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Introduction to Microgrid

\

What is a Microgrid?

Microgrid as: “a group of interconnected loads and distributed energy resources (DER) within clearly
defined electrical boundaries that act as a single controllable entity with respect to the grid, and that can
connect and disconnect from the grid to enable it to operate in both ‘grid-connectedsand fistand: mede:’

T+
It's an integrated system of distributed

Wind Solar
Homes ~,  Businesses enerqy resources (DERs), such as solar
Controller S
IE [E m panels and wind turbines, and energy
o A\ storage systems.
L MacroGrid r®—| Microgrid |
QQ

—+

Battery Fossil Fuel
Generator
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Introduction to Microgrid

\

What is a Microgrid?

Stand-alone(island) Microgrid

It is typically used in remote or isolated regions such as islands, rural villages, or research bases, where grid extension is technically difficult
Advantages:

* Provides full energy autonomy and independence from the central grid.

- Enhances energy security and resilience, particularly during emergencies or natural disasters.

« Enables local use of renewable resources, reducing reliance on imported fossil fuels.

Limitations:

« Requires sufficient energy storage and backup generation to maintain stable operation.

« Higher capital and operational costs due to storage, redundancy, and control systems.

« More complex design and operation to ensure continuous reliability under varying load and renewable generation.

STAND-ALONE (ISLAND)
MICROGRID

Grid-connected Microgrid

A grid-connected microgrid is physically and electrically connected to the main utility grid, allowing two-way power
exchange. It can operate in parallel with the main grid, and in some cases switch to islanded mode during outages.
Advantages:

« Ensures stable and reliable power supply with support from the utility grid.

- Reduces storage requirements, as the grid can provide balancing power.

« Allows economic benefits through demand response, energy trading, and ancillary services.

Limitations:

« Vulnerable to grid disturbances and failures, reducing resilience in critical situations.

» Lower energy autonomy compared to fully off-grid systems.

« Integration and regulatory issues can be complex, requiring advanced control and protection coordination.

Grid-connected Microgrid

Utility Grid
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Introduction to Microgrid

\ [ n n
What is a Microgrid?
AC Microgrid (AC MG)

An AC microgrid connects distributed generation (PV, wind), storage,

and loads through a common AC bus.

- It is compatible with today’s existing power systems, since most
grids and loads are AC.

« Advantages: Easy integration with the utility grid, mature
technologies, and standard protection schemes.

« Limitations: Requires multiple power conversion stages for
renewable sources and storage, which increases losses and
reduces efficiency.

DC Microgrid (DC MG)

A DC microgrid links distributed resources and storage to a DC bus,

then connects to AC systems through converters.

« It is particularly suitable for PV, batteries, EVs, and other native DC
devices.

- Advantages: Higher efficiency due to fewer conversion steps,
easier integration of renewable energy and storage, and flexible
architecture for EV charging or data centers.

+ Limitations: Lack of standardized protection methods and less

compatibility with the conventional AC grid.
Source : Stability Analysis, Flexible Control and Optimal Operation of Microgrid, Yong Li, Mingmin Zhang, Yijia Cao Springer Nature Singapore, 2023
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Introduction to Microgrid
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What is a Microgrid?
Hybrid AC/DC Microgrid

A hybrid microgrid integrates both AC and DC subsystems through a common coupling bus.

It enables simultaneous operation of AC resources such as wind turbines and traditional loads, and DC

resources such as PV, batteries, and EV charging stations.

Advantages:

+ Maximizes flexibility by allowing both AC and DC
devices to connect efficiently.

+ Improves overall system efficiency by reducing
unnecessary power conversion.

« Enhances resilience by diversifying energy

pathways and supporting multiple load types.

Limitations:

« More complex control strategies are required to
coordinate power flow between AC and DC sides.

 Protection schemes are more challenging because

of different system characteristics.
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Introduction to Microgrid
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What is a Microgrid?
CCHP (Combined Cooling, Heating, and Power) Microgrid

A CCHP microgrid integrates renewable power generation (PV, wind) and energy storage with combined
thermal energy systems.

This system enables multi-energy supply: power, hot water, ~ PV power Wind-solar
and chilled water, all within one integrated microgrid. B =" generation system storage and
power
Adva ntages: ~ B Wind power gc:lilt:l::m
|~ | ~ I generation system .

« Significantly improves overall energy efficiency by i

utilizing waste heat from power generation. = ~ > Energy

= storage
+ Reduces fuel consumption and emissions.
- Provides greater energy security and flexibility in meeting @_,_@_,_\_,_
. Electric
diverse demands. chiller
.. . . Cold/heat
Limitations: storage device
. . Y= A
« More complex design and operation due to the need to P Cold and warm |-~ — l |
. . . ater unit

balance electricity, heat, and cooling simultaneously. — [ Gas fired boiler |
« Requires advanced control strategies and precise system - CCHP

coordination. Gas eencrator

1as nglL[le]
Source : Stability Analysis, Flexible Control and Optimal Operation of Microgrid, Yong Li, Mingmin Zhang, Yijia Cao Springer Nature Singapore, 2023
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Introduction to Microgrid

What is a Microgrid?

Stability, Energy Storage Functions, and Optimization in Microgrids
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Source : Stability Analysis, Flexible Control and Optimal Operation of Microgrid, Yong Li, Mingmin Zhang, Yijia Cao Springer Nature Singapore, 2023
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Case study : EV Charging station with RES + BESS

EV Sales and Chafging Infrastructure Status + By 2025, 1 in 4 passenger cars sold worldwide will be
Electric Vehicle Outlook 2025 electric.

+ Some regions show slower EV growth, but automakers

Vans and trucks Passenger cars Buses 2 and 3 wheelers

continue to expand targets.

» Electrification is also advancing in buses, trucks, and
s O20 €23 [ a5 J

EV share of sales EV share of sales EV share of sales EV share of sales CO mm e rCl al Ve h | CI es .

