Board, 
2010-2017

• IEEE Power and Energy Society President and Chair 
of the PES Governing Board, 2014-2015

• ECE Department Head and Professor, Texas A&M 
University, since 2015

About the Speaker



2SREDS19  ·  CONFIDENTIAL  ·  BEGOVIC

PV System Proliferation 
Issues
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PV Module Efficiencies

Source: Fraunhofer Institute
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PV Inverters

Source: Fraunhofer Institute
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Energy Payback Time

Source: Fraunhofer Institute
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Energy Payback Time

Source: Fraunhofer Institute
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Total Global Solar PV Additions 2008-2018
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Total PV Additions by Country - 2018
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Regional Dependency of LCOE for Solar PV
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Projections for Solar PV Market
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Predictions on Solar PV
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Sixfold Growth of Solar PV by 2030
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Barriers for Further Massive Deployment
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Materials in 1MW Solar PV Plant
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538 GW

121 GW

340 GW*

44.4 GW
18.5 GW 8.72 GW

435 GW

Resource Consumption for Material Production… 
(Energy Required for Top 7 Materials: 1.5 TW – 10% of Global Energy)



…but the resources (and energy) are finite!

16Source: http://toostep.com/debate/how-to-solve-the-energy-crisis---conservation-or-innovation 
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17

Source: www.worldcoal.org

Energy Related Issues
• Smart Cities –

• 80% of EUs GDP, 
• 68% of population, 85% by 2050
• 70% of energy consumption, 
• 75% OF GHG emissions
• Microgrid Deployment, Virtual Power Plants
• Multiple Interacting Infrastructures (electricity, 

fuels, heat, cooling, transport, water, waste, etc.)
• Regulation and Policy Interventions
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Why Solar Energy and Solar Cells?
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Plot courtesy Moon-Hee Kang, UCEP, GaTech

• Model of LCOE [cents/kWh] VS Module cost and efficiency 

Assumption for chart preparation: 25 year lifetime, 20% derate, 7.69% 
WACC, No ITC, 50% debt fraction, 7% loan rate, and 5 year loan term
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BOS

				0		0.2		0.4		0.6		0.8		1.0		1.2		1.4		1.6		1.8		2.0		2.2		2.4

		6		46.7922		47.6123		48.4324		49.2525		50.0727		50.8928		51.7129		52.533		53.3531		54.1732		54.9934		55.8135		56.6336

		8		38.591		39.4111		40.2313		41.0514		41.8715		42.6916		43.5117		44.3318		45.152		45.9721		46.7922		47.6123		48.4324

		10		33.6703		34.4905		35.3106		36.1307		36.9508		37.7709		38.591		39.4111		40.2313		41.0514		41.8715		42.6916		43.5117

		12		30.3899		31.21		32.0301		32.8502		33.6703		34.4905		35.3106		36.1307		36.9508		37.7709		38.591		39.4111		40.2313

		14		28.0467		28.8668		29.6869		30.507		31.3271		32.1473		32.9674		33.7875		34.6076		35.4277		36.2478		37.068		37.8881

		16		26.2893		27.1094		27.9295		28.7496		29.5698		30.3899		31.21		32.0301		32.8502		33.6703		34.4905		35.3106		36.1307

		18		24.9224		25.7425		26.5627		27.3828		28.2029		29.023		29.8431		30.6632		31.4834		32.3035		33.1236		33.9437		34.7638

		20		23.8289		24.6491		25.4692		26.2893		27.1094		27.9295		28.7496		29.5698		30.3899		31.21		32.0301		32.8502		33.6703

		22		22.9343		23.7544		24.5745		25.3946		26.2147		27.0348		27.855		28.6751		29.4952		30.3153		31.1354		31.9555		32.7757

		24		22.1887		23.0088		23.8289		24.6491		25.4692		26.2893		27.1094		27.9295		28.7496		29.5698		30.3899		31.21		32.0301

		BOS: 6$/W
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BOS (2)

				0		0.2		0.4		0.6		0.8		1.0		1.2		1.4		1.6		1.8		2.0		2.2		2.4

		6		31.2751		32.0952		32.9153		33.7354		34.5555		35.3757		36.1958		37.0159		37.836		38.6561		39.4762		40.2964		41.1165

		8		25.8076		26.6277		27.4479		28.268		29.0881		29.9082		30.7283		31.5484		32.3686		33.1887		34.0088		34.8289		35.649

		10		22.5272		23.3473		24.1674		24.9875		25.8076		26.6277		27.4479		28.268		29.0881		29.9082		30.7283		31.5484		32.3686

		12		20.3402		21.1603		21.9804		22.8005		23.6207		24.4408		25.2609		26.081		26.9011		27.7212		28.5414		29.3615		30.1816

