SOLUTIONS FOR POWER SYSTEM STABILITY UNDER RENEWABLES
DOMINATED OPERATING CONDITIONS
Lucian Toma, Mihai Sanduleac
University “Politehnica” of Bucharest — Department of Electrical Power Systems

The transition from fossil-based to renewable-based power generation is a challenge for the
power system operators in adapting the control system design to ensure the system stability.
There are two main changes that occur in power systems by the energy transition, i.e. the
unpredictability of the renewable energy sources and the reduced mechanical inertia available in
the rotational masses caused by the increased number of generation sources interfaced by power
electronics. The problems that may occur spans from very fast phenomena, in the range of
milliseconds, e.g. angle and frequency stability, to slow phenomena, in the range of tens of
minutes or hours, e.g. load balancing. This keynote speech addresses some solutions that are
designed to deal with the mentioned problems, among which the use of battery energy storage
systems, the integration of the microgrids and virtual power plants into the frequency control
loops, the use of syncrophasors for wide area monitoring and control. Additionally,
asynchronously interconnected microgrids are promoted as resilience solutions in local energy
communities.
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THE ENERGY TRANSITION




THE ENERGY TRANSITION

Development and
diversification of
generation
“fossil fuels age”

Electrification society
“the coal age”

Unsustainable system

Unsustainable system

Generation and load ate

Generation follows the load

islanded Integrated network, central
Islanded supply and generation, predictible
stochastic load stochastic load, unidirectional
load flow
Fossil fuel based Fossil fuel based

sources, hydro sources, hydro, nuclear

19t Century 20t Century

215t Century

Transition to the age of
electrification
Challenges for a new approach
1) Demographics; 2) Resources
availability; 3) Climatic changes

Choice to use various
generation sources
Decentralization,
Intermittent generation,
the consumer becomes
prosumer
Fossil fuel based sources,
hydro, nuclear, biomass, wind,
solar

B )
215t Century

New electricity age
The electricity will be the
energy source for most of

the daily applications

Sustainable system

Load follows generation
Centralized + decentralized
generation, intelligence with
ICT, bidirectional load flows

Renewable energy sources

\_

(wind, solar, hydro, biomass)
clean coal, gas, nuclear _/




THE ENERGY TRANSITION

Predictable
Available

Predictable
Less available

Less predictable
Randomly available

Operate as base
load power plants

Very flexible
Appropriate for
fast control

Very volatile
Unsuitable to
ensure stability




On the frequency stability In
power systems



FREQUENCY DEFINITION

ENTSO-E, Commission Regulation (EU) 2016/631 of 14 April 2016 establishing
a network code on requirements for grid connection of generators, 2016.

» frequency means the electric frequency of the system expressed in hertz
that can be measured in all parts of the synchronous area under the
assumption of a consistent value for the system in the time frame of seconds,
with only minor differences between different measurement locations. Its
nominal value is 50 Hz.

variations;
sz " the machines are all the time in transient state and hence small differences in
the frequency value exist because of multiple factors;
= short-circuits and contingencies are the most dangerous conditions that can
lead to large frequency fluctuations and, in some cases to the loss of
synchronism of some generator and, even, to the collapse of the whole system;

I = the frequency slightly fluctuates from bus to bus due first to local load




WHERE TO MEASURE THE FREQUENCY?

» Synchronously connected

* rotor speed

< >

» Asynchronously connected

* PLL output

@ Power @

converter

— Fiber Optic —— VPN over Internet —1—5G ¢> Sensor




POWER SYSTEM STABILITY

Power System Stability

The ability of the power system to remain in operating equilibrium

Rotor angle stability (| Frequency stability 1) Voltage stability
(fast dynamics) The ability to maintain the frequency in (slow dynamics)
The ability to maintain synchronism through a specified range through demanded The ability to maintain steady acceptable
torque balance of synchronous machines and generated power balance voltage through reactive power balance
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POWER SYSTEM STABILITY