Cumulative global public charging connectors

Million
25
Million
7
20
6
15 5
4
10
3
5
. 2
2017 2018 2019 2020 2021 2022 2023 2024 2025e !
® China ® Europe e Uus Canada ® Southeast Asia ® Japan 0
South Korea Australia ® India ® Brazil Rest of World 2017 2018 2019 2020 2021 2022 2023 2024 2025e
@ China ©® Europe ® North America South Korea ® Japan Rest of World
Global Passenger EV Sales by Market Cumulative Global Public Charging Units

Source : https://about.bnef.com/insights/clean-transport/electric-vehicle-outlook/#key-numbers
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Case study : EV Charging station with RES + BESS

EV Sales and Charging Infrastructure Status

Electric Vehicle Supply Equipment (EVSE)

Fig. Slow EVSE (3kW~ ), AC Power, OBC (Onboard Fig. Fast EVSE (50kW ~ 350kW), DC Power
Charger) embedded EV
* Most of them are installed and operated at home. * Most of them are installed and operated in public places.
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Case study : EV Charging station with RES + BESS
o EV Sales and Charging Infrastructure Status

Electric Vehicle Charging Station Market Outlook

* Market value in 2024: USD 39.7 billion
* Global expected CAGR: 24.4% (2025-2034)
* Projected market size in 2034: approximately USD 363.3 billion

A Global Market Insights
.Q Tnights fo Innevation

Electric Vehicle Charging Station Market
Global Forecast (2025 - 2034)

@ MARKET STATISTICS @f SEGMENT STATISTICS
Market Value(2024) DC current segment
$39.7BN Market Size (2034): $180.5 BN
Market Value (2034) . . .
$363.3BN Public EV charging station

R 4

segment

CAGR (2025-2034
( ) Market Share (2024): >87%

24.4%
@ REGIONAL STATISTICS
~
&) sales@gminsights.com North Market Share (2024)
America 222%

\ () www.gminsights.com

Source : https://www.gminsights.com/ko/industry-analysis/electric-vehicle-charging-station-market
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Case study : EV Charging station with RES + BESS

Energy Management System based EV Charging Stations

e.g.) 154/22 9kV

(10MVA) Primary Feeder

Grid

o000 )
Overloading, .. . e.g.) 22.9/0.38kV e.g.) 22.9/0.38kV e.g.) 22.9/0.38kV
(300kVA) —] (300 kVA) (300kVA)

heating, aging

Secondary
Feeder1 ----- >
(Customer) R Secondary Secondary
Harmonics, e > Feeder 2 Feeder N

Voltage Imbalance, y (Customer) (Customer)
Power quality issues, Electric Vehicle }-.-- P )
Safety problems Charging Station }.... O
(EVCS) | 0P

Fig. Electric vehicle charging station (EVCS) in the LV distribution network.
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Case study : EV Charging station with RES + BESS
I Energy Management System based EV Charging Stations

AC Power system <+—> Power flow
EV Charging station

VGRID

<Control Objectives>

Stabilization of voltage T A AT T PCC
Increase the net zero of EVCS x Voltage variance by line impedance
7kW / 50kW o AViine
o — al

on—| EV Verip ~ Veve t AViine

= Charger Loads
EV Charging Load /" PLoaD
-
I |
PV | |
yaN ESS
|
1

Charging / Discharging of ESS

EV Charging station with RES + BESS
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Case study : EV Charging station with RES + BESS
\Energy Management System based EV Charging Stations

. . State x(k)
Estimation - Pg(K), Pey (K), Py (k)
h PLoad (k), PLoss(k)
- -50C(k)
Temperature f h
— »| Photovoltaics Pev (K)
Irradiation > Generation Update
~ / - TOU(Time Of Use) PCS-ESS
Day of the week ~ - RTP(Real-Time Price)
| Electric Vehicle - LCOE
Working Day . Charging Load | ' P, (k)
Cost Function
' " .
Temperature min. J(k) P (k)
Day of the week Loss EVn
> n = Number of EVC
\ y
T t Constraints EV
emperature 1 onstrain
Day of the Week: Load - S0C,in < SOC(K) < SOCax Charger
Month " - Pess (K) < Pgss”
= y - Ppes (K) < Ppcs”
e -1+ Pess(K) 411+ 12 - Ppy (K)<Ppcs”
Deep Learning * Objective
B : 8 - Voltage Controller UNIT

- Cost
- Self Sufficiency Ratio

EV Charging Station Operation Algorithm Using Machine Learning
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Case study : EV Charging station with RES + BESS

Energy Management System based EV Charging Stations

o INITIALIZATION
_Finisht (0)

<
SELF Test
(100)

Finish!
« — ——-

Voltage OK
N

NZR Alarm!
5l

Voltage Alarm
- ——— — — —

Grid Support
(200)

|
I
Under-Voltage

Stand-by
(320)

N .
Voltage OK  /x ?llosltoageo(?(K
|| SOC OK \
Over-Vol_Warn
&& SOC Low /7
7/

Charging P Dis-charging
(340) / (360)
Under-Vol_Warn

&& SQC High
/

Voltage Alarm

[
_______ N-STOP Clear r!_>
_N-STOI P_Alazni> N-STOP
(450) _E;S;I'O_ P_Clea r!
E-STOP
_E-STOP Alarm!_ (400)

State Machine based control logic of EV Charging station

Net Zero Rate
(NZR)

Cost Effective

Discharging
(260)

Charging
(240)

Over-Voltage
|

*
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> PHASOR MODEL (MATLAB/SIMULINK)

Case study : EV Charging station with RES + BESS

Energy Management System based EV Charging Stations

> EMTDC®MODEL (PSCAD/EMTDC)

