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Power & Energy Systems

• One of the largest and broadest Power Groups in Canada and North America with 8 
Professors. 

• Broad expertise covering practically all areas in power engineering research:
• Power Systems: optimization, planning, control, stability, modeling, simulation, renewables, etc.
• Distributions Systems: power quality, automation, reconfiguration, distributed generation, etc.
• Electricity Markets: auctions, ancillary services, capacity markets, etc.
• High Voltage: insulation, nano-insulation materials, partial discharge, etc.
• Power Electronics: converters, controls, FACTS, HVDC, etc.
• Protections: dc grids, dc breakers, etc.
• Smart Grids: intelligent loads, ADNs, EVs, microgrids, etc.

• Established international reputation of faculty members and program (5 IEEE Fellows).

• Unique research facilities.

• Outstanding students (multiple awards and scholarships).

• Many grants/contracts from government and industry.

• Multiple international collaborations (e.g. US, Europe, Middle-East) and industrial partners 
(e.g. Hydro One, ABB, SNC Lavalin).
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Canizares’ Group

• Smart grids:
• The Energy Hub Management System (EHMS):

• Pilots.

• Architecture.
• Residential deployment.

• Commercial and Industrial EHMS.

• Local Distribution Company (LDC) EHMS (DMS).

• Energy hub simulator.
• Incentive design for voltage optimization programs for industrial loads.
• Voltage optimization for smart industrial loads.

• Renewable Energy Sources (RES) integration:
• Power system stability considering power converter interfaces and uncertainties associated 

with intermittent renewable energy sources.
• Decision-making and planning tools for investors and planners.

• Electric Vehicles (EVs):
• Grid impact.
• Smart charger design, construction, and application.
• Distribution feeder EV smart charging management.
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Canizares’ Group

• FACTS:
• Static and dynamic modeling and control.
• Hybrid Power Flow Controller (HPFC) modeling and grid applications and studies.

• Energy storage:
• Compress Air Energy Storage (CAES).
• Distributed Battery Energy Storage Systems (BESS).
• Flywheel Energy Storage (FES).
• Thermal energy storage (TES).
• Energy Storage System (ESS) services and applications, with focus on Ontario-Canada.

• Microgrids:
• Canadian remote community microgrids.
• Deterministic and “uncertain” Energy Management Systems (EMS) .
• Stability modeling, analysis, definitions, and classifications.
• Unbalanced Voltage Stabilizer (UVS).
• Voltage-Frequency Control (VFC).
• Optimal planning.
• Testbed facility at Canadian Solar (CANREL).
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Microgrid Partners
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Outl ine

• Research objectives and definitions

• Energy Management Systems (EMS)

• Stability analysis, modeling and control

• Optimal planning

• Canadian Renewable Energy Laboratory (CANREL)

• DC microgrids
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Research Objectives

• Dynamic and static modeling, simulation and analysis of 
microgrids.

• Design optimal microgrids considering local renewable 
energy sources (wind, hydro, biomass, geothermal, solar), 
and most appropriate economically, technically, and socially 
considering the special conditions of remote communities 
(climate, location, community).

• Develop dispatch and control technologies for microgrids to 
properly integrate and control multiple and variable 
renewable energy sources, storage, and smart loads, 
considering a connection to the grid.
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Definit ions
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• A “small” grid from some kW to a few 
MW.

• A “local” grid serving a well-identified, 
“contained” region.

• Operates at distribution system voltage 
levels, i.e., medium voltage (a few kV).

• Contains “various” DG units and possibly 
some energy storage.

• Has enough capacity to supply all or at 
least most of the loads of the local grid.

• Grid connected: has one well-identifiable 
point of connection to the transmission 
system or “rest” of the distribution grid 
(Point of Common Coupling or PCC). 

• Isolated (islanded): operates 
independently of the “large” grid.



EMS

• IEEE PES TF in Microgrid Control, “Trends in Microgrid Control,” IEEE Transactions on Smart Grid, vol. 6, no. 4, 
July 2014, pp. 1905-1919:
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Unbalance and Decoupled EMS

• D. Olivares, C. A. Cañizares, and M. 
Kazerani, “A Centralized Energy Management 
System for Isolated Microgrids,” IEEE 
Transactions on Smart Grid, vol. 6, no. 4, July 
2014, pp. 1864-1875.

