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Research Group at UoA
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A. Ukil/ECSE World Energy Consumption

1 Exajoule = 10
18

Joule = 1,000,000,000,000,000,000 Joule

Source: BP statistics 5



A. Ukil/ECSE Energy Demand

1 Million tons of oil equivalent (Mtoe) =

1163,000,000,0 kWh = 11.63 TWh

Source: IEA, BP
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Power System – Generation, T&D

EHV, HV

(CB Cost: 

1,000,000 US$)

[V, I, f, communication]

MV

(CB Cost: 

10,000 US$

[I, f] 

LV

(CB Cost: 

100 US$

[I] 
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A. Ukil/ECSE 

Source: IEA, BP

Renewable Energy Generation

Four Major Categories of Renewable Energy Sources:

- Hydro, Wave, Tidal

- Solar 

- Wind

- Bio-fuels
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A. Ukil/ECSE 

New Zealand: Energy Landscape

[1] ‘Energy in New Zealand 2018,’ MBIE, 31 October 2018.

NZ Energy (2017)

Installed Capacity 9237 

MW

Production 42,911 

GWh

Renewable Energy 82%

Fossil Energy 18%

Huntly 

(Coal/Gas)

[1435 MW]

Aviemore Dam

(Hydro)

[220 MW]

Wairakei

(Geothermal)

[176 MW]

Te Apiti

(Wind)

[90 MW]

Marlborough 

(PV)

[0.4 MW]
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Renewable Energy: Hydro Electricity A. Ukil/ECSE
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AM: Air Mass Spectrum 

Coefficient

(i.e., quality of solar 

spectrum as it travels 

through the 

atmosphere)

Renewable Energy: Solar PV

[1] A. Ukil, “Lecture Notes: ELECTENG 703,” Univ. of Auckland, 2018.

A. Ukil/ECSE
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Source: IEA

Renewable Energy: Solar PV
A. Ukil/ECSE
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(Courtesy of Statistics NZ)

Renewable Energy: Solar PV
A. Ukil/ECSE
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A. Ukil/ECSE 

[1] GWEC, “World Wind Energy Report,” 2014, www.gwec.net

Renewable Energy: Wind
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A. Ukil/ECSE Wind Energy: Onshore vs Offshore

[1] GWEC, “World Wind Energy Report,” 2014, www.gwec.net
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A. Ukil/ECSE 
Renewable Energy: Wind

[1] A. Ukil, “Lecture Notes: ELECTENG 703,” Univ. of Auckland, 2018.
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Renewable Energy: Geothermal
A. Ukil/ECSE
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Grid integration issue: Total Power & Demand

Grid Integration of Renewable Energy

[1] A. Ukil, “Lecture Notes: ELECTENG 703,” Univ. of Auckland, 2018.

Typical Daily Solar Irradiation Yearly Wind Profile (Data from Europe)
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[1] Source: GWEC, NREL

With such input power fluctuation, 

grid (frequency) will be unstable

Grid integration issue: Intermittency

Grid Integration of Renewable Energy
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A. Ukil/ECSE 

THE CONTROL IS IN OUR HAND – How much steam (speed) we need

Voltage & Frequency remain constant

WE CANNOT CONTROL NATURE – SOLAR or WIND

Grid Integration of Renewable Energy

Traditional Control of Frequency and Voltage

Frequency :: Active Power 

Voltage :: Reactive Power  

20



A. Ukil/ECSE 

BATTERY/STORAGE: ALLOWS US TO CONTROL SOLAR/WIND FLUCTUATION AT OUR WILL

RECTIFIER: CONVERTS AC TO DC

INVERTER: CONVERTS DC TO AC

How to Solve Grid Integration Issue?

[1] A. Ukil, “Lecture Notes: ELECTENG 703,” Univ. of Auckland, 2018. 21



Comparison of Different Energy Storage Technologies: RAGONE Plot

Energy Storage: Key Factor

[1] Y. Shi, C. Eze, B. Xiong, W. He, H. Zhang, T.M. Lim, A. Ukil, J. Zhao, Applied Energy, vol. 238, pp. 202–224, 2019.