+ ESS Hybrid EV Charging station simulation model | g PuEvEsS e | Bty | el
+ PHASOR modeling-based simulation. 1 ) —— - =
F F y L_J _—
A\ i imulati AP 5 e P s A = ) - ]
1-day EV charging system simulation (EV, PV, ESS, * J = I L I ] TII ¢ 4 1
Load) oyl t 1 < I  r=m “—n
e f o Rl - -
+  Performance analysis of operation algorithm = 3 ] J R . : T
(baseline data) — = a E.] _ [mE e
+ Targets: voltage variation, energy self-sufficiency. |- — |
| S} - B - = (g
- 1 SR ™ PSCAD/EMTOC 2g O T T - O [ . ]
- {1 . . - |
I T — T T - 1
- ] j N — Gid 34 380V, 34 380V, , v o
P - =n 1 —
B - S = . B ThW 4 20 S0KW =
e ] PV 15kW 30kW. (=)
J o oy i —
Mot Wit womts Time | oo 20kWh 100kWh l
EMT* model / PHASOR Model Hybrid EV Charging System Simulation Model RO L
(EMT: Electromagnetic Transient) (MATLAB/SIMULINK) . S2gH|LEAT 9 BHLEAH
e Heown How Simulation Result
, L e EMS Control Algorithm -
- k __-1 e
@ 1 - Inside the BLOCK
- | ~ - a _
. Upper Limit | i ot Hiv f T = L ¥ [
T e . = il I —H," b [ L k- o]
W R s P e ks = - -_— »
5 \‘a«.://, L& : L
= 713 N W I-—al R 1 4 =¥
E Lower Limit i | | | T F It
who S N \‘—/ S5iie o _CP Voltage reach =T m
the Lower threshold! |- ) L i
7 ESS is operated . -
by EMS Controller T
= G ;
| Control Input : P,Q —
L
Monitoring : Voltage — [ - ‘
EV ATNAH 28 ARE
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Case study : EV Charging station with RES + BESS

\

Energy Management System based EV Charging Stations

» State-machine based / Control Step Time : 1s / Life signal, Safety
ol e | [[] ] |

r———— EH S IMORITORING EMS PARAMETER EMS STATISTIC DATA
BTATE MACHINE © 320 Auanu cooe IICEEN Aun ¢ Votage usper uimt - [JIEEERE | STATICS : DAY 5335353 0>
STANDEY Voltage ABcoOE Vokage Lower Limit - PCS Chargis
B 0. 1 . Vokage Uppsr Wam : PCS Dis—Charging 32.7 [kWh
o twin)  IEETOCNRT SELFTEST Voltage Lower Wam PV Generafio 32.1 [kWh
Vokags Nominal - 220,0[V ESS Charging : _EI.T [kWh

BOR Upper Limi : = 0.1 [kWh
PCS : STATUS CS : MANUAL OPERATIO! 8OR Lower Limit -

LOAD Charging :

attass : ;i peE uODE 2 REINE TANUAL N =) ERNILUE | EV Charging : 8.2 [kWh
current - IECRATY) GAID IPPORT B s00.00w/ = 1f [HE
Pow :

Fraave. X ) o e e Rams Rat (8T0P) :  [KICIES

Max. Chaming Powar - EIIIE] | STATICS : HOUR 333333333333
bmeril > Max. De—Cham. Powe [IEIIINING | PCS Charging :
:::::: : X Line impedance () - [IEIEEEY f PCS Dis-Charging
PV Generatio | 10,5 [kwh]]

Veltage - ) PV PRE MAGNET COMMUNICATION FAULT EMS ALARM = ESS Charging 0.0[kwh]
Currant - [IEEXNTN PV FAULT i ESS Dis—Charging

i e PCS COMM. FAULT PV COMM. FAULT SOC WARNING 3 | 0.00kWh]]
ALARM EVO1 COMM. FAULT IMD COMM. FAULT 80C 8TOP 5 LOAD Charging :

EVO2 COMM. FAULT LOAD GOMM. FAULT SPARE # EV Charging :
by EVD3 COMM. FAULT Bof. Line COMM, FAULT SPARE # - TS foss

AN AU E amr_ Line COMM. FAULT BPARE #
HES LOAD #1 LOAD #2 LOAD #3 SELF SUFFICIENCY RATIO

I G ion ©
Fhase R Pnase ®  Phase T _ 2255 IVl 2305 IvEl 2501 v Total Gene ratio 2.7 [kWh
r A : 0.0 [A)
e [ 2 [W _

o0 IA Algorithm Variables Total Consumption  [JIPICAND
[

Self Sufficiency Ha 100.0[% ]

gbCMDPCS

Ledend pes sotwoce IR ssR PARAMETER [
AC (3) PCB Bet Mode HA,

Pca FEEDBACK Modt | PCS DIS— CHARGING SSR MODE [0
ascMpPcsactive Pow [N 320 TARGET SSH : T0.00%
[ I STANDBY i :
g;('.h:l)::‘.!r\clnal’wn TANDBY 5SR STATISTIC DATA

| arDe kal [ 00 1v]
i - T aDekaliz ESTIMATED SELF SUFF. RATIO >>32))

* - z aWoltageAciCt Total Estimated Ge 52.3[kWh]|
Line Impedance Lower Lim. Act Vol+Dslta U Uppsr Lim. :“::" E:‘:"'s'::’l";‘:

- Aiea > e + EEILER
K P ESTIMATION STATICS : DAY 333333}

; ; sera N > BEEEDY i X

Aft_Line Bef_Line PV Generation : | 50.60kWh]]

) o 229.1 V] ; 230.2 [V]] § SAMES < IEDER] < ESS Dis-Charging - 1. 6Ik¥h]
232.8 [VIN=| : 11.3 [A] 80c LOSS : | 111 [kWh]|
- 5 ; 1.7 [kW DELTA -47.|-(V > -SS_I]]V EV Charging : _lﬁﬂikwh]

