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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, EV's, microgrids, efc.

- 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).

WATERLOO
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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.

WATERLG

3 |EEE PES ISGT Asia, Singapore, November 2, 2022



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).
- \oltage-Frequency Control (VFC).
« Optimal planning.
- Testbed facility at Canadian Solar (CANREL).

5 WATERLGO
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- 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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6 |EEE PES ISGT Asia, Singapore, November 2, 2022



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.

5 WATERLGO
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Definitions

A “small” grid from some kW to a few

MW.
« Afocal” grid serving a well-identified,

— “‘contained” region.
- P S
e : Operates at distribution system volit(e{%e

- Contains “various” DG units and possibly

Jy— N ot levels, i.e., medium voltage (a few
|
|

some energy storage.

d i §
1| - = | G s - Has enough capacity to supply all or at
ot — % least most of thg Ioa}cljs of tlgg I%cal grid.
- Grid connected: has one well-identifiable
point of connection to the transmission

system or “rest” of the distribution %rid
(Point of Common Coupling or PCC).

- Isolated éislanded?}: operates
independently of the “large” grid.

| papaay

Z lapaed
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EMS

- |EEE PES TF in Microgrid Control, “Trends in Microgrid Control,” IEEE Transactions on Smart Grid, vol. 6, no. 4,
July 2014, pp. 1905-1919;

Overall Network Management Policies [—*

Te I‘tlary Long-term set points
Neighboring grid status Con trOI == for coordinated
operation

—>
Main grid energy prices \ > l
Load and Renewables Forecasts J—E
> Secondary ey Dispatch commands
Control (EMS) to loads and units

ESS State of Charge

DER Units Operational Condition —
Local Voltage Levels — P .
rima
Local Current Limits — ry — pcgvuetfgag(:igg%?ggp)
.| Control

Systems Frequency
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Unbalance and Decoupled EMS

« D. Olivares, C. A. Cafizares, and M.
Kazerani, “A Centralized Energy Management heaig g |
System for Isolated Microgrids,” IEEE I |
Transactions on Smart Grid, vol. 6, no. 4, July Mictogrid EV J‘”‘W”"eaﬂ st L
2014, pp. 1864-1875. ] 4|
Retieue Unea.r UC solution & Non—in?ar
»  Decoupled approach: = r—»// Sienat /“’ S e

- UC and Economic Load Dispatch (ELD)
performed with different update rates.

Two different resolutions and horizons of

) SOCy, 1,219,033,

forecast. Increase .)4 Optimal Dispatch.
. — . ilabl To Primary Control:
Multi-stage ELD to optimize ESS operation. o ”Pya- -

- Delivers UC decisions and operating points to
DERs 1power output of DG, output/input of ESS,
shiftable/shedable loads commands, etc.).
Simplified version integrated into Hatch’s
microgrid controller.

. MILP: 24-hour look-ahead window
Detailed 3-phase model to represent unbalanced NP 21
conditions typical of microgrids (distribution st o
networks) ) B T5min 19360mn
tlme-st.eps. Time-steps
:1. A R P S S S S S S
6x5-min 6x 30-min

time-step time-steps

_'-\! UNIVERSITY OF

% WATERLOO
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Coupled EMS with Smart Loads

11

B. V. Solanki, A. Ra(c:;hura'arl,. K. | -
Bhattacharya, and C. A. Cafizares, ="

“Including Smart Loads for Optimal Time ()=

Demand Response in Integrated Smart load

Temperature (T%)===»

Energy Management Systems for

Isolated Microgrids,” IEEE Transactions Energy price TOU)-+=»

on Smart Grid, vol. 8, no. 4, July 2017, ppre
pp. 1739-1748. PD" ey ! _ Ay e
Microgrid EMS (MEMS) considers: PDmmmn o Load v (,0,,0
- Residential controllable loads. MEMS o
- Unit Commitment (UC) for Distributed PW&PV===r (UC4OPF) = - = Generator dispatch
Energy Resources (DERs) and power DG operating costs......» . —» ESS dispatch
flow constraints simultaneously. ESS capacitys -«
""" » Known inputs