An analogy of the electromechanical oscillations phenomena with a mechanical system

 steady-state

=
INGY R

O

Any change in the position of one ball
(= operating point) will affect, more or
less, all the balls from the system

Instable




MAJOR GRID PERTURBATION IN EUROPE

The Major grid blackout of the Italian power system, on 28 September 2003
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MAJOR GRID PERTURBATION IN EUROPE

Hz

The Major grid blackout of the Italian power system, on 28 September 2003
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MAJOR GRID PERTURBATION IN EUROPE

The de-synchronization of the ENTSO-E Continental Europe, on 4 November 2006
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MAJOR GRID PERTURBATION IN EUROPE

The de-synchronization of the ENTSO-E Continental Europe, on 8 January 2021
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WIDE AREA MEASUREMENT IN EUROPE

Frequency

Frequency set point 50.000 [Hz]
Current Frequency 49.973 [Hz]
Current Frequency Deviation -0.027 [Hz]
Current grid time deviation -2.314 [s]
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Basics of frequency control
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FUNDAMENTALS OF FREQUENCY CONTROL

\ Loads Power sources

Stationary Rotating

Steam/gas turbine Hydro turbine Wind turbine
High speed Small speed Low/No speed
Strong Medium Weak




FREQUENCY OPERATIONAL THRESHOLDS

A

I:)gen > I:)Ioad

f>f

nom

I:)gen < I:)Ioad

f<f

nom

f[Hz] 4

52

51

49

48

47

>

Manual down regulation

Y

l Disconnection of large power plants

- Tripping of wind farms

l - Emergency actions on the DC links

50.2
49.8

— Frequency control

49.5

47.5

- frequency control

Emergency actions:
- deploy storage systems

1" - starting gas turbines -

- change to active production
and uploading of hydro units
- emergency actions on the
DC links

Tripping of large
— thermal power plants

49.2 T - tripping of pumped-storage units

- Load
shedding

Upper operational limit
Lower operational limit

tripping of CHP units

- Tripping of interconnection
lines

- Tripping of HVDC systems

- Tripping of wind farms

Operation outside
predefined
thresholds results
in triggering
various control
actions to prevent
system or
equipment

malfunction!
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HIERARCHICAL FREQUENCY CONTROL

Primary Control
(Frequency
Containment)

Secondary Control
(automatic Frequency
Restoration)

Tertiary Control
(manual Frequency Restoration)

Why is this control
used?

To stabilize the
frequency in case of
any imbalance

To restore the
frequency and the
interchange  programs
to their target

To restore the secondary control reserve, to
manage eventual congestions, and to bring
back the frequency and the interchange
programs to their target if the secondary
control reserve is not sufficient

How is this control
achieved?

Automatically

Manually

Where is this control
performed?

Locally

Centrally (TSO)

Who sends the control
signal to the source of
reserve?

Local sensor

TSO

Gencos, Consumers or other TSOs (after
receiving instructions from the TSO)

When is this control
activated?

Immediately

Immediately (seconds)

Depends on the system

What sources of
reserves can be used?

Depends on the system: partially loaded units, loads, fast/slow starting units, changes in
exchange programs




HIERARCHICAL FREQUENCY CONTROL

Primary Conirol:

* response: 3-30s

+ whole grid affected
 proportional control via Af

Tertiary Control

« response: >15min

« control zone in which fault occured
« manual dispatch according to AP

power

4

| 55 30 15mNg 75min time
Inertia Response: Secondary Control (AGC): || Generator Rescheduling
« response: <ls + response: 30s - 15min + response: 75min - Zh
= whole grid affected| |+ control zone in which « control zone in which fault
= electro-mechanical fault occured occured
coupling via Af * PI control via AP . + re-dispatch via intra-day auction
depending on availability