A. Ukil/ECSE

22



A. Ukil/ECSE 

Hybrid Energy Storage System (HESS)

[1] S. K. Kollimalla, A. Ukil, H. B. Gooi, U. Manandhar, N. Reddy. IEEE Transactions on Sustainable Energy, vol. 8, no. 2, pp. 516-529, 2017.

• Objective: to optimize the charge/discharge rates of the battery (expensive)

• Supercapacitor is used with battery to form hybrid energy storage system (HESS)

• Advantages: battery stress levels are optimized, and state of charge (SOC) of the 

battery is maintained, increasing lifetime of battery
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A. Ukil/ECSE 

[1] U. Manandhar, N. R. Tummuru, S. K. Kollimalla, A. Ukil, H. B. Gooi, K. Chaudhari. IEEE Tr. Industrial Electronics, vol. 65, no. 4, pp. 3286–3295, 2018

Hybrid Energy Storage at LV-DC/AC

State of art control strategy Faster joint control strategy [1]
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Experimental Results for PV

Experimental results for PV generation: (a)

Input irradiation pattern, (b) PV change with

constant load, (c) PV change with variable

load demand.

[1] U. Manandhar, N. R. Tummuru, S. K. Kollimalla, A. Ukil, H. B. Gooi, K. Chaudhari. IEEE Tr. Industrial Electronics, vol. 65, no. 4, pp. 3286–3295, 2018
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Hybrid AC-DC Microgrid

[1] N.R. Tummuru, U. Manandhar, A. Ukil, H.B. Gooi, S.K. Kollimalla, S. Naidu, Int. J. Electric Power & Energy Systems, vol. 104, pp. 807–816, 2019.
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Hybrid AC-DC Microgrid - Control

[1] U. Manandhar, A. Ukil, H.B. Gooi, N.R. Tummuru, S.K. Kollimalla, B. Wang, K. Chaudhari, IEEE Trans. on Smart Grid, vol. 10, pp. 1626–1636, 2019

[2] N.R. Tummuru, U. Manandhar, A. Ukil, H.B. Gooi, S.K. Kollimalla, S. Naidu, Int. J. Electric Power & Energy Systems, vol. 104, pp. 807–816, 2019. 27



A. Ukil/ECSE 

• Renewable energy is costly mainly due to energy storage cost

• There is currently no subsidy on solar rooftop PV in New Zealand

• Policy can effectively promote renewable energy like solar PV installation at 

households, schools, agricultural sector, remote parts (without grid 

connection)

• Policy for energy storage devices is strongly needed, without which, cost 

will always dominate the renewable energy factor 

• Policy for R&D on Renewable energy will emphasize uptake of cutting-

edge technology and training manpower in New Zealand

Policy Factors

28



A. Ukil/ECSE 

• Germany: Amendment of the Renewable Energy Sources Act (EEG 2012)

Policy on Renewables: Global Example
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A. Ukil/ECSE 

• Germany: Sixth Energy Research Programme (2011)

Policy on Renewables: Global Example
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A. Ukil/ECSE 

• Germany: Subsidy for Solar PV with Storage Installations, 2016

Policy on Renewables: Global Example
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A. Ukil/ECSE Summary 

18 Btoe = 209,340 TWh
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Part-II
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A. Ukil/ECSE New Type of Electrical Loads 

Electric Vehicle (EV) Charging 

(Tesla, Nissan, BMW, etc.)

34



A. Ukil/ECSE EV in New Zealand

[1] Vector, EV Network Integration, 2018. 35



A. Ukil/ECSE 

• EV charging time is compromised.

• EV sometimes remains at idle mode at charging station.

[1] A. Hoke, A. Brissette, K. Smith, A. Pratt, and D. Maksimovic, “Accounting for lithium-ion battery degradation in electric vehicle charging

optimization”, IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 2, no. 3, pp. 691–700, 2014.

[2] A. S. Subburaj, S. B. Bayne, M. G. Giesselmann and M. A. Harral, "Analysis of Equivalent Circuit of the Utility Scale Battery for Wind

Integration," in IEEE Transactions on Industry Applications, vol. 52, no. 1, pp. 25-33, Jan.-Feb. 2016.