A Neural Network ﬁNN? based
Residential Controllable Lod Porfile
Estimator (RCLPE) is used to
determine smart load models.
I MEMS: 24 h look ahead period

===pForecasted inputs (24Hr data)

=+ » Qutputs

MPC is used to account for PR ——

19—1 h time steps

[r—

uncertainties associated with -

12 -5 min 5 —30 min

renewables and electricity demand.  wwie S
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Multi-objective UC EMS

- B. V. Solanki, K. Bhattacharya, and C. A. Canizares, “A
Sustainable nelgg)f Management System for Isolated

Microgrids,” IEEE [ransactions 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: J,,,

2. Emission cost minimization: J,,,

3. Emission and operating costs minimization: J,. =J , +J,
4. Emission and operating costs normalized Pareto-optlljmal:

- Jop - Jop 2 Jem - Jem 2

JCI? B \/(jop - Jop) * (jem - Jem)

5. Emission and operating costs deviation minimization:
Jpp=wDi + (1 —w)Dy D1 =Jor =4

DE :Jem_AE UNIVERSITY OF
N
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Decoupled EMS with Thermal Energy

Storage (TES)

« P. Sauter, B. V. Solanki, C. A.
Canizares. 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:

High density
ceramic bricks

Heating rod

Insulated box

Slig?g%%ntial controllable energy T s ] T St o
' pers™
« Decoupled Unit Commitment (UC) e Flectric Heating Element
and O F Wlth MPC .to manage — External fixed input - External controllable input
renewables u nce rtalnty_ - - - Internal input/output -.--+Qutput used in EMS

b Thermal d.emand iS tranSf.Ormed ‘UC subproblem: 24 h look ahead period
into electricity demand using a .
Smart Residential Load Simulator st

time intervals

12 — 5 min 5~ 30 min
time intervals time intervals
[
lllll “ subproblem: 1 h look ahead period
»

[l
—

12 — 5 min

me interval

WATERLOO
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Thermal Energy Resources EMS

- W. Violante, C. A. Caﬁizages, M. . EMS framework based on a UC MILP model:
A. Trovato, and G. Forte, “An

P
B

Energy Management System for e e o ol R W
Isolated Microgrids with Thermal ey | o
Energy Resources,” IEEE L o S stem
Transactions on Smart Grid, vol. | R J
11, No. 4, July 2020, pp. 2830- N e R
2891 ) . Ess units parameters ||+ %emperature limits e;;_ 7

« Voltage limits * Boilers, HPs and
* Reserve requirements TSS parame ters

» EMS considering multiple S
thermal energy resources:

« Combined Heat and Power

(CHP). . =
Boilers. Z
Heat pump. —
Building. [@:& P
Water tank TES. ﬁ j&

Boiler 2 Boiler 'Y OF

1 %Y WATERLOO

PrinCE microgrid at the Politecnico di Bari:
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UC Considering Frequency Control

- M. Farrokhabadi, C. A. Cafiizares, 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).

4 Net demand
forecast
Dyt

Dk+3 _________ SRR e s,
Dy

Dk+2

time

[
L

A WATERLOO
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Practical EMS

- B. Solanki, C. A. Caiiizares, 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

16

online applications.
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EMS with RES Variability and BESS

Degradation

* S COFdOva, C A CaﬁlzareS, A Forecast ﬁc;l‘j;::éﬁz 0 (battery initial conditions
Lorca, D. E. Olivares, “An Energy engine | 1°C2%) | $_ (batteryinitial condtions)
Management System with Short-Term  ;cz units' parameters —» '

Fluctuation Reserves and Battery statisticalmetrics ——»| | wpo phavar | Mcrosnd
Degradation for Isolated Microgrids,” | (dispatchset-points) g
IEEE Transactions on Smart Grid, scrd | No N es

vol. 12, no. 6, November 2021, pp. a’a” control?

afd af (participation factors)
4668-4680.