		14		18.7781		19.5982		20.4183		21.2384		22.0585		22.8786		23.6988		24.5189		25.339		26.1591		26.9792		27.7993		28.6195

		16		17.6065		18.4266		19.2467		20.0668		20.8869		21.7071		22.5272		23.3473		24.1674		24.9875		25.8076		26.6277		27.4479

		18		16.6952		17.5153		18.3355		19.1556		19.9757		20.7958		21.6159		22.436		23.2562		24.0763		24.8964		25.7165		26.5366

		20		15.9662		16.7864		17.6065		18.4266		19.2467		20.0668		20.8869		21.7071		22.5272		23.3473		24.1674		24.9875		25.8076

		22		15.3698		16.1899		17.01		17.8301		18.6503		19.4704		20.2905		21.1106		21.9307		22.7508		23.571		24.3911		25.2112

		24		14.8727		15.6929		16.513		17.3331		18.1532		18.9733		19.7934		20.6136		21.4337		22.2538		23.0739		23.894		24.7141

		BOS: 4$/W
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BOS (3)

				0		0.2		0.4		0.6		0.8		1.0		1.2		1.4		1.6		1.8		2.0		2.2		2.4

		6		15.758		16.5781		17.3982		18.2183		19.0384		19.8585		20.6786		21.4988		22.3189		23.139		23.9591		24.7792		25.5993

		8		13.0242		13.8443		14.6645		15.4846		16.3047		17.1248		17.9449		18.765		19.5852		20.4053		21.2254		22.0455		22.8656

		10		11.384		12.2041		13.0242		13.8443		14.6645		15.4846		16.3047		17.1248		17.9449		18.765		19.5852		20.4053		21.2254

		12		10.2905		11.1106		11.9307		12.7509		13.571		14.3911		15.2112		16.0313		16.8514		17.6716		18.4917		19.3118		20.1319

		14		9.50945		10.3296		11.1497		11.9698		12.7899		13.61		14.4301		15.2503		16.0704		16.8905		17.7106		18.5307		19.3508

		16		8.92365		9.74377		10.5639		11.384		12.2041		13.0242		13.8443		14.6645		15.4846		16.3047		17.1248		17.9449		18.765

		18		8.46803		9.28814		10.1083		10.9284		11.7485		12.5686		13.3887		14.2088		15.029		15.8491		16.6692		17.4893		18.3094

		20		8.10353		8.92365		9.74377		10.5639		11.384		12.2041		13.0242		13.8443		14.6645		15.4846		16.3047		17.1248		17.9449

		22		7.80531		8.62542		9.44554		10.2657		11.0858		11.9059		12.726		13.5461		14.3662		15.1864		16.0065		16.8266		17.6467

		24		7.55679		8.3769		9.19702		10.0171		10.8373		11.6574		12.4775		13.2976		14.1177		14.9378		15.758		16.5781		17.3982

		BOS: 2$/W
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BOS (4)

				0		0.2		0.4		0.6		0.8		1.0		1.2		1.4		1.6		1.8		2.0		2.2		2.4

		6		7.99939		8.81951		9.63962		10.4597		11.2799		12.1		12.9201		13.7402		14.5603		15.3804		16.2006		17.0207		17.8408

		8		6.63253		7.45265		8.27276		9.09288		9.91299		10.7331		11.5532		12.3733		13.1935		14.0136		14.8337		15.6538		16.4739

		10		5.81241		6.63253		7.45265		8.27276		9.09288		9.91299		10.7331		11.5532		12.3733		13.1935		14.0136		14.8337		15.6538

		12		5.26567		6.08579		6.9059		7.72602		8.54613		9.36625		10.1864		11.0065		11.8266		12.6467		13.4668		14.2869		15.1071

		14		4.87514		5.69525		6.51537		7.33549		8.1556		8.97572		9.79583		10.616		11.4361		12.2562		13.0763		13.8964		14.7165

		16		4.58224		5.40236		6.22247		7.04259		7.8627		8.68282		9.50294		10.3231		11.1432		11.9633		12.7834		13.6035		14.4236

		18		4.35443		5.17455		5.99466		6.81478		7.63489		8.45501		9.27513		10.0952		10.9154		11.7355		12.5556		13.3757		14.1958

		20		4.17218		4.9923		5.81241		6.63253		7.45265		8.27276		9.09288		9.91299		10.7331		11.5532		12.3733		13.1935		14.0136

		22		4.02307		4.84318		5.6633		6.48342		7.30353		8.12365		8.94377		9.76388		10.584		11.4041		12.2242		13.0443		13.8645

		24		3.89881		4.71892		5.53904		6.35916		7.17927		7.99939		8.81951		9.63962		10.4597		11.2799		12.1		12.9201		13.7402

		BOS: 1$/W
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Projected Economies of Scale
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LCOE and Grid Parity Lines
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Hidden Costs of Renewables
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DER Integration in 
Distribution Systems
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Integrated Grid 
Qualities
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Issues with High Level Renewable 
Penetration

DUCK CURVE
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Impact of Solar PV 
Penetration

Source: BEW Engineering: Managing Risk
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• The Springs community, located in Chandler, AZ, was first selected and used 
as a test bed to research micro-grid design methods.