60.0 [Hz]] EPSILON A5.0l VIR 4700V ey [ RE Ry
L asolvill iuvi ESS Charging - 2. 1[kWh]|

AC (1)

Control system of EV Charging station with RES + BESS
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Case study : EV Charging station with RES + BESS

Energy Management System based EV Charging Stations

Open-Platform
(Electric Vehi

uuuuuuuuuuuuuu

Rooftop PV

- Rooftop PV (15kW) | © PHILS: Load
ESSwithBMS  EMS, Server Hybrid PCS o PHILS L|ne |mpedance

« EV Charger x 3 (7.7kW 5 ; iy Qs
. ESS with BMS -. g ( ) PHILS : RES + Grid Simulator

- PCS (30kW, 40KWh) -1 *_Monitoring system
. EMS Server

| =

-0
e

. =

= .--l' "~._—

EV Charglng station with RES + BESS (Jeju, Korea Instltute of Energy Research)
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Case study : EV Charging station with RES + BESS

T~
Energy Management System based EV Charging Stations
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programme
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Case study : EV Charging station with RES + BESS
- Energy Management System based EV Charging Stations

«  Completion of hybrid EV charging system testbed and | S “ - =
monitoring room construction f ki tmigscance

& Line Impedance il [

« Test operation with parallel load device, distribution board,
and PHILS integration

« Development of integrated monitoring system for electrical
characteristic analysis

«  Preparation of testing procedures for hybrid EV charging ECEATER

. EVSATE
infrastructure EVSAT
EVSA

s SAT
EV

=

(ILCLILE

EV charging system simulator (left) / Measurement devices (Dewetron, right) Testing procedures for hybrid EV charging infrastructure
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Case study : EV Charging station with RES + BESS

DOB based Model Predictive Voltage Control

Proposed voltage regulation method

Primary Feeder

Grid + 10MVA * Model predictive voltage control (MPVC)
High Voltage Bus
b eoe  State and disturbance observer
ole Tr.(A-Yg)
300kVA 1 L . . .
' =« Obtained the gains by solving LMI-based
Secondary Feeder 1 Low Voltage Bus
Customer) -. .. .
( ) Secondary Secondary optimization problem
e (Customer) (Customer) o Considering parameter uncertainties
Electric Vehicle T
f:l}lllall:lgl]{-llgllSltlaltlll?r-!l(lFlVlI(Egl)lllllllm llllllllllllllllllllllllllllllllllllllllllllll I. . Does nOt reqUire Communication SyStem
i = ' !
1
OB — :
1

Electric Vehicles (EV)

Pl _ Tt
: I ! f i PSS
N s | = Ry o o e
@ — e Proposed Method |} : Sll —“%}Sl“:& ¢ T_H
i44 S1--53 I

Bidirectional Three-phase Inverter

Photovoltaic (PV) with Battery (BESS) 2Level bi-directional Inverter T Proposed Method
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Case study : EV Charging station with RES + BESS

\

DOB based Model Predictive Voltage Control

A. Bidirectional Three—phase Inverter with Battery A. Bidirectional Three—phase Inverter with Battery
Vqlalv}q[z;’_”;} i L v g
The system dynamics of the LC filter can be represented by applying yo by pdopdo ,f:"d
S, Sory b S5 o Lo v
sabc abc iabc Kirchhoff’s law as follows: .
Ij Lf Ve 1o didbe =2l
:"l"': 7"1”": :""1""7 :"l'”: . - Li dIt = Vi —vere
v e AR SRy
+ I b PNIUNIEN I AVEY  abe _ jab )
_— : TOSE T AR A A = jabe _ jabe
m Vﬂ'c VI A H HE dt i ‘o
! C :ﬁ:l‘w\::_ -~
_ _ 7Vz 1 SR o3 B R The input voltage V#?* can be represented according to [36]:
51 S S3 CrATITET
«{ AI { CT1F7-! 2 -1 -1
abc
Vite=cl-1 2 —1102| Ve 3)
-1 -1 21193
N

g = 1, Se=on; S, = off;
. . . . x = — —_— . < -_— .
Fig. Three-phase grid-connected inverter with LC filter (battery energy storage systems). 1, Sy =off; 5, =on;

A. Bidirectional Three—phase Inverter with Battery
A. Bidirectional Three—phase Inverter with Battery

A three-phase system can be transformed to a synchronous reference frame (SRF)

A three-phase system can be transformed to a synchronous

reference frame (SRF). Therefore, (1) and (2) can be expressed

Three phase system Stationary reference frame ] Synchronous reference frame Space vector decompasition
{ — | — - . ey s in the SRF form [37]:
P aS I F 5 = ]-..‘-'
. I ' e di? 1 1
va - v I < n d_; — wif _ L_th +L_V[_d (4)
i i
vb Clarke Park
" Ve vd
ye transform transform [——— Stationary a p frame Synchronous dq frame di? 1 1
e i 4 q q
4 L =—wif ——V'+—V (5)
\ dt L; L;
dvd 1 1
—_qd q i
e 2 |1 _4 oz va \ ngli +[.DVC —Elo (6)
[VB =—x 2 2 % |yP Vd] _ [ cost  sinfl] Ve
el 0 BB |y val = l—sing cosol ” lv# .
2 2z dV, 1 1
[ d -q 7
=i —wlf — =i, (7)
dt c
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Case study : EV Charging station with RES + BESS

DOB based Model Predictive Voltage Control

B. Low Voltage Distribution Network

Electric Vehicles (EV)
PCC
. | A = = = = = — — = —
Grid : V, i R,
|
| igq ,

Line Impedance
P Photovoltaic (PV)

Bidirectional Three-phase Inverter
with Battery (BESS)

Fig. Electric vehicle charging station (EVCS) with line impedance in the low-voltage distribution network.
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Case study : EV Charging station with RES + BESS
B DOB based Model Predictive Voltage Control

A. State and Disturbance Observer Design ) _
A. State and Disturbance Observer Design

The unknown disturbance current d(k) is assumed to be constant as follows:
Subtracting (20) from (17) and (19) from (18), we obtain the following

d(k + 1) = d(k) (18) glk+1) = [A, — LC.]g(k) (21
where

X(k+1):==x(k+1) —x(k + 1) and

d(k + 1) = d(k + 1) — d(k + 1).

d(k +1) = d(k) + Ly (y(k) - 9(K)) (19)

The state observer is proposed as follows using the observed disturbance d:

_[®W], _[A Ba], _[li] . _
£(k + 1) = A%(k) + Bu(k) 0 glk) = [J(k) A, = [Dm ,m]-L_ Lz],ﬂe = [C 0352].