« Model considers:
- Intra-dispatch fluctuations.
- Battery degradation.

o

= Short time interval (j, At = 1s)

— - Dispatch or long time interval (h, AT = 5min)

o o B

Power (kW)

o ©
o @

+ Reserves:
- Forecast error reserves. . _ _ _
* RegU|at|0n reserves. 08-Aug-14 Time

- Operation impact of reserves thru an
Expected Reserve Utilization (ERU)
concept.

- Droop frequency control.

B WATERLSS
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EMS with Thermostatic Virtual Battery

° S COI’dova, CA Caﬁ‘I‘ZaI’eS, A Forecast | forecasts DER state measurements
Lorca, D. E. Olivares, “Aggregate Engine ||
Modeling of Thermostatically s | _DERsetpoints iy
Controlled Loads for Microgrid | .
Energy Management Systems,” IEEE vl B itual batt,
Transactions on Smart Grid, cap. limits | | stored energy
?ubmltted July 2022 (under revision), !
Agg. TCL
O pages _ TCL baseline | €ontroller | tcL switching signal
 Model considers: f
- Aggregated thermostatic flexible Freq. & TCL state measurements
loads dispatched as a virtual battery. o T gy PR
- Dynamic third-order thermal models I Een it ol :
of homes. S Ererst = eSO I o o W o VA i
- Thermostatically Controlled Loads Lo pre GO e |
(TCL) with communication delays, e e
uncertainty, and time variability. i Actuztion Mechanism

* FrequenCy COntrO| . Virtual Battery Controller

WATERLOO
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EMS With Uncertainties

. Uncertainty in the UC can be addressed in three ways:

. Wait-and-see (deterministic with MPC/RCH models):

Close tracklng 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.

Forecast f

Prediction i . — Realization /
[ ] \\"\/
tl t2 t3 t4 t5
Time

Power

5 WATERLGO
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EMS With Uncertainties

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. Cadizares, 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

Expected Values -
within ——»
Range Prediction e

Power

Reallzatlon T T o

tl t2 t3 t4 t5

z1] UNIVERSITY OF

A WATERLOO
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EMS With Uncertainties

3. Intervals:

Range >
Prediction

(non-Parametric)

21

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. Cafiizares, “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. Cafiizares, “An Affine Arithmetic-Based Energy Management System for Isolated Microgrids,” IEEE
Transactions on Smart Grid, vol. 10, no. 3, May 2019, pp. 2989-2998.

Forecast Bounds——\

Forecast \ /

tl t2 t3 t4 t5
Time

% WATERLOO
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Stability

- References:

22

- M. Farrokhabadi, S. Konig, C. A. Cafizares, 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.

- |EEE-PES Task Force on Microgrid Stability Analysis and

Modeling, Mlcrogrld Stability Definitions, Analysis, and
Examples,” IEEE Transactions on Power Systems, vol. 39,
no. 1, January 2020, pp. 13-29.

5 WATERLGO
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Stability

Definitions and classification:

[ Microgrid Stability ]

I
I |
Control System Power Supply and
Stability Balance Stability
I I
I I [ |
Electric Machine .. Voltage Frequency
[ Stability ] [C"nvem S‘abﬂ“y] [ Stability ] [ Stability ]
|
[ |
System Voltage DC-Link
Stability Voltage Stability
I I
Small Large

Small |[ Large
| Disturbance ) | Disturbance |

| Disturbance ) | Disturbance |

/" N ™\

Short Term || Long Term Short Term || Long Term

\. VAN

s N A

UNIVERSITY OF
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Stability

Subcategory Electric Machine

Root Cause Poor controller tuning

Converter

Poor controller
tuning,

PLL bandwidth,
PLL synchronization
failure,
harmonic instability

Voltage

DERs power limits,
inadequate reactive
power supply,
poor reactive power
sharing,
load voltage
sensitivities,
dc-link capacitor

Frequency

DERs active power

limits,

inadequate active
power supply,
poor active power

sharing

Manifestation Undamped Undamped Low steady-state High rate of change
oscillations, oscillations, voltages, of frequency,
aperiodic voltage low steady-state large power swings, low steady-state
and/or voltages, high dc-link voltage frequency,
frequency increase high-frequency ripples large power and
or decrease oscillations frequency swings

% WATERLOO
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UVS

- Adding an Unbalanced Voltage Stabilizer (UVS) to DER voltage regulators improves
microgrid stability:
E. Nasr, C. A. Cafiizares, 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.