TEST BEDS

Source: George Karady, ASU
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SIMULATION: Microturbine & PV Arrays. 

Source: George Karady, ASU
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Conservative Voltage 
Reduction
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DISTRIBUTION
SUBSTATION

VOLTAGE

LOCATION

Vmin

Vn

VOLTAGE  REDUCTION

• ADDITIONAL REACTIVE RESOURCES NEEDED FOR MAXIMUM BENEFIT
• LOW COST OF NEEDED RESOURCES
• POTENTIAL FOR MORE BENEFITS (LOSS REDUCTION, SOFT SHEDDING)

PRINCIPLE OF VOLTAGE REDUCTION
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POTENTIAL PROBLEMS

TIME

VOLTAGE

TIME

POWER

LOAD NOT SENSITIVE TO VOLTAGE

VOLTAGE REDUCTION
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POTENTIAL PROBLEMS (CONT.)

TIME

VOLTAGE

TIME

POWER

INITIAL BENEFIT

VOLTAGE REDUCTION

FINAL BENEFIT
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BENEFIT ASSESSMENT REQUIRES SPECIAL 
TOOLS

TIME

VOLTAGE

TIME

POWER

INITIAL BENEFIT

VOLTAGE REDUCTION

FINAL BENEFIT
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ANALYSIS OF BENEFITS

35

CONSERVATIVE 
VOLTAGE 
REDUCTION

TARGET 
FEEDER 
ALLOCATION

TRIGGER:
HIGH PEAK DEMAND OR

LARGE POWER DISTURBANCE

SPOT MARKET 
ENERGY PRICES HIGH

ADDITIONAL REACTIVE 
RESOURCES NEEDED

ADDITIONAL CONTROL
HARDWARE & SOFTWARE

BENEFITS:
TRANSIENT ENERGY 

SAVINGS
OR

SOFT LOAD SHEDDING

• ASSESSMENT OF NEEDED RESOURCES
• ALLOCATION OF THE BEST TARGET FEEDERS
• ASSESSMENT OF TRANSIENT AND FINAL BENEFITS
• COST BENEFIT ANALYSIS
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Volt/VAR Control with 
DER
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Introduction to the problem

12/1/2019 38

AC distribution system

Utility Grid

Load

Century ago, the electrical power system
envisioned by Tesla and developed by
Westinghouse in the last century was based on
unidirectional power flow from the central
generation to the distributed load. Classical loads
included resistive lights and motor and behaved
linearly.
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Introduction to the problem

12/1/2019 39

AC distribution system

Utility Grid

Load

Power 
Electronic 
Interface EV

Power 
Electronic 
Interface

Power 
Electronic 
Interface

LED
Smart Meter

BIPV

Power 
Electronic 
Interface Hybrid Energy 

Storage

Today, distributed generation such as roof-top PV
can cause the voltage to change rapidly and hence
put excessive stress on the voltage control devices.
Modern loads also present non-linear impedances
to the electrical system and hence draw harmonic
and reactive power.
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Introduction to the problem

12/1/2019 40

AC distribution system

Utility Grid

Load

Power 
Electronic 
Interface EV

Power 
Electronic 
Interface

Power 
Electronic 
Interface

LED
Smart Meter

BIPV

Power 
Electronic 
Interface Hybrid Energy 

Storage

Tomorrow, distributed generation and non-linear
loads become dominant. Power Quality is corrected
(compensated) near the source in the low-voltage
distribution network.

Voltage and current seen by the utility at the substation
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Introduction to the problem

12/1/2019 41
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• Voltage rise due to PV power injection 
at noon. 

• Smooth variation in voltage. 
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Introduction to the problem
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• Corresponding bus voltage plot for a 24 
hour period.

• Voltage rise due to PV power injection 
at noon. 

• Dip in voltage due to sudden cloud-
transient. 
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Introduction to the problem
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Challenges-Voltage and Aging of Devices
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One Day Bus Voltage Profile Changes in Tap Position of OLTC

• The stochastic nature of PV generation disrupts the voltage profile. 
• Rapid variations in system voltages increases the operational cycles of the OLTC
• Number of operations with no PV= 15
• Number of operations with PV ≈ 205
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Introduction to the problem-Challenges
Rapid changes in voltage and power factor due to unscheduled generation of 

DERs.
Accelerated aging of electro-mechanical devices.
 Increase in nonlinear loads and harmonic distortion.
 Increased need for LVRT (Low Voltage Ride Through Capability).
Mitigation of Short Term Instability Problems.
Device operation in harsh environments. 

