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 Need to curb greenhouse gas emissions to avoid the adverse, or negative effects of climate change.
 Many countries have promoted policies to contribute to safeguarding the environment with

environmentally friendly means of electricity generation.
• In Puerto Rico, public policy 82-2010 establishes that by 2050, electricity generation must be 100%

renewable energy [1]

Climate change

DERs are small or medium sized renewable power sources connected directly to the low voltage (LV)
distribution network or near the point of power consumption [2].

Distributed energy resources (DERs)
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 Advantages
• Environmental conservation
• Resilient households
• Decongestion of transmission lines

 Disadvantages
• High penetration levels can produce

negative impacts on power quality

Introduction



Hosting capacity analysis overview
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Introduction

Limiting Factors of HC[4]
Category Criterial Basic Flag

Voltage

Overvoltage Feeder voltage 1.05 Vpu

Voltage deviation
Deviation in voltage from no PV to 
full PV

3% at primary
5% at secondary
½ band at regulators

Unbalance
Phase voltaje deviation from 
average

3% of phase voltage

Loading Thermal Element loading 100% normal rating

Protection

Element Fault 
Current

Deviation in fault current at each 
sectionalizing device

10% increase

Sympathetic Breaker 
Tripping

Breaker zero sequence current due 
to an upstream fault

150A

Breaker Reduction of 
Reach

Deviation in breaker fault current for 
feeder faults

10% decrease

Breaker/Fuse 
Coordination

Fault current increase at fuse 
relative to change in breaker fault 
current

100A increase

Harmonics
Individual Harmonics Harmonic magnitude 3%

THDv Total harmonic voltaje distortion 5%

Streamlined method

Iterative method

Stochastic method

HC Analysis 
Methodologies[5]
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Energy storage

Smart inverters
•Reactive power (Volt-VAR)
•Active power (Volt-Watt)

Reconfiguration / 
Reinforcement

Method to increase HC 

Hosting capacity (HC) analysis evaluates the number of DER that can be added to a specific feeder without causing
technical problems or requiring major changes to the grid infrastructure [3].
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Research Objectives

To analyze the HC of distributed PV 
systems in a typical urban feeder

To increase this HC using RESS and the 
Volt-VAR function of smart inverters

To propose solutions that 
maximize feeder HC



Research Methodology
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Literature Review

Case 3 
Case 1 + Smart inverter(Vol -VAR)

Case 2 
Case 1 + Battery(Algorithm 1)

Case 4
Case 1 + Battery +

Smart inverter (Vol -VAR)

Algorithm 1
Designed to reduce the power 

consumption from the grid.

Algorithm 2
Designed to reduce reverse 

power flow

Conclusions

Data Collection and Analysis

Feeder modeling
OpenDSS

Case 1
Feeder + PV only



Distribution System
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 Open database gis.pr.gov.
 Capstone course reports feeder [14, 15].
 Solar resource and Temperature NASA’S

POWER database
 Peak sunshine hours 5 kWh/m2

Characteristics of the distribution network

Substation
Voltage 38kV - 4.16kV

Capacity 2MVA

Service
Transformer

Voltage
4.16kV -
120/240kV

Capacity

25kVA - 1 unit

50kVA - 30 units

75kVA - 25 units

Feeder

Peak current 152.7A

Peak load 769kVA

Length of feeder 3.7km



Demand Profiles
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Demand
Profile

Family
Members

Daily Energy 
Demand(kWh)

Household
Distributed
Percent(%)

Number of
Households

1 6 33 8.6% 61

2 5 22 29.5% 209

3 4 15 28.3% 200

4 2 10 9.8% 70

5 1 5.75 23.7% 168

100% 708



PV scenarios

8

Therefore, for a photovoltaic array
we have:
𝑆𝑢𝑛 𝑃𝑒𝑎𝑘 𝐻𝑜𝑢𝑟𝑠 = 5ℎ
𝑃𝑉௪  = 12 × 330𝑊  = 3960𝑊
𝑃𝑉௬ = 3960𝑊 × 5ℎ = 19.8𝑘𝑊ℎ 

Trans.
Households with PV systems

10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 110% 120% 130% 140% 150%

T_1 2 3 4 6 7 8 9 11 12 13 14 13 14 14 13

T_2 2 4 5 7 8 10 11 13 14 16 15 16 16 15 16

T_10 1 2 2 3 4 4 5 5 5 5 5 5 5 5 5

Types of photovoltaic arrays

Color
Number

of Panels
PV System
Power(kW)

12 3.96
14 4.62
16 5.28
18 5.94
20 6.6
22 7.26

Classification of households by type of demand profile at each distribution transformer

Node Trans.
Rating
(kVA)

P1 P2 P3 P4 P5 Number
of HH

Demand

33kW 22kW 15kW 10kW 5.75kW Total(kWh) Total(kVA)