Unbalancing Phase
Level Gain Compensation ngs“x
Vabc bosd Z 2|l | |1t Tous /7__ Voltage
abe—>dqo Vo =V [ME o1+ TUZ‘SJ regulator
v
1AL | e K =06 1.008 ' ‘ ‘ Wihout UVS
1297 X ‘i : o KUVS:OA 1.006 - A
‘ X : : K, =03 .

B e ye02 3 1.004- | 1
§ 1250 X =K =01 e n n
< | =% Without UVS 8 1002 | A ‘ '
§ 128 b b & f \ \l i ﬂ ﬂ (A A
- 3 T N AN U SO e S SR 0 E WA
: fitH
- e g l \ ¥ [

9f R R RRRE R & 0.998" )

B T T Y
LT I R 3 0.996- J
B SRR SUUUOLIUUUNY UUURO VOO SNUURR USROS ORI o
0.4 -0.35 0.3 -0.25 0.2 0.15 -0.1 -005 0 005 0.9945 2 4 6 8 10
Real Axis Time (s)

% WATERLOO
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VFC

M. Farrokhabadi, C. A. Cafizares, and K.
Bhattacharya, “Frequency Control i n
Isolated/Islanded Microgrids Through
Voltage Regulation,” IE E Transactions on
18%3 Gr/d vol. 8, no. 3, May 2017, 1185-

Based on voltage dependency of

microgrids loads:
P= B)[K] C s ap = ((V+ar)”—p) Lo
Vo Vo

26

V=V,=1 pu >APD = ((1 —+ AV)I.S — 1)1)() = 7.6%1)0

AV =5%

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

v
K. /S

I

Voltage
Regulator

Integrated into Hatch’s microgrid controller.

|EEE PES ISGT Asia, Singapore, November 2, 2022
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60.157

f(Hz)

60"- A d g mENy

60.1F

60.05f

Application to benchmark test
system:

—Base llllStorage .......... VFC
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Optimal Frequency Regulation

B. Alghamdi and C. A. Cafiizares, “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:

60.21

6011

60T

5991

f (Hz)

59.71

59.6

50,5 H—Fixed
- -OPT
- MPC
—VFC

I

59.411

| 1 1 1 | | 1 1
72 14 76 78 80 B2 84 8 8 9
t(s)
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Voo F,
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Decentralized AC/DC Microgrid

Controls

B. Alghamdi and C. A. Cafiizares, “Stability

' ) ) OC-Link ‘pg = i ACGrid
Enhancement of a Grid of Microgrids through AE"”""""d: " il A R el
VSG Interfaces,” Applied Energy, Microgrids e A EE N S
2021 Special Issug, vol. 310, March 2022, pp | : I ||
1-15, B By Y Y
Interfaces based on Virtual Synchronous o
Generators (VSGs) for ac and dc Dolabcmnde| |DCinkcmi
interconnected microgrids:
« Frequency support to individual ac microgrids
and host ac grid. KL O Morogrdintrface , .
enar WM — — e — — e
- Voltage support for dc microgrids. s %_ L C,,JT‘EH*W -
I o | o c‘ﬁ%
| | | OC Microgrid
Main Grid / Exter- EECC ey
|
I
ﬂ UNIVERSITY OF
WATERLOO
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- B. Tamimi and C. A. Canizares, “An Effective
Controllable Grid Interface for Microgrids,” IEEE
Transactions on Smart Grid, accepted August 2022, 15
pages.

- Proposed connector:

s -~

N onverter 2 |

: DC Link :

1 L |

1 1 P . .