12/1/2019 45
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Introduction to the problem-Challenges

Projected Installed Capacity in 2021= 69.1 GW

Enough to power 13.1 million American 
Homes!!
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Distribution System Testbed
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Distribution System Testbed-Voltage Control

OLTC at the substation transformer
VRs in the downstream laterals.
Capacitor banks.

12/1/2019 48

Optimization of Voltage Control Devices

Optimal Allocation Optimal Size and Control
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Distribution System Testbed- OLTC
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Line Drop Compensator Circuit

LTC at the Substation Transformer

• Use of Line Drop Compensation.

• 𝑅𝑅′ + 𝑗𝑗𝑋𝑋′ = 𝑍𝑍𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 .𝐶𝐶𝑇𝑇𝑝𝑝/𝑁𝑁𝑝𝑝𝑝𝑝 V

• 𝑍𝑍𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = (𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟−𝑉𝑉𝑙𝑙𝑙𝑙)/𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

• Bus 802 is the control load center 
voltage.

Device Vreg Band Npt CTp R’ X’ Rline 
(𝛺𝛺)

Xline
(𝛺𝛺)

Time 
Delay

LTC 126 V 1 V 120 600 3 V 1 V 0.588 0.072 15 sec

Rline

Xline

LOAD 
CENTER

R’ X’

Npt:1 Vreg Voltage 
RelayVr

+

-

Iline
CTp:CTs
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Distribution System Testbed-Voltage Regulators
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LTC at Substation Transformer LTC +VR1

LTC +VR1+VR2
Optimal Procedure of VRs Placement
 Locate the first bus nearest to the 

substation with 𝑉𝑉 < 0.95 p.u
 Set the appropriate voltage, bandwidth 

and delay settings.
 Run a snap shot power flow.
 Repeat, if any bus reports 𝑉𝑉 < 0.95
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Distribution System Testbed- Capacitor Banks

 Objective: Loss minimization.

 Constraints: Nodal Voltages and Substation power factor.

12/1/2019 51

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �
(𝑖𝑖,𝑗𝑗)∈𝑇𝑇

𝑝𝑝𝑖𝑖𝑖𝑖 𝜏𝜏 = 𝐼𝐼𝑖𝑖𝑖𝑖 𝜏𝜏
2𝑟𝑟𝑖𝑖𝑖𝑖

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑉𝑉𝑖𝑖 ≤ 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
𝑝𝑝𝑓𝑓𝑠𝑠𝑠𝑠 ≥ 𝑝𝑝𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚
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Distribution System Testbed-Capacitor Banks
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Source 
Bus

Source Power 
Factor

0.9906

KW Loss 270

KVAR Loss 63

KVAR source 281

Source Power 
Factor

0.9969

KW Loss 259

KVAR Loss 53

KVAR source 163

Optimal Placement of Capacitor Banks

Original Capacitor Allocation New Capacitor Allocation
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Distribution System Testbed-Voltage Control

• Control of Tap Changing Transformers
• Voltage Set point
• Bandwidth
• Time Delay
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Device Vreg Band
Time Delay

VREG1 123.5 V 2 V 30 sec

VREG2 124 V 2 V 45 sec
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Distribution System Testbed-Voltage Control

• Control of Capacitor Banks
• Voltage control of Cap 890
• Timer control of Cap 844 and 860
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Timer Control

Voltage Control

Cap. Bank ON Setting OFF Setting

C890 𝑉𝑉 < 1.0 p.u 𝑉𝑉 > 1.05 p.u

C844 1700 Hours 1130 Hours

C860 1700 Hours 1130 Hours

𝑉𝑉 < 1.0 p.u 𝑉𝑉 > 1.05 p.u
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Distribution System Testbed-Scenarios
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Three operational scenarios:

• Light load condition and
small to zero PV injection
[1].

• Peak PV injection and
average load injection [2].

• Peak load condition and
small to zero PV injection
[3]. Light load 

and zero PV
Peak PV and 
Avg. Load

Peak Load 
and zero PV

[1]

[2]

[3]
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Distribution System Testbed-Light Load
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• Snapshot Simulation at 
Light Feeder Load [20% 
of Peak Load].