Figure 1. General model followed in most literature [1]

Problems in EV Integration Studies

36



A. Ukil/ECSE 

• Benefit of Time of Use (TOU) electricity price

• Minimum effect of PV generation variability on loads

• Meeting EV power demands through grid + renewables

• Suitable for peak shaving for dynamic loads such as EV charging

EV Energy Management System

37



A. Ukil/ECSE 

1. Statistical EV charging load

Morning:  =   8.5,  = 2

Evening:  = 17.5,  = 2

3. Uncoordinated EV charging load

2. Statistical EV charging load

Morning:  =   7.5,  = 2

Evening:  = 16.5,  = 2

[1] K. Chaudhari, A. Ukil, 17th IEEE International Conf. on Industrial Technology-ICIT, Taipei, Taiwan, Mar. 2016.

[2] K. Chaudhari, A. Ukil, S. K. Kollimalla, U. Manandhar, 42nd IEEE Annual Conf. on Industrial Electronics-IECON, Florence, Italy, Oct. 2016.

[3] K. Chaudhari, A. Ukil, K. Nandha Kumar, U. Manandhar, S. K. Kollimalla, IEEE Trans. on Industrial Informatics, vol. 14, no. 1, pp. 106–116, 2018.

EV Charging: 
Statistical vs Uncoordinated

EV Charging Load = Σ (Number of Vehicle x How much each vehicle requires charge)
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A. Ukil/ECSE 

• Charging power for each EV:

• .                                                          (3)

• Total charging power at charging 

station:

(4)

• Charging station configuration:

 Capacity: 20 chargers

 No. of fast chargers: 5

 No. of normal chargers: 15

Battery charging characteristics for BMW i3, Nissan Leaf

and Kia Soul

EV Charging: 
Battery Characteristics

[1] K. Chaudhari, A. Ukil, S. K. Kollimalla, U. Manandhar, 42nd IEEE Annual Conf. on Industrial Electronics-IECON, Florence, Italy, Oct. 2016.

[2] K. Chaudhari, A. Ukil, K. Nandha Kumar, U. Manandhar, S. K. Kollimalla, IEEE Trans. on Industrial Informatics, vol. 14, no. 1, pp. 106–116, 2018. 39



A. Ukil/ECSE 

Statistical Load

Cost with ESS 
Optimisation

Cost With ESS 
deterministic 

approach

Cost Without 
ESS

10th Jan 83.30 89.94 86.30

11th Jan 97.80 102.37 104.56

12th Jan 88.23 88.54 95.03

13th Jan 116.01 118.46 142.43

14th Jan 88.56 90.79 98.72

15th Jan 74.89 76.65 75.75

16th Jan 64.60 65.13 74.68
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Figure 14. Hourly power plot for one day, Plot (I) Electricity Price, Plot (II) Load requirement,

Plot (III) Grid power, Plot (IV) Battery discharge power, Plot (V) Battery charging power for

Statistical Load and SMA. [1]

Cost of electricity for statistical load with SMA in SGD [1]

[1] K. Chaudhari, A. Ukil, K. Nandha Kumar, U. Manandhar, S. K. Kollimalla, IEEE Trans. on Industrial Informatics, vol. 14, no. 1, pp. 106–116, 2018.

EV Results

40



- Almost all private EVs will be charged at home in most first world countries

- If different strategies are not implemented then the load demand curve for 

residential areas will have very high peaks

- Strategies such as time of use and smart charging will have to be deployed 

to keep peaks under control

Challenges in EV: 
Home Charging A. Ukil/ECSE

[1] K. Clement-Nyns, E. Haesen, and J. Driesen, “The impact of charging plug-in hybrid electric vehicles on a residential distribution grid,” 

IEEE Transactions on Power Systems, vol. 25, pp. 371–380, Feb 2010. 41



- EVs could have impact on distribution systems, like load peaks, power quality

- EV charging would cause voltage deviations and harmonics 

- Most studies considered at least two charging scenarios: G2V, V2G

- All the studies looked at found that coordinated/smart charging prevented new 

peak loads occurring

Challenges in EV: 
Distribution Systems

[1] K. Clement-Nyns, E. Haesen, and J. Driesen, “The impact of charging plug-in hybrid electric vehicles on a residential distribution grid,” 

IEEE Transactions on Power Systems, vol. 25, pp. 371–380, Feb 2010.