Suppose that a Lyapunov function is defined as

where Vy (k) is the grid voltage at the point of common coupling and is assumed to be directly connected r
- se : . orme “fore , de . V(k) = g(k)' Pg(k) (22)
to the secondary side of the transformer. Therefore, Vg{k) was considered as a constant value.
where P is a positive definite matrix.

Asymptotic stabili
yme v A. State and Disturbance Observer Design

Vi . -
A Lyapuno'v global asymptotic Stabllﬂfy- theorem The observer gain L is determined such that V(k) of (22) decreases monotonically as follows [36]:
) o (Lyapunov’'s second method for stability)
\ ) _,"r suppose there is a function V(x) such that Vi +1) = V()
{174 « V(x)=0if and onlyif x =0 = g(k)" ([A, — LC,]"P[A, — LC,] - P)g(k) <0 )
I « V(x)>0if andonlyif x #0
’ . V) <0 Equation (23) is satisfied for all nonzero g(k) when
% then, every trajectory of X = f(x) converges to zero as t — 0.
- [A, — LC.]"P[A, -~ LC,]-P <0 24)
e Continuous—time domain Discrete—time domain
| ;ﬂ\ o V(x) < 0,V(x) > 0(x = 0),V(0) = 0 V(k+1) = V(k) < 0,V(k) >0 is satisfied. It is clear that (24) holds if for some P, > 0 (P > P,)
. . ' b4 V(x) = x(6)"Px(t) V(k) = x(k)"Px(k)
SN Ny (1) = Ax(t) V(k +1) = x(k + 1)"Px(k + 1)
P ' V(x) = x(6)T(ATP + PA)x(t) < 0 where x(k + 1) = Ax(k). P, — [PA. — PLC.]"P7'[PA. — PLC,] >0  (25)
O ATP+PA <O V(k + 1) = V() = x(k)T(ATPA — P)x(k) < 0 .
ATPA—P <0 1s fulfilled.
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Case study : EV Charging station with RES + BESS

DOB based Model Predictive Voltage Control

The cost function ] (k) is defined as follows using X and ug obtained from (33-39):

J(k) = ||é(k + Dlly + lldu(E) IR, (41 <Variables>

*  X(k): estimated state

where
* X,: state at normal state

ek +1):=%x(k+1) —Xo(k +1) + u(k): Control inputa

Au = u(k) — * ug(k): Control input at normal state

|lx||g:== xTHx,and H > 0, R > 0.

A. Reference Steady State B. Design of model predictive voltage control
The steady-state X of system (17) satisfies the following relationship: The cost function J(k) is defined as follows using X and ug obtained from (33-39):
J(k) = llé(k + Dlla + lduk) g, (41)
x(k + 1) = Ax(k) + Bu(k) + Bgd(k) + ByVy (k) (17) ! N
"v where
ek +1) =gk +1) —xo(k + 1),|Au :=u(k) —u
Xo = AXg + Bu, + Byd(k) + B,V, (), (32) [£0+ 1) — xok + 1)) () — o}
lx|lg = xTHx, and H > 0, R > 0.
where To minimize the cost function J(k), we use the following control law:

_1;4° ;4° ya' 4 ;d° :4°9T
Xo=[i i V& VT ig ig ],
0 Au(k) = Ké(k). (42)
o = [V V"

R Inserting (20) and (33) into &(k + 1), we have
Note that the disturbance d is not measurable and will be replaced by d(k) at each time step to yield

ék+1)
Xo = Axq + Bug + Byd(k) + B,V (33) = R0k + 1) — x0(k) (43)
= AR(k) + Bu(k) + L1(y — CX) — Ax((k) — Buy(k).
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Case study : EV Charging station with RES + BESS

\

DOB based Model Predictive Voltage Control

D. Stability analysis of observer and controller D. Stability analysis of observer and controller

To verify the stability of the closed-loop system, substitution of the controller (43) into (20) and use of X(k)

To venfy the stability of the closed-loop system, substitution of the controller (43) into (20) and use of X(k)
from (21) yields

from (21) yields
z(k+ 1) =
B By szz] d(k) [ By ] (55) '
Adz(k) * [Oex:z] o + 062 By Ci(k) * O4x2 Vg{k) i |
where 1 ; - | [ A s - ]
X _[A+BK -BK | l e
z(k) = [i(k)]'ﬁd Tl O A Llc]' ) .

From (55), it is clear that the overall stability is determined by the stabilities of A + BK and A — L, C, which
are ensured by (47) and (24), respectively.