• Peak Load=2.04 MW

Device 𝑉𝑉𝑠𝑠𝑠𝑠 (p.u)

OLTC 1.04

VR-1 1.025

VR-2 1.03

Substation PF kW Loss [%] kVAr Source

No Voltage Control 0.99 3 % 52 kVAr

Voltage Control 0.9888 2.8 % 56 kVAr
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Distribution System Testbed-Peak PV + Moderate Load
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Substation PF kW Loss [%] kVAr Source

No Voltage Control -0.8626 7.2 % 435 kVAr

Voltage Control -0.9 7.3 % 413 kVAr

Device 𝑉𝑉𝑠𝑠𝑠𝑠 (p.u)

OLTC 1.025

VR-1 1.025

VR-2 1.025

• Snap Shot Simulation 
• Peak PV = 1.59 MW
• Load= 1 MW [50 % of 

Peak]
• Back Feeding.
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Distribution System Testbed-Peak Load 
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Substation PF kW Loss [%] kVAr Source

No Voltage Control 0.8857 15.1 % 924 kVAr

Voltage Control 0.9968 12.7 % 56 kVAr

• Snap Shot Simulation at 
Peak Feeder Load= 2.04 
MW

Device 𝑉𝑉𝑠𝑠𝑠𝑠 (p.u)

OLTC 1.04

VR-1 1.025

VR-2 1.03
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Distribution System 
Impact:

Use Cases
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Quasi-Static Time Series (QSTS)-Simulations

 Sequential steady state power flow simulations.
 Converged state of each time step is used as the beginning of next step.
 Time-dependent aspects of distribution systems.
 Interaction of load injections and PV injections with the voltage control 

devices. 
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MATLAB OpenDSSCOM
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QSTS Simulations- Load Data
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𝒌𝒌𝑾𝑾𝒑𝒑 Load Type Number 
≤ 3 Residential, Low Load 

(Apartment, Studio etc.)
13

3≤ kW ≤ 10 Residential, High Load (House 
with more than 3 bedrooms)

24

10≤ kW≤25 Commercial, Small (Small
Store)

20

25≤kW≤100 Commercial, Medium (Small 
Office, Retail Store etc.)

8

100≤kW≤500 Commercial, Large( Super 
Market, Hotel etc.)

2

• Hourly Residential and Commercial Load Profiles from DOE.
• Residential Data based on Residential Energy Consumption Survey.
• Commercial Data based on DOE commercial reference building models.
• 37 Residential Profiles and 30 Commercial Profiles
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QSTS Simulations- Load Data

Location Annual Average Electric Usage per 
Household (kWh/y)

IEEE 34 Test Model 12898

State of Arizona 13550

United States 10399

• Normalization is done based on individual kWp values.

𝑁𝑁𝐹𝐹𝑖𝑖 𝑡𝑡 =
𝑘𝑘𝑊𝑊′ (𝑡𝑡)
𝑘𝑘𝑊𝑊𝑖𝑖,𝑝𝑝

• 𝑁𝑁𝐹𝐹𝑖𝑖 𝑡𝑡 ∈ (0,1]
• Uncorrelated load behavior.
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QSTS Simulation-Solar Data and PV Model
 1 minute NREL Solar Irradiance data. 

 1 minute temperature data. 
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GHI

DNI

DHI

Az.

Zenith

Transposition Model
[Tilt Angle]

[Azimuth Angle]

1 minute Tilted  
Irradiance Load shape

PV System Object

dc

ac

V

I

P Peff

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 @ 1𝑘𝑘𝑘𝑘/𝑚𝑚2

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

𝑘𝑘𝑘𝑘 𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶.𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣 𝑇𝑇
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QSTS Simulation-Solar Data and PV Model
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DSS Variable Declaration

Instantiate DSS COM Server

Get DSS Object Handles

Set DSS Simulation Parameters

Initiate Solver 

Loop and Push 

Solve Command

Retrieve data 

from DSS 

Object Handles 

Solve the Circuit and push 

data to DSS Object Handles

MATLAB

OpenDSS

DSS PV File with PV data

Transposition Model to account for PV Tilt 

and Azimuth

Sample Tilt and Azimuth Angles 
from a Uniform Distribution
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PV Inverter Voltage Support
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Volt-VAR Curve PV kW and kVAR

• With VFI [VarFollowInverter]=Yes, the PV inverter does not regulate the voltage when PV 
kW=0.