A. Ukil/ECSE
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A. Ukil/ECSE 

Challenges in Distribution System

Typical Probability of EV Charging 

at Different Locations in a City

[1] K. Chaudhari, K. Nandha Kumar, A. Krishnan, A. Ukil, H.B. Goomalla, “Agent Based Aggregated Behavior Modelling For Electric Vehicle Charging 

Load,” IEEE Transactions on Industrial Informatics, vol. 15, no. 2, pp. 856–868, 2019.

[2] M. Aqib, A. Ukil, "Voltage Sensitivity Analysis and Demand Dispatch Option of Electric Vehicle in Smart Grid," IEEE Innovative Smart Grid Tech -ISGT, 

Chengdu, China, May 2019.

Classification of EV chargers

EV Integration in IEEE 34-Bus System

43
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Major Factors: 
Data Analytics, User Behaviour

[1] K. Chaudhari, K. Nandha Kumar, A. Krishnan, A. Ukil, H.B. Goomalla, IEEE Transactions on Industrial Informatics, vol. 15, no. 2, pp. 856–868, 2019.

[2] M. Aqib, A. Ukil, IEEE Innovative Smart Grid Tech -ISGT, Chengdu, China, May 2019.

Interdependency of Various Factors for Large Scale EV Integration

44



A. Ukil/ECSE 

EV Challenges: Summary

https://www.youtube.com/watch?v=MsvR2FpyU1w

45
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A. Ukil/ECSE 

• Agent Based Modelling using Netlogo.

• Identify decision variables affecting arrival and departure time using

 Type of charger

 EV battery capacity and charge characteristics.

 Parking time.

 Parking probabilities.

 Carpark availability data.

 Traffic data.

 Driving statistics and EV user behavior.

 Refueling statistics and EV user behavior.

• Create real life environment using ABM and decision variables, and generate EV

charging load demand at every minute.

• Netlogo based models could be used for traffic prediction, congestion management

as well.

Complexity Driven Human Behaviour 
Model: Predicting EV Load

46
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Policy Factor: Role of PV+ESS 
Subsidy on EV Integration

47



Energy requirements are 43% commercial and 57% private

Type of Vehicle: 
Commercial vs Private A. Ukil/ECSE
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Electrification of Heavy Vehicles

- Unlike cars (low power), electrification of heavy trucks is challenging

- Cars use less power (torque), shorter distance, trucks have large torque 

requirement over long distance

- Special design for drivetrain is required for heavy vehicles

Nissan Leaf
Synchronous electric motor

80 kW (110 hp) and 280 N⋅m
Energy supplied by a 24 kWh lithium ion battery

Nissan e-NT400 (concept)
100 km, 6 Ton load

110 kW (148 hp) and 350 N-m

Energy supplied by a 72 kWh (3 Leafs)

[1] Nissan Press Release: e-NT400.

- Typical 5-6 Ton Diesel Trucks use: Average 4.21 kWh/km

- Electric Trucks use: 1.25 kWh/km (i.e. 3.37 times less energy consumption)

50
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Heavy Electric Vehicles

12 ton Concept Electric Truck

4x30 kW for wheels

Li-ion battery at 540V

[1] K. El Kadri, A. Berthon, “Energy Management Operating Modes Concerning a Hybrid Heavy Vehicle,” IEEE EUROCON, 2007. 51
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Heavy Duty Electric Trucks: 
State-of-Art

[1] H. Liimatainena, O.V. Vlietb, D. Aplynb, Applied Energy, vol. 236, pp. 804-814, 2019 52



A. Ukil/ECSE 

Summary

- Electric Vehicles are growing exponentially worldwide

- EVs can introduce challenges in creating new peaks

- Public EV charging stations with renewable + ESS is required to balance

- Effective planning for future power distribution system is needed

- EVs encompass a lot of interdependent variables, e.g. carpark availability 

data, traffic data, EV user charging behavior

- Agent-based modeling helps to effectively design the EV charging 

infrastructure

- Compared to cars, trucks have large torque requirement over long distance

- Special design for drivetrain is required for heavy duty electric trucks (strong 

R&D focus)

- Policy required: increased use of EVs in public transport, subsidy for energy 

storage in charging stations, effective time-of-use
53