1 1 . ,/ \‘

1 1 I [ |

! ! -gri | Lonv @ Conv2 | Micro

1 I - | _ )
ol L P - Py + APy : Losses = APy, i -grid
T 2 1§ ! ACTInK >:
=R IR= v ,
E \ , E
g s -7 8

UNIVERSITY OF

WATERLOO
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Transmission

- Connector comparisons:
om | ? |- - Power exchange control:

— 2
1km 20
49km -
3 2
13km 13 £
N =
0.6 km l 20
u 0 1 2 3 4 5 6 7
0.6 km 3.0km
l )JJU-“'B MGC
S3 0.3 km 207
5 g P
’ 14 2 "
R IR : AN H
S1 20km -20 d
05 ke ‘ . ‘ ‘ . .
10 K 0 1 2 3 4 5 6 7
; 1.7 km Time [s]
o 5 MG generation loss:
60.05 F
— § —
¥ e V
oy
059.05
[+
3
g 59.9
e B2B
50.85 - | | | | | o
0 1 2 3 4 5 6 7

Time [s]
%) WATERLOO
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CANREL

- E. Nasr-Azadani, P. Su, W. Zhenga, J. Rajda, C. Cafiizares, 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

B 'J #

y ]"_-._ ¥
» i' ___._..__ o I L

s¢ CanadianSolar . 9 NCC

KINECTRICS

Guelph Hydro I Ontario % WATERLOO
“““ MINISTRY OF ENERGY

5 WATERLGO
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CANREL

32

13.8 kv / 600V

GUELPH HYDRO - 270 KVA
B GRID
------------------------------------------------------------------------------------------------ MAIN SWITHGEAR oo SIMULATOR
FAN a SRS . P (kW) SWGR-01
VA Q (KVAR)
LAY hiz) S (KVA
V-B (V, Hz) (kVA)
V-B (V, Hz)
Operating Mode of MTC
[Grid-Gonnected | _ Grid-Simulator P (kW)
CB 301 Q (kVAR)
Energy Management System (EMS) CB 302 S (kVA) VA (V. H2)
[ T | e L V-B (V, Hz)
— V-C (V, Hz)
-------------------------------- | SERVICE BUS (DP-01)
P MOTOR CONTROL CENTER-2 -~ -{-----------=
MOTOR CONTROL CENTER-1 Q (KVAR) (Mcc:2) C05 |
(MCC-1) V-A (V, HZ) S (kVA) V-A(V, Hz)
V-B (V, Hz) V-B (V, Hz) !
V-C (V, Hz) V-C (V, Hz) |
c 105 c103 c102 T c 101 f C 106 F c107 T c1osf cB104 ' G109 cB208 cB210 czogT czo4,
P (kW) P (kW) P (kW) P (kW) P (kW) P (kW) P (kW) P (kW) P (kW) P (kW) P (kW) P (kW) P (kW) |
Q (KVAR) Q{kVAR) Q (KVAR) Q (kKVAR) Q (kVAR) Q{KVAR) Q (KVAR) Q (kVAR) Q (kVAR) Q (kVAR) Q (kKVAR) Q (kVAR) Q (KVAR) |
8 (kvA) S (kVA) S (KVA) S (kVA) S (kVA) S (kvA) S (KVA) S (kvA) S (kvay S (kVA) S (kVA) S (kvA) S(kVA)
FROM DP-01 FROM DP-01
=
N
" )
P - /'I—\ Ej 1
Y - -
=t
PV ARRAY WIND TURBINE DIESEL GENSET PV WIND BATTERY ENERGY ~ CONTROLLABLE ~CAPAGITOR BANK CONTROLLABLE EV CHARGHING
10 KW 3KW 90 KW SIMULATOR SIMULATOR STORAGE SYSTEM LOAD BANK 1 30 KVar LOAD BANK 2 STATION
90 kW 100 kVA 200 kW/200 kWh 125 kVA 125kVA 2Level 2
72kW
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CANREL EMS