HIERARCHICAL FREQUENCY CONTROL

Usual time reactions of the frequency and power balancing levels

No. Control Name Time frame Control objectives Function
: Power balance and transient | Transient frequency
1 Inertial response 0-5 secs S
frequency dip minimization control
FIET/EIE] Power balance and transient | Transient frequency
2 (Frequency 1-20 secs
. frequency recovery control
Containment), governor
Secondary control, AGC . Power balance and steady-state .
3 (automatic Frequency | 2 secsto 3 mins Regulation
. frequency
Restoration)
Real-time market : Power balance and economic- | Load following and
4 (manual Frequency Every 5 mins : > .
) dispatch reserve provision
Restoration)
5 Day-ahead market Every day Power balance and economic- | Unit commitment and

unit commitment

reserve provision




The Inertial response



INERTIAL RESPONSE

The dynamic behavior of the synchronous machines is governed by the
swing equation

do
dt 2

P _P
- (

‘ |—> electrical power output (on the stator side)

mechanical power input (on the rotor side)

— Inertia constant
P.=P_ sSINod
‘ L. internal angle of the generator

maximum electrical power that can be provided by the generator
from stability point of view




INERTIAL RESPONSE

The rotating kinetic energy is:
(DO = p (DOS

1 1 m
Ekin = E J (Dém = E J (ZTCfm )2 F;ggilress of el.rad/s
J — moment of inertia of the rotating mass, in kg-m? ®y, = 27f,
®om — NOMinal speed of rotation, in mec.rad/s f —50Hz or 60Hz

f., — rotating frequency of the machine

The inertia constant — the time in seconds a generator can provide the rated power
using only the kinetic energy stored in the rotating mass, is:

Ego  1Jof, J(2nf,) [MW-S}

S, 2 S, 2S, | MVA

S, — MVA rating of the machine

23/05/2021 Slide No. 23 © RESERVE 2016 All rights reserved.



INERTIAL RESPONSE

The inertial response of the synchronous machine can be described by the
change in the rotational speed or rotational frequency

2
d(Ey) _ d(J05,/2) _ 1202 f. df,, _ 2HS, df, _ (P —P)
dt dt dt f dt

m

o = 27f

The rate of change of frequency is proportional to
of AP
ot 2H

The greater the inertia, the less acceleration will be observed and the less will be
the frequency deviation. Inertia is proportional to the total rotating mass.




INERTIAL RESPONSE

Turbo-generator Hydro-gen

)

erator

\l

Small diameter Large diameter

Large rot. speed Small rot. speed
Large FOI’C]l_Je Small torque

Large Inertia constant Small inertia constant
H= 3+7 MWs/MVA H=2+4MWs/MVA

non-condensing nuclear

Sync. condenser

No driving system
Small inertia constant

H=1+1.25MWs/MVA




THE NEED FOR INERTIA COMPENSATION SOLUTIONS
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THE NEED FOR INERTIA COMPENSATION SOLUTIONS

/“ Storage Systems (ESSs) connected to the electrical
network in a new network code

- ; A

i

i
i

-
||

‘ Requirements for power converter-based Energy}
§

Af — K, W"@_} P 1 APgess
R[ 1] Taessst1

dfidt— K,

A

{ RoCoF control }




THE NEED FOR INERTIA COMPENSATION SOLUTIONS

strategy to allow using small-sized

Expanding the frequency control}
and/or intermittent energy resources

Recommended  settings for  the }

controlled units

[ Requirements for the DSOs 1




The frequency containment control



PRIMARY FREQUENCY CONTROL

Speed governor control of a generating unit:

steam —»

reference
speed

steam valve

speed | _

turbine

synchronous

rotating shaft

generator

'\
v

|

\governor|

measured rotational speed

setpoint |

Governor

\ 4

Turbine

grid

O=0

Generator
APG(S) 1 > A®
-Ir?_ 2Hs+D Af
Frequency
AP, deviation

Load deviation




PRIMARY FREQUENCY CONTROL

Steady-state characteristic of f/P control

form
[p.u.] OnL = steady-state speed at no load
WrL = steady-state speed at full load
g =f]9 FAf= Ao =f-1, ®o = nominal or rated speed
R = percent speed regulation or
droop

Power output or
valve/gate position (p.u.)