749 T_1 50 1 4 5 1 3 14 223.3 9.30

750 T_2 50 1 6 5 3 1 16 275.8 11.49

765 T_10 50 1 2 2 0 0 5 107.0 4.46



Battery Banks
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Battery bank power capacity 20.35 kWh
 2 days back up
 Depth of discharge(DoD) 50%
 Load to be supplied 5 kWh/Day

Battery
Capacity

(Ah)
Nominal 
Voltage

Life Cycles
50% DoD

Price $/kWh

A - Lead acid 106 12 2750 286 0.164
B - Lithium Ion 100 12 1000 295 0.492

Critical Load

Loads Unit
Power

(W)
Hours of Use

(hrs)
Consumo Total

(kWh/D)
Refrigerator 1 140 24 3360
Pedestal Fan 2 100 6 600
Ceiling Fan 1 75 4 300

LCD TV 1 105 4 420
Radio 1 7 12 84

Smart Phones 2 6 4 24
Light Bulbs 4 20 8 160

Total 5
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Inverter output power, for different PV array sizes
PV Array 
Paneles

PV Array 
Power(kW)

Inverter Output 
Power(kW)

DC-to-AC 
Ratio

12 3.96 3.8 1.04
14 4.62 4.4 1.04
16 5.28 5.1 1.04
18 5.94 5.7 1.04
20 6.6 6.3 1.04
22 7.26 7.0 1.04

𝐷𝐶 − 𝑡𝑜 − 𝐴𝐶 =
𝑃ି௧ௗ

𝑃ି௧ௗ
=

3.96 𝑘𝑊

3.8 𝑘𝑊
= 1.04

IEEE Voltage Regulation Subgroup Proposed Volt-VAR Settings. (Source
[16])

 The maximum reactive power delivery from
either injection or absorption is limited to 44%
of rated capacity per Hawaii Rule 14H and IEEE
1547 default settings category B

Inverter (Volt – VAR)



Simulation in OpenDSS and MATLAB
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Feeder
Data

PV 
Scenarios

Battery
Inverter

MATLAB

OpenDSS

COM 
Interface Scripts(.dss)

 Open-Source Distribution System Simulator (OpenDSS) is a
useful tool for distributed system simulation.

 The solution is presented in long .txt format, difficult to
interpret.

 Solution? connect via COM interface to MATLAB.
 MATLAB is a programming software with great capabilities

and many built-in functions such as the GRIDPV toolbox that
allows graphing the results obtained from OpenDSS.

 Taking control of OpenDSS from MATLAB enhances its
functionality and makes it easier to process the results.

 Additionally, MATLAB can be used to control and modify the
simulations performed by OpenDSS.

GridPV
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Feeder Power Flow – No PV

 The average current demand at 
the substation is 56.52A

 The average current demand at 
the substation is 106.74A



Feeder Power Flow – No PV
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 The average active power 
demanded at 13:00 hours 
is 132.4kW

 the average peak power 
demanded is 248.82kW

 For 13:00 hours, all phases are
within the allowed voltage
range

 For 20:00 hours, phase A
violates the voltage limits
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Case 1: PV Only

Percentage of transformer capacity violations, Case 1
PV 

Level Transformer
Hour

10 11 12 13 14
90% T_51 0.00% 1.26% 2.60% 1.14% 0.00%

100%
T_50 0.00% 7.74% 8.88% 7.39% 0.00%
T_51 0.16% 13.53% 14.86% 13.37% 0.00%

110%
T_50 0.00% 12.73% 13.88% 12.39% 0.00%
T_51 11.33% 25.86% 27.16% 25.67% 10.53%

120%

T_2 0.00% 0.35% 0.62% 0.00% 0.00%
T_50 21.08% 36.50% 37.57% 36.07% 19.95%
T_51 20.48% 35.99% 37.27% 35.78% 19.66%
T_55 0.00% 1.26% 2.09% 1.03% 0.00%

Without PV 70% PV 90% PV



Case 1: PV Only
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 The mid-day feeder current profile for different PV penetration levels
 Current flowing through the lines does not violate the conductor rating up to 130% PV penetration
 For a penetration level of 140%, the amount of current flowing through the phase A conductor manages to 

violate the conductor capacity very close to the substation
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Case 1: PV Only



Case 2: PV and Batteries
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Percentage of transformer capacity violations, Case 2

PV Level Transformer
Hour

13:00 14:00

130% T_50 19.30% 0.00%

140%

T_2 7.75% 0.00%

T_50 33.26% 0.51%

T_51 32.97% 0.22%

150%

T_2 16.19% 0.00%

T_5 1.59% 0.00%

T_50 50.64% 4.02%

T_51 39.98% 5.61%

T_55 3.83% 0.00%

Without PV 120% PV
130% PV
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Case 2: PV and Batteries

 Shows the feeder current profile at 13:00 hrs for different PV penetration levels.
 The current flowing through the lines does not violate the conductor’s capacity.