« M. Restrepo, C. A. Caiiizares, J. Simpson- «  Optimization-based EMS (OEMS):
Porco, P. Su, and J. Taruc, “Optimization- and
Rule-Based Energy Management Systems at
the Canadian Renewable Energy Laboratory s.t.  Load balance

Microgrid Facility,” Applied Energy, vol. 290, .
May 2021, pp. 1-14. Thermal generator constraints

including UC

min.  Costs

« Rule-based EMS (RBEMS) :

after T sec . after T'sec aﬁ.ﬁ T sec
poll input oll input poll input
e | 1 :

s 2 , 2 (srmmemmmamm)  LOAd @and RES curtailment

Battery constraints

Input: SoC, Pis. Py, Py KD, Dty stop - Input: S0C, Py P, P stop Input: SoC. Py P, Puy stop
Output: Par, P Pru Var, Uns, stoy U= Qutput: Py Pir Pio Us, Uz Geur, KDy, stop Output: Geur, stoy
itp P tp P
1. i SoC>S0C+ 0.2 & Drtay>Mupss & Enough reserves then L if §0C>50C then —Geur=1=—Y 1. if SoC<$2C-0.2 then | zese rveS
Tumn off diesel genset 1 (F,=1) B Geur=1 Geur=0
2. else if Diesel 1 not enough for load balance || Not enough V1= 3 eclse if SoC=50C & Py>P,, +P,,, || Not enough reserves then 2. else
reserves then Determine the required power to keep the power balance and Tum off wind aud PV
Turn on diesel genset 2 (Up=1) a minimum charging level and caleulate the cost for both Pu=0; P=0; Py=Py
3. else diesel gensets. Then, tum on the cheapest unit (U =1 o
P =KD Py Pay=0;: Py=P Py PP U= 1), If diesel genset 1 is commited, calculate dispatch == o
. ’ Factor (KD, ~max(0.3,min( 1 (Pu-Py.,-P.+ Py Pa)) sop
fer T 3. clse stup
after 7'see
Par=0: Pa=0; Py PP Py fler 7
U1 V1 poll input N T Ul T P J ;.m n;:
‘l’ I m N A
State 4: Diesel 1 and 2 N B:TIY:S:T ( State 6: Load Curtailment w
Up=1 V=l i 1pt
e 1 N | |zcuro| mput: SeC. P Py, Py KD 101
Input: S0C, P P, Pooy Drias Drtg, KDy, stop Ve cur= : S0C, Piy, Py P KDay,
Output: oy, ¥ KD, Leur, siop State 3: Diesel 2 Output: KDy, Leur, stop
N i "+
1. $0C=52C+0.2 then - Lcur=17] Input: SaC, P, P, P Dits, 0D 1S Sal 02 then
Determine if units have run for the minimum ) Output: Py P, o, Uy, Vis. KDy, stop b a
runtime, and then turn off the unit that has been running | Va1 —P— - ‘; KD
~ - ! -
, hfvr[ aDlvnslﬂl F=r;°2°| Far=l Dgh"gr 1“ bl n 1.1 SoC=SaC+0.2 & Drig> Mup 2 & Enough reserves then Pj;’ - i
. else if Diesel 1 and 2 not enough for load balance then. Turn off diesel genset 2 (F=1) - -
_ o 4P, + Py +P,
Leur=1 2. else if Diesel 2 not enough for load balance || Not enough ;“‘:,'L};“"r'}? Pf, '3',“”’ et Pt PP}
3. else k——Tv=11 " reserves then s =Pir Ppus-Pus-PurPaz
Pu=KDuPa Turn on diesel genset 1 (U;;~1) and calculate dispatch factor
Pag=mas(Pyz, mind Py (PP PP+ Pp)) KDyr=max(0.3,min(1 {Pp-Pou-Pri-Pas* Pur) P
iy (0.3, A Pr-PpuPus-ParPai) Par)y
\__ P PuPocluParlu J 3. else "
Pu=0; Par-maxtP, minP PP Per)) P
\_ Py=PurlpuPruPi . J
stop
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Optimal Planning