• Decoupled approach:
• UC and Economic Load Dispatch (ELD) 

performed with different update rates.
• Two different resolutions and horizons of 

forecast.

• Multi-stage ELD to optimize ESS operation. 

• Delivers UC decisions and operating points to 
DERs (power output of DG, output/input of ESS, 
shiftable/shedable loads commands, etc.). 
Simplified version integrated into Hatch’s 
microgrid controller.

• Detailed 3-phase model to represent unbalanced 
conditions typical of microgrids (distribution 
networks).
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Coupled EMS with Smart Loads

• B. V. Solanki, A. Raghurajan, K. 
Bhattacharya, and C. A. Cañizares, 
“Including Smart Loads for Optimal 
Demand Response in Integrated 
Energy Management Systems for 
Isolated Microgrids,” IEEE Transactions 
on Smart Grid, vol. 8, no. 4, July 2017, 
pp. 1739-1748.

• Microgrid EMS (MEMS) considers:
• Residential controllable loads.
• Unit Commitment (UC) for Distributed 

Energy Resources (DERs) and power 
flow constraints simultaneously.

• A Neural Network (NN) based 
Residential Controllable Lod Porfile 
Estimator (RCLPE) is used to 
determine smart load models.

• MPC is used to account for 
uncertainties associated with 
renewables and electricity demand.
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Mult i -object ive UC EMS

• B. V. Solanki, K. Bhattacharya, and C. A. Cañizares, “A 
Sustainable Energy Management System for Isolated 
Microgrids,” IEEE Transactions on Sustainable Energy, vol. 
8, no. 3, October 2017, pp. 1507-1517.

• Microgrid EMS (MEMS) considers:
• Residential controllable loads (demand response).
• Unit Commitment (UC) with MPC and multiple objectives:

1. Operating cost minimization: Jop

2. Emission cost minimization: Jem

3. Emission and operating costs minimization: Joc = Jop + Jem

4. Emission and operating costs normalized Pareto-optimal:

5. Emission and operating costs deviation minimization:
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Decoupled EMS with Thermal Energy 
Storage (TES)
• P. Sauter, B. V. Solanki, C. A. 

Cañizares. K. Bhattacharya, and S. 
Hohmann, “Electric Thermal 
Storage System Impact on Northern 
Communities' Microgrids,” IEEE 
Transactions on Smart Grid, vol. 10, 
no.1, January 2019, pp. 852-863.

• Microgrid EMS (MEMS) considers:
• Residential controllable energy 

storage.
• Decoupled Unit Commitment (UC) 

and OPF with MPC to manage 
renewables uncertainty.

• Thermal demand is transformed 
into electricity demand using a 
Smart Residential Load Simulator 
(SRLS).
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Thermal Energy Resources EMS

• W. Violante, C. A. Cañizares, M. 
A. Trovato, and G. Forte, “An 
Energy Management System for 
Isolated Microgrids with Thermal 
Energy Resources,” IEEE 
Transactions on Smart Grid, vol. 
11, No. 4, July 2020, pp. 2880-
2891. 

• EMS considering multiple 
thermal energy resources:
• Combined Heat and Power 

(CHP).
• Boilers.
• Heat pump.
• Building.
• Water tank TES.

IEEE PES ISGT Asia, Singapore, November 2, 202214

• EMS framework based on a UC MILP model:

• PrInCE microgrid at the Politecnico di Bari:



UC Considering Frequency Control

• M. Farrokhabadi, C. A. Cañizares, and K. Bhattacharya, “Unit Commitment for Isolated 
Microgrids Considering Frequency Control,” IEEE Transactions on Smart Grid, vol. 9, 
no.4, July 2018, pp. 3270-3280.

• Frequency control is integrated into the UC problem:

• Conventional UC formulations assumes fixed generation power output between dispatch 
periods.

• In practice, these units participate in frequency control thus changing their output within 
dispatch intervals.