Case 2: PV and Batteries
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Case 2: PV and Batteries

 An important aspect to consider
with RESS is that during the hours
of peak PV generation the batteries
will be charged so that at night,
they can supply the household load.



Case 3: PV and Smart Inverter
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Percentage of transformer capacity violations, Case 3
PV 

Level Transformer
Hour

10:00 11:00 12:00 13:00 14:00

90%
T_50 0.00% 2.24% 3.51% 2.06% 0.00%
T_51 0.00% 8.55% 10.00% 8.55% 0.00%

100%
T_50 1.55% 15.93% 17.18% 15.77% 0.68%
T_51 7.13% 22.26% 23.68% 22.27% 6.53%

110%
T_50 6.76% 21.83% 23.07% 21.67% 5.99%
T_51 19.59% 36.18% 37.60% 36.20% 19.11%
T_57 0.00% 0.00% 0.23% 0.00% 0.00%

120%

T_50 30.66% 48.06% 49.29% 47.91% 29.77%
T_51 30.01% 47.49% 48.91% 47.53% 29.40%
T_55 0.00% 4.00% 4.81% 3.66% 0.00%
T_57 0.00% 11.88% 12.81% 11.73% 0.00%

Without PV 90% PV
90% PV
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Case 3: PV and Smart Inverter

 Shows the feeder current profile at 12:00 hrs for different PV penetration levels.
 For a PV penetration of 130%, the reverse current flowing through the phase A conductor violates the conductor

rating near the substation.



Case 3: PV and Smart Inverter
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Case 4.1: PV, Batteries and Smart Inverter – Algorithm 1

Percentage of transformer capacity violations, Case 4.1

PV Level Transformer Hour
13:00 14:00

130% T_50 26.91% 0.00%

140%

T_2 10.45% 0.00%
T_50 43.82% 7.51%
T_51 43.43% 7.14%
T_57 3.91% 0.00%

Without PV 130% PV 130% PV

 Algorithm 1: Designed to reduce the power consumption from the grid



25

Case 4.1: PV, Batteries and Smart Inverter – Algorithm 1

 Shows the feeder current profile at 13:00 hrs for different PV penetration levels.
 For a PV penetration of 150%, the reverse current flowing through the phase A conductor violates the conductor 

rating near the substation.
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Case 4.1: PV, Batteries and Smart Inverter – Algorithm 1
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Case 4.2: PV, Batteries and Smart Inverter – Algorithm 2

 Shows the feeder current profile at 13:00 hrs for different PV penetration levels.
 The current flowing through the lines does not violate the conductor’s capacity.

 Algorithm 2: Designed to reduce reverse power flow
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Case 4.2: PV, Batteries and Smart Inverter – Algorithm 2
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Case study results comparison

PV% level

Case 1 Case 2 Case 3 Case 4.1 Case 4.2

Violations Violations Violations Violations Violations

Voltage(%) Thermal(%) Voltage(%) Thermal(%) Voltage(%) Thermal(%) Voltage(%) Thermal(%) Voltage(%) Thermal(%)

<60 0.0 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

70 0.5 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

80 1.4 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

90 2.2 2.6 0.00 0.00 0.00 10.00 0.00 0.00 0.00 0.00

100 3.0 14.9 0.00 0.00 0.00 23.68 0.00 0.00 0.00 0.00

110 3.7 27.2 0.00 0.00 0.00 37.60 0.00 0.00 0.00 0.00

120 4.8 37.6 0.05 0.00 0.00 49.29 0.00 0.00 0.00 0.00

130 5.7 51.9 1.07 19.30 0.00 65.39 0.00 26.91 0.00 20.68

140 7.0 69.5 3.98 33.26 0.00 83.30 0.00 43.82 0.00 39.05

150 7.9 78.6 5.54 50.64 0.00 91.54 0.00 62.80 0.00 62.11
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Conclusion

 When comparing all cases, case four proved to be the best method to increase the HC of the distributed PV
system feeder under study.
 Smart inverters prevented voltage violations from occurring during maximum PV generation through

reactive compensation.
 Battery charging during maximum PV generation reduced reverse flows, and therefore, reduced thermal

violations.
 The same maximum HC was obtained in cases 4.1 and 4.2.
 RESSs reduced the load on the feeder during peak hours, improving grid stability by reducing voltage

sags.

 During the simulations, thermal violations occurred at the same transformers on all four cases.
 Transformers number 50 and 51, where thermal violations always occurred, had the highest feeder

loads, predisposing them to suffer thermal violations.
 The identification of the transformers where thermal violations occur frequently is important because

as a solution to increase the HC, the capacity of these transformers could be increased.

 In this research
 Analysis period for 24 hours a day with one-hour steps. Hence, the simulation is of a quasi-static type.
 PV penetration levels range from 10% to 150% (in 10% steps).
 Power flow analysis of the feeder, phase A accounted for much of the feeder load, followed by phase B,

and phase C.
 During peak demand hours, phase A experienced low voltage problems
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Additional Information
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Thank You
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