(a) (b)
Fig. Poles A, of closed-loop system in z-domain. (a) with nominal parameters,

(b) with parameter uncertainties (u =1.0, 1.1, 1.5, 2.0, 2.5).
D. Stability analysis of observer and controller

Model Predictive Voltage Control (MPVC)

il 5 Primary Feeder
onirolier —
r(k) d SVPWM —»-5, Grid + LOMVA | |
Proposed u d q I T High Voltage Bus
MPVC-DOB = see
== algorithm C(ﬁ ) >S5, Pole Tr(A-Y,) -
—-5 300kVA 1 1 —1
®(k) 53 Secondary Feeder 1 Low Voltage Bus
d (k) (Customer) Secondary Secondary ;
Line Impedance - Feeder 2 Feeder N L K| PR WM [,
DOB ' (Customer) (Customer) ] i - 8 ~:
State / 93 Phase Lock Electric Vehicle [’§:| 1) =
Disturbance —1 Loop [a—m— y 2t Charging Station (EVCS)  LE o
Observer H e i o e[ Pmase tack -
H dq i . Loop
i) i T —— -
i T L — iphe  Electric Vehidles (EV) “ i
3 abe H 1:
abc Ve i @ DOB IE:::i;\dFW. |'§— Block diagram of DOB based MPVC scheme
. R L ; -dq 5;...55
Fig. BIoc}{ d1ragram of the proposed model predictive voltage control (MPVC) oh e (v lev Bidirectional Three-phase Inverter
scheme with disturbance observer. i Photovoltaic (PV) with Battery (BESS)

Fig. Segment of a distribution network with EVCS that applies DOB-based MPVC to BESS.
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Case study : EV Charging station with RES + BESS

® CASE #1 : 2kW EV charging load with step input

DO B based MOdel Perictive VOItage ContrOI * dqaxis: (Event: BV cherging load at 10.5 . Performance on V:? voltage regulation

20

Overall experimental environment of EVCS. =
LC Filter . AR \

Fig. Comparisons of the performances of PI and MPVC when the 2kW EV charging load is applied to EVCS.

® CASE #2 : 2,5kW PV generation power

* d-qaxis: , .~ Event: PV generation power at8.0's. Performance on V9 voltage regulation

* 3 phase voltage :

Line Impedance Simulator / Load Simulator "

: i

| J—— .:_ - _+ Electric Vehicles
(EV)

. Event : PV generation power at 8.0's.

: Bidirectional Three

1 Phase Inverter

>

Voltage (V)

Time [s)

Fig. Comparisons of the performances of PI and MPVC when the 2.5kW PV power generation is applied to EVCS.

® CASE #1 : 2kW EV charging load with step input ® CASE #2 : 2,5kW PV generation power

i -

T vdq | Performance on disturbance observer Performance on disturbance observer |

; ,{:, - - — 0! - __'_,,; .,
L l N ' - ¢ S i 2 LT,"Z,J
. i Line Impedance i : ‘f =]

N = P Photovoltaic (PV) Bidirectional Three Phase Inverter k- ’ g ‘

= with Battery (BESS) b g il Pl R IR
i . 10 " == » . . . . . |
Gl"ld SlmulatOI' Battery S]mulator g 0 £

S 5 | 3 'WWVWW

Experimental environment of EVCS with proposed bidirectional inverter e
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Case study : EV Charging station with RES + BESS

\

DOB based Model Predictive Voltage Control

Performance evaluation under parameter un inti ® CASE #3~4 : 2kW EV charging load with step input a : ® CASE #7~8 : 2kW EV charging load with step input
erformance evaluation under parameter uncertainties Performance on V. ? voltage regulation SR ging pinp
*  Experimental condition * d-qaxis: * Experimental condition * d-qaxis:
B. Low Voltage Distribution Network 200 —————————— - - — 100 — — e T T
Exp. Case | Ry [Ohm]| L, [mH]| g ”
—~ I~ Case Van Ve Ven ~
Amin. (1)) 08 1.06 125 % 180 apae- fr e % [
& & 3 110.02 &
£ £ 0 " & CASE-A | 12702 127.02 i
__________________ . 2 160 = 5 _— :; ::::; ::vvr (86.6%) S w0 v without controller
"""" Vac | — V7 (Reference) 100.02 =\ e
1 < CASE-B 127.02 | 127.02 VE with MPVC
140 — 100 — > i = — (78.7%) 120 V¢ Reference
1: 9.99 10 10.01 10.02 10.03 10.04 10.05 9.99 10 1001 1002 1003 10.04 10.05 - - = - =
]‘, ! Time 5] Time 5] 10 10.05 10.1 10.1¢
| 200 - - . - 100 - Time [s]
1
ER—— Exp. Case | Rg (Ohm]| Ly [mH] [ 4 0
Bidirectional Three-phase Inverter = 180 = Case v v, v, .
with Battery (BESS) & % o " AN BN (o] S
B-min. (/)| 0.6 0.795 1.667 8 8 | Gk 10,02 o
S 160 — Viwithpl S Ve with Pl CASE-A T 27.02| 2702 F
Fig. Electric vehicle charging station (EVCS) with line impedance in the low-voltage distribution network. —— V¢ with MVPC 50 V¢ with MVPC (86.6%) S VEWithout controller
—— V¢ (Reference) <) = o — Vi
- - - - - - - 100.02 a
0T 9% 10 1001 1002 1003 1008 1005 1975 10 1001 1002 1003 1004 1005 CASEB | | 127.02] 127.02 120 _ ;5 _
Time [s] Time [s] T87%) - - -
. . . 10 10.05 101 10.1€
TABLE III Fig. Comparisons of the performances of PI and MPVC when the 2kW EV charging Time [s]
Uncertainty of line impedance load is applied to EVCS.
Experimental Case | Ry [Ohm] Lo (1] g CASE #5~6 : 2kW EV charging load with step i d
L ~6 : charging load with step input d . q ;
A-minimum (1/2) 08 1.06 1.25 = ' Performance on V; ? voltage regulation Performance on V.~ voltage regulation
»  Experimental condition ¢ d-qaxis:
B-minimum (1/u) 0.6 0.795 1.667 200 - - 100 - - - - - - 10—
. Exp. Case | Ry [Ohm]| L, [mH]| p
A- 1.2 1.591 1.2 tl &l —~ ~ 50
maximum (@) S 180 - 12, Syt P () S >
B-maximum (i) 1.6 2.122 1.6 & F/ & o R daana % o
3 —— Viwithp 3 — VIwith Pl ]
Amax. )| 12 1591 12 = 1% —_— :::' :m::| ]MIVPC = 50 S, ::;:I: MVPC I = :g a:::‘:;'m"'m""
— V' (Reference) —— V7 (Reference) -50 ST i
140 9% 10 1001 1002 1003 1004 1005  ° 999 10 1001 1002 1003 1004 1005 100 } S Voneference
Time [s] Time [s] 10 10.05 10.1 10.15
200 100 Time [s]
Exp. Case | Ry [Ohm]| L, [mH] | 100
z 2 g 180 1/\/\... " A g 0
& & o ~ 50t
£ £ =
S 160 S by
= = ;ﬁ_’p o
B-max. (1) | 16 2.122 16 = VT without controller
o 999 10 1001 1002 10.03 10.04 10.05 00 999 10 1001 1002 1003 1004 10.05 = 50} = Vo
— V1 with MPVC
Time [5 Time [5 oo — V1 Reference
Fig. Comparisons of the performances of P and MPVC when the 2kW EV charging ’ 10 10.05 10.1 10.15
load is applied to EVCS.
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Antarctic Inland Microgrid Operation