• With VFI=No, the PV inverters regulate PCC voltage even when PV kW=0
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Power System Impact: Use Cases
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Use Case 
Name

Impact Type Peak Load 
Level

Peak PV 
Level

% PV Penetration PV Control
Type

Case 1 Load 
Change 

Only

2.04 MW 0 MW 0 % -

Case 2A Load+PV 
Injection

2.04 MW 0.6 MW 30 % Unity PF∗, 
Non-unity^
PF and Volt-

Var

Case 2B Load+PV 
Injection

2.04 MW 1.63 MW 80 % Unity PF, 
Non-unity 

PF and Volt-
Var

∗PF= Power Factor
^Refers to constant non-unity power factor operation
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Use Case 1: Impact of Load Variability
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VReg 1A
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OLTC Cumulative Operations VReg Cumulative 
Operations

Device Annual Operations Daily Operations

OLTC 730 2

VReg 1A 7290 ≈ 20

VReg 1B 4795 ≈ 13

VReg 1C 5140 ≈ 14

VReg 2A 5143 ≈ 14

VReg 2B 4750 ≈ 13

VReg 2C 5055 ≈ 14

Nonlinear 
Activity

Nonlinear 
Activity
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Use Case 1: Impact of Load Variability
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• Annual number of Capacitor Operations = 604
• No more than 6 voltage violations on a given day.
• Non-uniform Capacitor Operation. 
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Use Case 2a.1: Low Penetration PV @ PF=1
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Device Annual Operations Daily Operations

OLTC 726 ≈ 2

VReg 1A 8448 ≈ 23

VReg 1B 4893 ≈ 13

VReg 1C 5136 ≈ 14

VReg 2A 8455 ≈ 23

VReg 2B 6508 ≈ 18

VReg 2C 6831 ≈ 19

OLTC Line Regulators
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Use Case 2a.1: Low Penetration PV @ PF=1
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• Annual number of Capacitor Operations = 352 
• No more than 6 voltage violations on a given day.
• Non-uniform Capacitor Operation. 
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Use Case 2a.2: Low Penetration PV @ CPF=0.95

OLTC Voltage Regulators

Device Annual Operations Daily Operations

OLTC 722 ≈ 2

VReg 1A 9380 ≈ 25

VReg 1B 5401 ≈ 14

VReg 1C 5566 ≈ 15

VReg 2A 9073 ≈ 25

VReg 2B 7340 ≈ 20

VReg 2C 7689 ≈ 21
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Use Case 2a.2: Low Penetration PV @ CPF=0.95
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Capacitor Bank 890 Switching Profile Voltage Violations

• Annual number of Capacitor Operations = 450 
• Frequent voltage violations.
• Non-uniform Capacitor Operation. 
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Use Case 2a.3: Low Penetration PV-Volt VAR

Device Annual Operations [VFI=True] Annual Operations [VFI=False]

OLTC 1046 730

VReg 1A 8432 6658

VReg 1B 5543 3914

VReg 1C 5436 4194

VReg 2A 8151 7356

VReg 2B 6560 5336

VReg 2C 6637 5612
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Use Case 2a.3: Low Penetration PV-Volt VAR
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• Annual number of Capacitor 
Operations with VFI False = 468
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Use Case 2b.1: High Penetration PV @ PF=1
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Device Annual Operations Daily Operations

OLTC 744 ≈ 2

VReg 1A 22054 ≈ 61

VReg 1B 10129 ≈ 28

VReg 1C 11378 ≈ 32

VReg 2A 21321 ≈ 59

VReg 2B 16450 ≈ 45

VReg 2C 17193 ≈ 47

OLTC Voltage Regulators

Linear activity in OLTC 
Tap Changes

Rapid changes in 
Regulator Taps

VR 1A
VR 2A
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Use Case 2b.1: High Penetration PV @ PF=1
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Capacitor Bank 890 Switching Profile Voltage Violations

• Annual number of Capacitor Operations = 1798
• Increase in the frequency of voltage violations. 
• Non-uniform Capacitor Operation. 

Less Activity Frequent voltage violations
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Use Case 2b.2: High Penetration PV,CPF=0.95
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OLTC Voltage Regulators

Device Annual Operations Daily Operations

OLTC 2080 ≈ 6

VReg 1A 27422 ≈ 75

VReg 1B 13765 ≈ 38

VReg 1C 14670 ≈ 41

VReg 2A 23237 ≈ 64

VReg 2B 20048 ≈ 59

VReg 2C 20629 ≈ 57

VR 1A
VR 2A
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Use Case 2b.2: High Penetration PV,CPF=0.95
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Voltage Violations

• Annual number of Capacitor Operations = 2556
• Increase in the frequency of voltage violations. 
• Non-uniform Capacitor Operation. 
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Use Case 2b.3: High Penetration PV-Volt VAR

Device Annual Operations [VFI=True] Annual Operations [VFI=False]

OLTC 812 736

VReg 1A 19341 11516

VReg 1B 11273 4957
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OLTC Voltage Regulators
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Use Case 2b.3: High Penetration PV-Volt VAR

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

0

1
D

ev
ic

e 
St

at
us

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

0

1

D
ev

ic
e 

St
at

us

Capacitor Bank 890 Switching 
Profile, VFI=No

Capacitor Bank 890 Switching 
Profile, VFI=Yes

• Annual number of Capacitor 
Operations with VFI False = 736

• Annual number of Capacitor 
Operations with VFI True = 812
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Use Case 2b.3: High Penetration PV-Volt VAR
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Impact on Tap Changing Devices
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High PV Penetration

Load Variability Only

• High PV Penetration causes rapid voltage
fluctuations and hence increases the
stress on the Tap Changing Devices.