• The generation output is assumed to change using a linear model, resulting in a UC mixed 
integer quadratic programming problem (linear constraints and quadratic objective function).
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Practical EMS

• B. Solanki, C. A. Cañizares, and K. Bhattacharya, “Practical 
Energy Management Systems for Isolated Microgrids,” 
IEEE Transactions on Smart Grid, vol. 10, no. 5, September 
2019, pp. 4762-4775.

• Based on a linearization approach considering the fact that 
network losses and voltage drops across feeders are 
relatively small in isolated microgrids.

• EMS models are Mixed Integer Quadratic Programming 
(MIQP) problems.

• Require less computation time and are thus suitable for 
online applications.
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EMS with RES Variabi l i ty and BESS 
Degradation
• S. Cordova, C. A. Cañizares, A. 

Lorca, D. E. Olivares, “An Energy 
Management System with Short-Term 
Fluctuation Reserves and Battery 
Degradation for Isolated Microgrids,” 
IEEE Transactions on Smart Grid, 
vol. 12, no. 6, November 2021, pp. 
4668-4680.

• Model considers:
• Intra-dispatch fluctuations.
• Battery degradation.
• Reserves: 

• Forecast error reserves.
• Regulation reserves.
• Operation impact of reserves thru an 

Expected Reserve Utilization (ERU) 
concept.

• Droop frequency control.
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EMS with Thermostatic Virtual Battery

• S. Cordova, C. A. Cañizares, A. 
Lorca, D. E. Olivares, “Aggregate 
Modeling of Thermostatically 
Controlled Loads for Microgrid 
Energy Management Systems,” IEEE 
Transactions on Smart Grid, 
submitted July 2022 (under revision), 
10 pages.

• Model considers:
• Aggregated thermostatic flexible 

loads dispatched as a virtual battery.
• Dynamic third-order thermal models 

of homes.
• Thermostatically Controlled Loads 

(TCL) with communication delays, 
uncertainty, and time variability. 

• Frequency control. 
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EMS With Uncertaint ies

• Uncertainty in the UC can be addressed in three ways:
1. Wait-and-see (deterministic with MPC/RCH models): 

• Close tracking of the problem with small time steps, solving the dispatch 
problem using the most current information, and including an explicit reserve 
requirement. 

• Assumes that point forecasts are accurate and the system natural reserve can 
handle the mismatches, otherwise shed load. 
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EMS With Uncertaint ies

2. Stochastic optimization: 
• Minimize the expected cost over a discrete representation of the uncertainty, 

leading to large-scale problems. 

• Accounts directly for the stochastic characteristic of  wind power, improving the 
ability of the system to perform corrective actions without load shedding.

• First stage variables provide probabilistic guarantee on the feasibility of all 
second stage expected outcomes.

• D. Olivares, J. D. Lara, C. A. Cañizares, and M. Kazerani, “Stochastic-Predictive 
Energy Management System for Isolated Microgrids,” IEEE Transactions on 
Smart Grid, vol. 6, no. 6, November 2015, pp. 2681- 2693
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EMS With Uncertaint ies

3. Intervals: 

• Does not require any probabilistic modeling. 

• Determines a solution that guaranties feasibility for any realization within the bounds of the 
uncertainty set. 

• Bounds can be given or calculated based on the historical forecast error. 

• Uncertainty sets are able to relate the risk preference of the operator with the choice of the 
uncertainty set, incorporating probabilistic information if available.

• Methods:

• J. Lara, D. Olivares, and C. A. Cañizares, “Robust Energy Management System of Isolated Microgrids,” IEEE Systems 
Journal, vol. 13, No.1, March 2019, pp. 680-691.

• D. F. Romero and C. A. Cañizares, “An Affine Arithmetic-Based Energy Management System for Isolated Microgrids,” IEEE 
Transactions on Smart Grid, vol. 10, no. 3, May 2019, pp. 2989-2998.
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Stabi l i ty

• References:
• M. Farrokhabadi, S. König, C. A. Cañizares, K. Bhattacharya, 

and T. Leibfried, “Energy Storage System Models for 
Microgrid Stability Analysis and Dynamic Simulation,” IEEE 
Transactions on Power Systems, vol. 33, no. 2, March 2018, 
pp. 2301-2312.