\

RES—-based Integrated and Control System for Extreme Environments

Establishment of a renewable energy supply system capable of replacing 30% of fossil fuel generation
at the Antarctic inland base.

Development of optimal power grid operation technology based on
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Antarctic Inland Microgrid Operation

—~
» Average Wind Speed and Solar Irradiance in the Region between 60°S—90°S and 180°E-180°W

_ Spring (Oct) Summer (Dec/Jan) |  Autumn (Apr) Winter (Jul/Aug.)

Wind Speed [m/s] 1.14 0.975 0.98 1.41
Irradiation [W/m?] 147.8 311.7 13.3 5.65

Map of Antarctic Region (60°S to 90°S, 180°E to 180°W)
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Antarctic Inland Microgrid Operation

\

* Hourly Wind Speed Data (Mar 2023 ~ Feb 2024)

Hourly Wind Speed and Monthly Averages in Antarctica

—6—23.Mar.
—e—22Ap.
23.May.
—d— 23, Jun.
—T—23.0.
e 23,80,
—€—23.5ep.
—e—23.0ct.
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23.Dec.
—+—24.Jan.
—=+—24.Feb.

Wind Speed (m/s)
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Antarctic Inland Microgrid Operation

\

35

25

Annual Wind Speed Data (2000 ~ 2024)

Monthly Average Wind Speed by Year (Antarctica)

—6— 2000
B 2001
2002
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2004

2005
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2009
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amz
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— & = 2017
— 20§
2019
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Antarctic Inland Microgrid Operation

\

« Annual Solar Irradiance Data (2001 ~ 2024)

Hourly Solar Radiation by Month (Shified by 5 Hours, Figure 1)

19
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Antarctic Inland Microgrid Operation
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Electric Power Usage Analysis of Station A/ Station B

-> Analysis Focused on Station B

2500 Daily Avarage Energy Usage
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Antarctic Inland Microgrid Operation

e~
Capacity Estimation for Achieving REx at the Antarctic Inland Station

Average Daily Direct Solar Radiation Maximum Power Demand of the Antarctic Inland Base (Daily based)
4 «  Maximum power: 400 kW (Assumption, xxxx January)
«  Maximum energy consumption: 4,000 kWh (xxxx January)
* . | *  Power / Energy : 400 kW / 4,000 kWh

V\)QGH‘-_Q‘CO\ C&C ‘\o”‘c(\\ Qc,‘-c'(\\ \'50& y;\"‘\\v &€ v N ?

Daily based RES Generation Ratio of the Antarctic Inland

This figure shows the potential for PV installations from October till the

end of February.
The graph is based on weather measurements at Concordia Station. . Instantaneous power (Max. RES / Max. Load)
* Calculation of Average PV Generation in January = 100kW / 400kW x 100% = 25.0%
(Daily based) « Renewable energy ratio (RES Energy / Load Energy)
0] Il effici f the PV system i d to be about 80%
O ey Syt sseumedio be sbou 8% = 1,440KWh / 4,000kWh x 100% = 36.0% (RE36)
: 10kW x 24h x 0.75x 0.8 = 144kWh % Values are simple calculations based on assumptions, for
v 50kW PV ’ ’
: 50kW x 24h x 0.75 x 0.8 = 720kWh reference only.
v' 100kW PV % Adjustable through the operation of Energy Storage
: T00kW x 24h x 0.75 x 0.8 = 1,440kWh Systems (ESS).

Source : de Witt, M.; Chung, C.; Lee, J. Mapping Renewable Energy among Antarctic Research Stations. Sustainability 2024, 16, 426
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Antarctic Inland Microgrid Operation
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Configuration of the Antarctic Inland Base Energy System

Heat Pump |

(or Elec. Boile) ¥

Electric Power

Water Tank Water (High Temp.)

©

E Input

Thermal Storage

Snow (Ice) Melting System Water Tank ~ Water (Room Temp.)