» A 5% droop or regulation means that a 5% frequency deviation cause 100% change
in valve position of power output




Automatic Generation Control



AUTOMATIC GENERATION CONTROL (AGC)

Inputs

)
Measurements

( The automata (AGO)
P |+

Tie-line 1

>

Pii t

|Tie-line n

Outputs
\

Power Plant 1

- Power Plant 2

» Power Plant n

Settings

—
o
—
=
=)
E
=
» Pl »| T
—
O
A A "8
o
S
=]
X | g
<
4L A A
|Freq. meter f— =/—\ A
.f:\'l'.!' \‘/
\ J o
.f P"E,' K Pi('h ERB i

Area Control Error

ACE = (P, Pon) + K(fye = frer)

xch

The active power required for
system balancing:

1
Y :—B-ACE—fJ'ACEdt

B - proportional factor (gain)

T, - integration time constant

The control order
Y Yo oo, Y, (=MW)

set according to market rules




AUTOMATIC GENERATION CONTROL (AGC)

I:)ref,l Gl

— To regulating
—
plants

I:)ref,2

power systeml

G2

power system 3




AUTOMATIC GENERATION CONTROL (AGC)

Snapshot of AGC operation is Romania

pplica cati ocosle Over wD\spIayS Related Displays  Analyst Displays - Help

= R

di
L G m—oS:Z
& - ;EF[T]:[ ﬁ&i&j@s&ms&m&mﬂ@:*

Generation Summary

o OPENLOOP Interchange - Currentf 51 Gen: 6448  Frequency:d9.997
DEC ACE: 41 TLEC Sche: d I dpP 12 Load: 6498

A0

DEC@RECERS250 | DEC@RECEMS1:50 23/06/2017 07,28 W

Power flow on the interconnection lines (lest
side);

Power exchange deviation (SOLD, in the
centre);

The actual band used in secondary control
(BAND column, on the right side). One can
observe that is a special case when the total
secondary reserve was fully used;

Total power generation of all power plants
integrated into the AGC scheme;

The area control error (=-41, for this instant);
Power system frequency;

Total generation and load.




AUTOMATIC GENERATION CONTROL (AGC)

- Full availability Utilization Controller Controller type
cycle

ENTSO-E <30s <15 min As long as required 1-5s | or PI

Immediately < 15 min As long as required 1-2's PI
or<5min

France <30s <430s As long as required 5s I
or
<97s
Spain < 300-500 s =15 min 4s P or PI, depending
on the regulation

zone
NEIGEEERPER 30 s — 1 min <15 min 2 15 min and by 4s PI1, with additional
consensus

heuristics
<10s <10 min As long as required 5s PI

<30s <15 min As long as required 4s PI




AUTOMATIC GENERATION CONTROL (AGC)

Example of hydro-generator reaction to control order

[MW]
250 L. .
Loss of a large gen unit in Romania
___________________________________ ) — Changing to the next
200 ( ) :> Operation time interval
50 Saturation
100%
. SRB=204 MW | unloading
Saturation
50 100% loading

A | [min]

0 5 10 15 20 25 30 35 40 45 50 35 60 65 70 75 20 85 90




HIERARCHICAL FREQUENCY CONTROL

Balancing Market (Tertiary)
Deployment time: 15 min to 7 hours
Type: Manual - phone call

The active power produced by a
generator is the results of:
lants_ _ - Load setting (DAM and BC)
() - - Frequency Containment response
- " - AGC response
- Manual orders changes

IA2A1
To other
power plants

....... {z)

e

vy
To other
power plants

Lo 2o T iGeneratOT S
goeemeesasessasnnesaas > governing
1 P Ti system

(set by power plant
dispatcher)