• IEEE PES TF Microgrid Stability Analysis and Modeling, 
“Microgrid Stability Definitions, Analysis, and Examples,”
Technical Report PES-TR-66, May 2018, 120 pages.

• IEEE-PES Task Force on Microgrid Stability Analysis and 
Modeling, “Microgrid Stability Definitions, Analysis, and 
Examples,” IEEE Transactions on Power Systems, vol. 35, 
no. 1, January 2020, pp. 13-29.
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Stabi l i ty

• Definitions and classification:
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Stabi l i ty
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UVS

• Adding an Unbalanced Voltage Stabilizer (UVS) to DER voltage regulators improves 
microgrid stability: 
• E. Nasr, C. A. Cañizares, and K. Bhattacharya, “Stability Analysis of Unbalanced Distribution Systems With 

Synchronous Machine and DFIG Based Distributed Generators,” IEEE Transactions on Smart Grid, vol. 5, 
no. 5, September 2014, pp. 2326-2338.
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VFC

• M. Farrokhabadi, C. A. Cañizares, and K. 
Bhattacharya, “Frequency Control in 
Isolated/Islanded Microgrids Through 
Voltage Regulation,” IEEE Transactions on 
Smart Grid, vol. 8, no. 3, May 2017, 1185-
1194.

• Based on voltage dependency of 
microgrids loads:

• Hence, a controller similar to a PSS can be 
added to any microgrid voltage regulator:

• Integrated into Hatch’s microgrid controller.
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• Application to benchmark test 
system:
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Optimal Frequency Regulat ion

• B. Alghamdi and C. A. Cañizares, “Frequency 
Regulation in Isolated Microgrids through 
Optimal Droop Gain and Voltage Control,” 
IEEE Transactions on Smart Grid, September 
2020, vol. 12, no. 2, March 2021, pp. 988-
998.

• Optimal MPC approach to adjust droop gains 
and voltage setpoints of DERs to enhance 
primary frequency regulation in microgrids:
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Decentral ized AC/DC Microgrid 
Controls

• B. Alghamdi and C. A. Cañizares, “Stability 
Enhancement of a Grid of Microgrids through 
VSG Interfaces,” Applied Energy, Microgrids 
2021 Special Issue, vol. 310, March 2022, pp. 
1-15.

• Interfaces based on Virtual Synchronous 
Generators (VSGs) for ac and dc 
interconnected microgrids:

• Frequency support to individual ac microgrids 
and host ac grid.

• Voltage support for dc microgrids.

IEEE PES ISGT Asia, Singapore, November 2, 202228



MGC

• B. Tamimi and C. A. Cañizares, “An Effective 
Controllable Grid Interface for Microgrids,” IEEE 
Transactions on Smart Grid, accepted August 2022, 15 
pages.

• Proposed connector:
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MGC
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• Connector comparisons:
• Power exchange control:

• MG generation loss:



CANREL

• E. Nasr-Azadani, P. Su, W. Zhenga, J. Rajda, C. Cañizares, M. Kazerani, E. Veneman, S. 
Cress, M. Wittemund, M. Manjunath, and N. Wrathall, “Canadian Renewable Energy 
Laboratory (CANREL) – A Testbed for Microgrids,” IEEE Electrification Magazine, vol. 8, 
no. 1, March 2020, pp. 49-60.
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CANREL
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CANREL EMS

• M. Restrepo, C. A. Cañizares, J. Simpson-
Porco, P. Su, and J. Taruc, “Optimization- and 
Rule-Based Energy Management Systems at 
the Canadian Renewable Energy Laboratory 
Microgrid Facility,” Applied Energy, vol. 290, 
May 2021, pp. 1-14.

• Rule-based EMS (RBEMS) :
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• Optimization-based EMS (OEMS):

min. Costs

s.t. Load balance

Thermal generator constraints 
including UC

Battery constraints

Load and RES curtailment 

Reserves



Optimal Planning

• Determine best microgrid 
design technically and 
economically considering:
• Local resources. 

• Type of equipment.

• Sizes.

• Costs: purchase, 
installation, operation and 
maintenance. 

• Social and community 
issues.
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• Feasibility of installing RE 
capacity:
• Decide most appropriate 

location(s).
• Start with the location(s) with 

high wind/solar energy 
resources (high capacity 
factors).