(Snow / Ice)
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Antarctic Inland Microgrid Operation

\

Probabilistic Weighted Dispatch Framework for Polar Microgrids

nPV 24h -~
B = D> wB B9 S IS

At ket " Supervised Learning ‘: 4 Bayesian ML Model ' Normal mods :
YT = £ . pWT ‘ '
- Z kZm" e 1 : > Minimize the operatlng cost(economm dlspatchmg)

nload ! |

proad=) Z ihw{fﬁ“’“"(k) Pre-processing 1 MG Mo.d e ; ; WT WT PV PV DG DG ESS ESS ESS ESS
; Estimation | | minJy () = Z W (@) PYT k) + Z R (@) PPV (k) + z 26 (@) - PPS (k) + Z AES(a) - PESS (k) + z AES (o) - PESS () +
PR, = % - max()_ EPS- 530, > EPP) ; | k=1
R = e . S S v
PESY =nFsS . Z EFS 538 Probability of each MG Mode i Eco mode :
i=1 - | L . - L . . . .
Proae (k) | = Minimize the diesel generatoroutput Increase self—sufﬂclency, minimize diesel fuel consumption for extended operation, and implement load shedding
Vinax (K) = max(Vs, ..., Vi) = [Prvormar (k) Peco(K)  Pemergency ()] 2 6h
Vinin(K) = min(Vy, ..., Vi) WT . Standard deviation of each MG Mode i
o RR= 2 i | min]c(B) = Z AREE) - PPE() + Z ARy PSSl + Z B P00 + ) Z A @) 2 ) +
fk) nload 24y . [ 0 ®© )7 | s
Phond Z Z‘” . pload i Pre—processing = [ONormal Oco Ogmergency |
i= 1 k 1 DG 24h
B = max(z ERSEIS308 Z z EPP)
=1 s 1=tk . Emergency mode :
PSS = S 3 BESS.S50°, Model features (New input data) - Start a high-reliability operation mode by curtailing renewables, increasing reliable generation (diesel generators, ESS), and shedding loads if needed.
= [ x(0) 6h 6h n 6h
Vinax 09 = max(Vs ., Vi) =[50 T Vo V) 109 EGOI T minj () = Z A6 (y) - PG (k) + z AESS (y) - PESS (k) + z AESS(y) - BESS (k) + Z Z Aghed (y) . pSHed (k) 4 .

Vinin(K) = min(Vy, .., Vi)
f

k=1 k=1 i=1k=1

Bayesian ML Model h

* Proposed control method

Reformation of
Cost function

MG Mode
Estimation

Calculation of
Weighting factor

Probability of each MG Mode Cost functions

Prnoae(k)

= [Pyormat (k) Pgeo(K)  Pgmergency ()] T
Standard deviation of each MG Mode
Omoae(k)

= [Onormat(K)  0zco(K)  Opmergency (k)] T

Weighting factor
(a+B+y=1

a : Normal operation mode

B : Eco operation mode

v : Emergency operation mode

«mi + B-mi +y-mi
am‘}n]N Emumlc ymum]E
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Probabilistic Weighted Dispatch Framework for Polar Microgrids

Bayesian Machine Learning

Normal
Mode

Emergency
Mode

Emergency
Mode

Probability & Deviation

[ Weighted Dispatch Framework ]

(a+p+y=1)
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Probabilistic Weighted Dispatch Framework for Polar Microgrids

1500 2000 3500 000 1500 4500 000 0 500

PP R L

| . .. < -
190 - . .
. -
18 200
) 500 1500 2000 2500 3000 3500 4500 5000 0 500 1000 1500 2000 3000 3500 4500 5000
b (Hz) Emergency &1 2 trigger (/1)
615
. . S T O A S S S AP P Ny p————
. : - :
. _— .o
Al .L' o)
2 3@:‘ “;’?
7 v‘i-fj-. % =
=
PR : 2
4 - ) w
0
58.5 - > L L L L
i 500 150¢ 3000 3500 450 500 150 2000 3500 500 5000

UN® | () W1 GRIVERSmy

environment —_— e
programme UN Climate Technology Centre & Network SOCIAL MARKETING @ GRIFFITH




Antarctic Inland Microgrid Operation

\

Probabilistic Weighted Dispatch Framework for Polar Microgrids

Model features (New input data)
x(k) = [S(k) TK) Vmax(®) Vmin(®) ) E@)]T

x_test =[0.2, 1200, 215, 225, 59.9, 0];

Learned Model Weights (Theta) - MAP Estimates

Learned Model Weights (Theta) - Smoothed Surf Plot (MAP Estimates)
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Probabilistic Weighted Dispatch Framework for Polar Microgrids

Estimation Results for New Input Data :

P(Ynewlxneerr Y) = .[P(Ynelenewr B)P(BlX: Y)d@

(Bayesian Multiclass Logistic Regression)
: Std

Calculating weighting factors...
Calculated raw weights (lambda = 1.00):

x_test=[0.2, 1200, 215, 225, 59.9, 0];

. - . . W_Emergency: 1.1109
Predicted Class Probabilities with Uncertainty
1 T T
Final Normalized Weighting Factors:
alpha (Normal Mode): 0.2285
09 < beta (Eco Mode): 0.5732
gamma (Emergency Mode): 0.1973
Sum of weichtinao factors: 1.0000
08
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Antarctic Inland Microgrid Operation (GFM : Grid Forming)

RES-based Integrated and Control System for Extreme Environments
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wr Dynamics of islanded MG
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Proposed method

Virtual Synchronous Machine

[ L]

Proposed DOB-based Grid forming inverter (GFM)
Applied as feed-forward term to GFM’s VSM
Aw - Enables fast frequency recovery when

DOB

MPFC
| 1

Based on Lyapunov stability, LMI

VSM(VSG)
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Conventional inertia/damping tuning —
improves inertia but degrades RIC
performance (overshoot, control loss)
Proposed method — maximizes inertia

capability without affecting RIC performance
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Fig. 1. Simplified representation of power converters.
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M. Ebrahimi et. al., "An Improved Damping Method for Virtual Synchronous Machines,” IEEE Trans. Sustain. Energy, 2019
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Development of a Pre—verification System for Microgrid Operation
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Development of a Pre—verification System for Microgrid Operation
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Thank you for your attention!

Dae_Jin Kim, rno

Chief(Principal Researcher)

Electric Power System Research Lab.
Korea Institute of Energy Research
djk@Kkier.re.kr

+82-10-3395-4383
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