• Difficult to control voltage variations.

• Increase in the number of Operations.
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Device Load Only Low PV, 
PF=1

Low PV, 
PF=0.95

Low PV, 
Volt-VAR 
[VFI=Yes]

Low PV, 
Volt-VAR 
[VFI=No]

High PV, 
PF=1

High PV, 
PF=0.95

High PV, 
Volt-VAR 
[VFI=Yes]

High PV, 
Volt-VAR 
[VFI=No]

OLTC 730 726 722 1046 730 744 2080 812 736

VReg 1A 7290 8448 9380 8432 6658 22054 27422 19341 11516

VReg 1B 4795 4893 5401 5543 3914 10129 13765 11273 4957

VReg 1C 5140 5136 5566 5436 4194 11378 14670 10559 6784

VReg 2A 5143 8455 9073 8151 7356 21321 23237 18142 14987

VReg 2B 4750 6508 7340 6560 5336 16450 20048 15936 10175

VReg 2C 5055 6831 7689 6637 5612 17193 20629 15698 10465

Cap. 890 604 352 450 718 468 1798 2556 736 812

Impact on Tap Changing Devices
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Solution to the problem:
A Continuous VAR Support 

System
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Distribution level RPC- Challenges

 Economics! 
 While justifiable at transmission levels, RPC becomes cost-

prohibitive at distribution voltage level. 
 Exponential rise in the capital cost. 

 Reliability!
 Electrolytic capacitors have well-known failure modes.
 Weakest link in the chain of reliability. 

12/1/2019 85
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Distribution level RPC- Solutions
 Economics!
 Lowering the cost of the Power Quality Compensator.
 Capable of executing multiple functions simultaneously, e.g. VAR compensation and 

harmonic filtering. 
Reliability!
 Getting rid of electrolytic capacitors.
 New technology for energy storage.

12/1/2019 86
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D-STATCOM System: Theoretical Assessment
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Modes of Operation

1) Power Factor Correction (PFC):
• D-STATCOM regulates the power factor at 

the bus.
• In these examples, the power factor of Bus 

890 was corrected to 1.0 from a previous 
value of 0.89.

Power Factor Correction @ Bus 890
(VAR Compensation)

𝑄𝑄𝑐𝑐,𝑖𝑖 = −𝑄𝑄𝐿𝐿,𝑖𝑖 ; 𝑖𝑖 ∈ {𝑎𝑎, 𝑏𝑏, 𝑐𝑐}

̅𝐼𝐼𝑐𝑐,𝑖𝑖 =
𝑆𝑆𝑐𝑐,𝑖𝑖
�𝑉𝑉𝐿𝐿,𝑖𝑖
∗ =

−𝑗𝑗 𝑆𝑆𝐿𝐿,𝑖𝑖 1 − 𝑃𝑃𝐹𝐹𝑖𝑖2

�𝑉𝑉𝐿𝐿,𝑖𝑖
∗

Balanced Delta Load
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D-STATCOM System: Theoretical Assessment
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Modes of Operation

2) Voltage Regulation (VR): Upstream Voltage 
Drop Compensation:
• D-STATCOM attempts to compensate the 

drop in voltage from the nearest upstream 
neighbor.

• This entails solving a set of strongly coupled 
non-linear equations. It can be simplified by 
ignoring the effects of mutual impedance.

Voltage Regulation @ Bus 890
Upstream Voltage Drop Compensation 

Eb

Ec
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Rb
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Rc

Xc

D-
STAT
COM

LOAD
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Vb

Vc
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D-STATCOM System: Theoretical Assessment
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Modes of Operation

3) Voltage Regulation (VR): Voltage Set Point:
• D-STATCOM regulates the bus voltage at a 

specified value.
• Value can be given by system operator 

1.0 .     [Bus 890]se t poi ntV p u=

Voltage Regulation  @ Bus 890
Voltage Set Point Compensation 

Zt

VconvVpcc

LOAD
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D-STATCOM System: Theoretical Assessment
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D-STATCOM System: Harmonic Control
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D-STATCOM system

12/1/2019 92

GOAL: Fix power quality problems at their source within the distribution network with a power quality
compensator (PQC) that lasts 30+ years in austere environment.