- Determine best microgrid Feasibility of installing RE

. . capacity:
design technically and . Pecitde Eng)st appropriate
' Aarina ocation(s).
economically considering: St e ocan(s) i
. igh wind/solar ener
Local resources. ]Ee%tourges ihiah Capgéty
. ' actors).
Type of eqUIpment' - Move then to sites with “less”
e Sizes. RE resources.
_ - Optimize for overall project
» Costs: purchase, and O&M costs.
installation, operation and - Constraints:
: - Sites with ity f
maintenance. cszclet&aéimte Vgﬁpamty actor above
- Social and community » Maximum allowed RE

. penetration level.
ISSUES.

3 UNIVERSITY OF
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Optimal Planning

- Long-term renewable energy planning:

-« M. Arriaga, C. A. Caiiizares, 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.

- |.Das and C. A. Cafiizares, “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.

I IT I1T v

Historical load data »- Load forecast

FY

35

Fuel-based
generators (FGs)
existing plan

Existing FGs
specs. and
operating policies

FGs dispatch
strategy and
costs

Historical wind

wWind speed

WT tower height

v

RE long-term

N selection, power lannin
speed data forecast X - P planning
profile and costs optimization

Wind turbines _~

(WTs) specs. 4 4

Historical Temperature
temperature data forecast
PV array

Historical solar - | Solarirradiation configurations,

irradiation data

forecast

Solar PV inverter/
panel specs.

power profile
and costs

.

>
>

Community
location
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Optimal Planning Examples

Wind speed
Anmnual avy. al 50 inelers (in/s)
e 310-450

- Canadian microgrid survey:

-« M. Arriaga, C. A. Cailizares, and M.
Kazerani, “Northern Lights,” IEEE Power
and Energy Magazine, invited paper, vol.
12, no. 4, July-August 2014, pp. 50-59.

Electricity generation : )
y,
";',l’ Installed capacity (MW) 2 T (o e
. e 0.00-009 o e . j.
T - e N . .
® 010-01 - ey N\
® 012-100 R g
O 101-500 ) /,;
@ s01-1000 &y v
. Q;k 3
. 1001-2000 . ‘*% NASA Solar irradiation
g . 20.01 - 200.00 ‘gbg'_’(s Sﬁ&tgn Av:nu'-:;i;;z.u_cul (KWhim2/day)
e 251-275

o 451-525
* 526-576
* 576-650
* 551-1030

e 276-300
* 301-325
* 326-350

WATERLOO
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Optimal Planning Examples

- M. Arriaga, C. A. Caiiizares, and M.
Kazerani, “‘Renewable Energy
Alternatives for Remote Communities in

/ ; Northern Ontario, Canada,” IEEE
y ™ Transactions on Sustainable Energy, vol.
K ,.;""""" £ 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.

MANITOBA

LEGEND / LEGENDE L [
Matlonal capltal
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Capitale provinciale ;H'\(
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Optimal Planning Examples

« Determine optimal RE penetration in Nunavut and NWT community
microgrids considering Variable Speed Generator (VSG
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Optimal Planning Exam

* Results:

e VSG Total |Fuel NPC Capacity additions [kw] GHG Redn.* RE penetration [%] | BAU-LCOE**! El. Rate |nLCOE***
Strategy INPC[MS$]i [M$] | D/vsG s w B [%] Max. Av. [$/kwh] | [$/kwh] | [$/kwh]