Storage Is essential to support
100% renewables



ENERGY STORAGE TECHNOLOGIES

Technologies for
energy storage

Mechanical

Electrochemical

Electromagnetic

Thermal

Pumped hydro Batteries Flow batteries Hydrogen Super-capacitors
Flywheels - Lead acid -Vanadium Superconducting
- NiCd magnetic (SMES)
- Li-ion || | -4n-Br
- Polysulphide
Compressed - NaS Broyming
ar - NaNiCI2
(Zebra)




ENERGY STORAGE TECHNOLOGIES

1000 Vanadium Redox Flow
Sodium Sulfur (NaS)

Early stage

Deployed Demonstration

technologies

Storage time [min]

10 h
300 || Pumped hydro Advanced Pb- Adiabatic
(synch) | acid and Flow || (CAES)
batteries N
sync
Compressed Air (asynch) (synch)
100 [ Energy Storage
(CAES) Superconducting Hvdrogen
1h (synch) | Magnetic | yarog
Storage (SMES) (synch)
30 Batteries (NaS, (asynch)
1 Li-ion, Pb-Acid) -
- Synthetic
(asynch) Electrochemical | |l Natural Gas
. | Capacitors (synch)
0B F|ywheels and capacitors > 10 min Flywheels (asynch) 4
100 kW 1 MW 10 MW 100 MW 1000 MW (asynch)

Power capacity [MW)]

Source: ABB




ENERGY STORAGE TECHNOLOGIES

Ancillary Service Storage system

RoCoF Control
Response time = 10 - 100 ms

Li-ion, Flow, Lead-acid, Super-cap,
Flywheels, loads, HVDC

FCR (primary control)
Response time <30 sec.
Deployment — up to 15 min.

Li-ion, Flow, Lead-acid, Pumped
hydro, CAES, HVDC

FRR (secondary control)
Response time >30 sec.
Deployment — as long as
necessary

Pumped hydro, CAES, HVDC

Source: AEM



https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Reports/2016/2016-FPSS-Roadshow-presentation-3.pdf

ENERGY STORAGE - ROMANIA CASE

Example of power generation in Romania
(night operation)

Energy transition in Romania

\ : Coal 100% CO2 free Storage
Nuclear
\ ® Hydro
® wind 08.06.2017 2 GW /14.8 GWh
Natural gas
@® Biomass
® Photovoltaic 20.05.2017 4 GW /26 GWh

100% renewables

08.06.2017 4 GW/ 20.8 GWh
Average load = 6800 MW
Peak load = 9500 MW 29.05.2017 4.5 GW /32 GWh

Low load = 3600 MW 23.01.2017 8 GW /42 GWh




Simulations based frequency analysis



SIMULATION OF FREQUENCY CONTROL

Simulating primary and secondary frequency controls

+ Two area interconnected
* Three types of turbines

considered

* Droop and AGC controls
simulated

* BESS to provide inertial
response

Disturbance
AP,

_|Governor-

Balancing

"[Lturbine 1

|Governor-

" turbine 2

Governor-

turbine 3

— AP, 1

mi
»

A,

v -

" 2Hs+D,

Tie line power deviation

APy Ty

Balancing
market

Governor-
turbine |

|Governor-

" turbine 2

_|Governor-

" |Lturbine 3

s

Inertia & load ¢

1

+ ¥

— 4

Aw,

2H s+D,

Disturbance

Inertia & load &




SIMULATION OF FREQUENCY CONTROL

Governor-turbine models

hydraulic unit

reheat unit

non-reheat unit

Transient droop i

: compensation Mzax
; S5s+1 Js+1 /_ -s+1 AP,
AP, ——>| > : > —
| 38stl 385+ | | J 0.5s+1
Govemor """""""" Min Turbine
Max
| I [ ] a1 [P
AP, — y—— RPN
0.25+1 _/ 2.15+7.3s5+1
Governor  Min Reheat Turbine
Max
) 1 [ 1| AP,
AP — > —>
0.25+1 _/ 0.35+1
Governor Min Non-Reheat Turbine




SIMULATION OF FREQUENCY CONTROL

Battery Energy Storage System model

| |

A K +

f ] K \‘ 1 AP BESS
dfidt — K, =" L pssS*

K; and K, are weighting factors of the signal inputs

Tgess IS the simulated time reaction of the BESS




SIMULATION OF FREQUENCY CONTROL

Hypotheses: Inertia
constant H = 6.5 s;
only hydroelectric
units are considered
for frequency control.