• Move then to sites with “less” 
RE resources.

• Optimize for overall project 
and O&M costs.

• Constraints:
• Sites with capacity factor above 

certain level.
• Maximum allowed RE 

penetration level.



Optimal Planning

• Long-term renewable energy planning:

• M. Arriaga, C. A. Cañizares, and M. Kazerani, “Long-Term Renewable Energy Planning Model for Remote 
Communities,” IEEE Transactions on Sustainable Energy, vol. 7, no. 1, January 2016, pp. 221-231.

• I. Das and C. A. Cañizares, “Renewable Energy Integration in Diesel-based Microgrids at the Canadian 
Arctic,” IEEE Proceedings, Special Issue “Electricity for All: Access to Electricity Issues and Solutions for 
Energy-disadvantaged Communities,” invited paper, vol. 107, no. 9, September 2019, pp. 1838-1856.

IEEE PES ISGT Asia, Singapore, November 2, 202235



Optimal Planning Examples 

• Canadian microgrid survey:

• M. Arriaga, C. A. Cañizares, and M. 
Kazerani, “Northern Lights,” IEEE Power 
and Energy Magazine, invited paper, vol. 
12, no. 4, July-August 2014, pp. 50-59.
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Optimal Planning Examples
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• M. Arriaga, C. A. Cañizares, and M. 
Kazerani, “Renewable Energy 
Alternatives for Remote Communities in 
Northern Ontario, Canada,” IEEE 
Transactions on Sustainable Energy, vol. 
4, no. 3, July 2013, pp. 661-670.

• KLFN Community:
• 914 people.
• 500 km north of Thunder Bay.
• Winter-road access.

• Electricity generation:
• 0.4 MW, 0.6MW, and 1 MW diesel 

generator in operation.
• 1.5 MW diesel generator replacing 0.4 

MW generator is being installed.
• 3x10 kW Bergey WTs.
• 1x30 kW Wenvor WT.
• 10 kW solar PV array.



Optimal Planning Examples 

• Determine optimal RE penetration in Nunavut and NWT community 
microgrids considering Variable Speed Generator (VSG):
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• Results:

• VSG-FSG: Old generators remain fixe speed (FSGs) and new generators are all VSGs.

• VSG-2yr: All FSGs are replaced with VSGs.

Optimal Planning Example
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DC Microgrid EMS

• F. Li, C. Cañizares, and Z. Lin, “Energy 
Management System for DC Microgrids 
Considering Battery Degradation,” Proc. 
IEEE-PES General Meeting, Montreal, 
August 2019, 5 pages.

• Evolved from dc generation (solar, 
batteries) and loads (LEDs, electronic 
equipment, EVs).

• Characteristics:
• Based on controlled dc voltage sources 

through dc-dc buck-boost converters and 
dc-ac VSCs. 

• Voltage is regulated to control power 
(current) flows.

• Less losses.
• No Idc zero crossing, which is a 

challenge for protections (breakers).
• Currently found within buildings mostly.
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DC Microgrid EMS

• EMS:
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DC Microgrid Power Flow

• N. H. van der Blij, D. Chaifouroosh, C. A. Cañizares, T. B. Soeiro, L. M. Ramirez-Elizondo, 
M. T. J. Spaan, and P. Bauer, “Novel Power Flow Methods for DC Grids,” Proc. 
International Symposium on Industrial Electronics (ISIE), Delft, Netherlands, June 2020, 6 
pages.

• Power flow solution methods:
• Quadratic Solver (QS): Solve quadratic power equation PN with Newton methods.
• Optimization Problem (OP): Solve power flow problem as an optimization problem.
• Gauss-Seidel (GS) accelerated: Solve voltage equations iteratively from previous 

solutions.
• Newton Raphson (NR): Solve nonlinear power equations using Jacobian.
• Backward-Forward (BF): For radial or weakly meshed networks, sequentially solving 

voltages from previous nodes.
• New Direct Matrix-Current Approximation (DM-CA): Based on unknown currents that 

depend on known voltages.
• New Direct Matrix-Impedance Approximation (DM-IA): Based on a linearization of on 

a current equations.
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