SWB FSG Only 29.34 16.44 2320 9X10 4x250 220 60.40 72.96 66.45 0.74 - 0.81

ARVIAT VSG+F5G 26.00 18.84 2X590 62X10 1X250 400 30.22 26.59 24.54 0.86 0.74

SW VSG-2yr | 22.88 6.16 3X590 | 12X10 | 7X250 - 89.00 99.37 | 97.93 o7 0.65

WE FSG Only 32.49 12.86 1000 - 6X250 980 74.12 89.03 €1.59 0.66 - 0.82

BAKER LAKE VSG+FSG 30.56 15.06 1X590 - 4X250 900 61.02 72.87 67.33 0.97 0.70 0.92

SW VSG-2yr | 27.52 | 16.65 | 3X590 0 4X250 - 59.68 70.25 | 65.83 0.75

swe | FSGOnly | 19172 | 133.51 | 6320 | 74X9.6 | 18X250 { 1050 26.17 31.00 | 28.82 — 0.76

leALIT | VSG+FSG | 174.40 | 97.18 9X590 0 29X250 340 35.19 41.95 31.82 0.78 e 0.72

SW VSG-2yr
FSG Only 71.98 49.01 1800 = 6X250 900 48.35 57.48 53.32 0.99
RANKIN Wa 0.55-

INLET VSG+FSG | 58.00 | 32.32 | 3X500 - 8X250 | 1060 64.68 76.84 | 71.36 1.09 062 0.83

SwW VSG-2yr | 50.09 | 28.62 | 4X590 | 5X9.6 | 9X250 -- 71.02 83.17 | 78.30 0.75

sws | FSGOnly | 1613 7.80 840 | 25X9.6 | 2X250 400 74.24 87.92 | 8148 079 121

SANIKILUAQ VSG+F5G 14.67 10.38 2X590 29X9.6 2X250 320 40.33 48.92 42.03 1.31 0.82 1.07

SwW VSG-2yr 11.61 5.30 1X590 14X9.6 3X250 = 84.75 95.08 93.19 0.97

SACHS FSG Only 5.08 3.67 435 2X9.6 2X50 == 35.41 42.15 38.93 0.29 - 1.22

HARBOUR sSwW VSG+FSG 5.04 3.24 2X590 1X9.6 2X50 = 29.72 35.27 32.75 1.97 1.96 1.00

VSG-2yr 4.61 1.97 1X590 0 5X50 -- 65.78 76.02 72.46 0.95

* with respect to BAU results.

## BAU-LCOE estimated considering the depreciated values of the existing FSGs (provided by Innovus) and overhead costs (e.g. salaries, travel, office expenditures),
assumed to be same percentage of total BAU cost for each community as per QEC’s 2014 Annual Report.

#4+% nLCOE computed for energy generation from new capacities only, assuming same net overhead costs as BAU.

« VSG-FSG: Old generators remain fixe speed (FSGs) and new generators are all VSGs.
« VSG-2yr: All FSGs are replaced with VSGs.

% WATERLOO
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DC Microgrid EMS

- F. Li, C. Cafizares, and Z. Lin, “Energ
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.

- \oltage is regulated to control power
(current) flows.

« Less losses.

« No /. zero crossing, which is a
challeénge for protections (breakers).

Nanogrid Microgrid Microgrid

Microgrid

: . l : v, DutyCycle
« Currently found within buildings mostly. O OO
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DC Microgrid EMS

EMS:

arid cosk{ /BESS degrad. cost
Ctotal = ac.g +(1- a)cdg
= Z[d . fgc + (1 - a) (,0( batt + Plgat,t)]At

At
s.t.

Pl iy
S0Chatt = S0Chat -1 + (Pbcat,t-mc - C;]—:i At

[ c c
Pbat,min =< Pbat.t =< Pbat,max
Pbat min < Pbat t = Pbat max
SOCbat,min < SOCbat,t < SOCbat,max

PC <PC <PC

gmin g,max
dc dc dc
Pg min Pg,t < Pg,max

Pbatt Pd + Ppy ¢
= Pgy ¢ + PAC,t + Prept + Ppare + Pyt

380V

aQ
(=]
5.
>
Q
v
@]
)
y

150kW

. [;l 20w
N\
—> - 9%
/ 40kW

| »  Air conditioning
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DC Microgrid Power Flow

N. H. van der Blij, D. Chaifouroosh, C. A. Cafiizares, 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 P, with Newton methods.
« Optimization Problem (OP): Solve power flow problem as an optimization problem.

. Ga;uES-SeideI (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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