Distributed PV 
system

Non-Linear load

Linear inductive 
load

• Shunt-connected active filter
• No electrolytic capacitors
• Flexible controls
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Testbed: Reactive Power 
Compensation
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D-STATCOM System: Experimental Results

Voltage 
Regulation

No Voltage 
Regulation

THD < 5 % THD < 5 %

Voltage Regulation and Harmonic Control Power Factor Correction
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D-STATCOM System: Experimental Results

Voltage 
Regulation

No Voltage 
Regulation

THD < 5 % THD < 5 %

PARAMETER VALUE

Voltage, VLN,rms 240 V

Frequency 50Hz

Reactive Power Q (3-ph) 1,850 VAR

Active power P (3-ph) 1,700 W

Power Factor p.f 0.71

Output chokes inductance LMC 36mH

Sampling time Ts 25µs



96SREDS19  ·  CONFIDENTIAL  ·  BEGOVIC

Distribution Asset Management: 
Preventive Cable Replacement
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Mechanism of Failures in Cables

TIME

FAILURES

INSTALLATION TIME

SINGLE POPULATION, NO REPLACEMENTS
AFTER INITIAL “NO FAILURE” PERIOD,
FAILURES STEADILY GROW OVER TIME

Project No. 02-341 Managing Assets to Control Failure Rates 
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Effect of Replacements on Failure Rates

TIME

FAILURES

INSTALLATION TIME

PARTIAL REPLACEMENT

FAILURE
REDUCTION

Project No. 02-341 Managing Assets to Control Failure Rates 
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Estimation and Control of Failures in Composite Populations of Cab

TIME

ESTIMATED FAILURES

INSTALLATION EVENTS

PARTIAL REPLACEMENT EVENTS

UPPER BOUND

LOWER BOUND

(CONFIDENCE RANGE)

PROPOSE TO DEVELOP 
SCHEDULE FOR 
REPLACEMENT 
EVENTS

Project GT-NEETRAC: Managing Assets to Control Failure Rates 
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Solution

• Using Procedure established in Remaining Life II Project, determine  the 
optimization scenarios to relate the number of estimated failures in the 
future with the replacement/investment strategies.

• Work with members and appropriate statistician(s) to develop the 
optimization procedure, then test it on a number of appropriately chosen 
test cases.

• Incorporate the optimization procedure into the previously developed 
software for estimation of number of failures.

• Select a system component other than cable to determine how well the 
established approach works for discrete system components (as opposed 
to cable which is not discrete)  

Project No. 02-341 Managing Assets to Control Failure Rates 
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Progress: Formulation of the Failure Model
• Original Formulation (Forrest):

• Linear Dependence of the Number of Failures on the Length of Installed 
Cables

• For Multiple Populations:

( ) ( )bf t X a t g= ⋅ ⋅ −

0 0
( , , , ) ( ) ( )

k k
b

i i
i i

F t a g b f t X a t g i
= =

= = ⋅ ⋅ − −∑ ∑



102SREDS19  ·  CONFIDENTIAL  ·  BEGOVIC 102

Revised Failure Model
• Time to 1st failure is a random variable as per previous slide

• Time to Nth failure is a sequence of random variables (renewal 
process)

• Revised failure model is not linearly dependent on the length of 
the installed cable:

1/

0 0
( , , , , ) ( ) ( )

k k
a b

i i
i i

F t a g b K f t X K t g i
= =

= = ⋅ ⋅ − −∑ ∑
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Algorithm Checking with Test Data
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Accounting for Replacement Cables

TIME

FAILURES

INSTALLATION TIME

PARTIAL REPLACEMENT

FAILURE
REDUCTION
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Procedure for Planning Purposes

EXPERIMENTAL
FAILURE DATA

STATISTICAL
DISTRIBUTION

PROBABILISTIC
SIMULATION

FAILURE
FORECASTING

FAILURE ESTIMATES
CONFIDENCE RANGES
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EV Integration Impact on 
Dsitribution System Resilience 

and Operation
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Electric Vehicle (EV) Grid Integration
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Distribution Load Impact of 
EVs



109SREDS19  ·  CONFIDENTIAL  ·  BEGOVIC

Adaptive EV Load 
Management

https://chargedevs.com/features/powerflex-says-its-adaptive-load-management-is-the-best-
technology-to-balance-ev-charging/
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Peak Loads and Distribution Transformer 
Loading
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EV Fast Charging 
Management
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• Overload Management of Distribution Transformer (DT)
• BESS interconnection Downstream from DT
• Optimizing the Life of Distribution Transformer
• Define Variable Shave Level Based on Overload Duration 

and Temperature
• Real-Time Measurement of Loss of Life of DT and BESS
• BESS Sizing Needed to Optimally Meet the Peak Demand
• Cost Benefit Analysis

Recommendations
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Thank You ⊿

Dr. Miroslav M. Begovic, FIEEE

Email: begovic@tamu.edu

Feedback and 
Interest Survey ⊿
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