Hypotheses: Inertia
constant H = 3 s; only
hydroelectric units are
considered for
frequency control.
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SIMULATION OF FREQUENCY CONTROL

Base case scenario (2H =6.55)

g x10° L L L ;
‘ — Hydro | reference step power imbalance in area k of 0.01 p.u.
7- 1 - Reheat | ' occurring at 5 seconds from the simulation start.
S Non-reheat
A S i I
i R Power  contribution  under
= | i normal inertia value; all types of
ST o generation units considered for
% 3 SRt frequency control
LB [Hydro and reheat units are
| 4 Slower in primary frequency
control level than battery and

o 20 40 60 80 non-reheat units]

Time [s]




SIMULATION OF FREQUENCY CONTROL

Frequency response for unlimited battery power. Frequency response for limited battery power
5002 3 T 3 5002 T 3 3
50.01
50
50
_ — 49.98
T 49.99 T
€ 49.98 < 49.96
T 49.97 T
I 499 “ 49.04
4996 —— 0.2df+0.8df/dt —_0.2df+0.8df/dt
——0.8df+0.2df/dt 49.92r ——0.8df+0.2df/dt|
49.95- — osdf+0.5dfidt| ——0.5df+0.5df/dt
49.94 20 20 60 80 499 20 40 60 80
Time [s] Time [s]
Af K, % —\ +
1 AP BESS
dfdr — &, —/"; LppssST1




BESS USED FOR FREQUENCY CONTROL

Frequency response for unlimited battery power. Frequency response for limited battery power

50.02 T T T 50.02 T 0 T

The flywheels and super-capacitors are more appropriate for providing inertial frequency
control because they are characterized by high power and low energy, as well as the fastest
time reaction for frequency control; we should mention that the two type of storage systems
can be charged very fast so that they can be capable of providing inertial response for the next
important event that occurs in the power system.

The Li-ion batteries are more appropriate for primary frequency control because they are
characterized by low power and high energy; if batteries are used for inertial control, their
energy capability will not be efficiently used from economic point of view. On the other hand,
for the actual technology of the Li-ion batteries, the fast change in the operation mode
(switching from charging to discharging and vice versa) may significantly reduce their lifetime.




Frequency measurement



PMU MEASUREMENTS BY UPB

phasor: A complex equivalent, in polar or rectangular form, of a sinusoidal wave quantity.

synchronized phasor or synchrophasor: A phasor calculated from data samples using a
standard time signal as the reference for the measurement.

phasor measurement unit (PMU): a device that measures and reports synchronized
phasor, frequency, and ROCOF estimates from voltage and/or current signals and a time
synchronizing signal.

phasor data concentrator (PDC): A function that collects phasor data, and discrete event
data from PMUs and possibly from other PDCs, and transmits data to other applications.

Phase Components Sequence Components

H

]
]

e e PC37.118.1a™/D1 Draft Standard for IEEE
TN Standard for Synchrophasor Measurements
for Power Systems — specifies maximum errors
(FE and RFE) for different reporting rates.

3
.,
< |
EREE




PMU MEASUREMENTS BY UPB

Three devices, of deferent reporting rate:

« PMU - 50 frames/s (successive data frames
every 20 ms),

« MPMU -100 frames/s (successive data frames
every 10 ms),

« USM - 1 frame/s (successive data frames
every 1s).

Y/ /Y
Server

NL1L21L3

Location: Faculty of Electrical Engineering - UPB

Description PMU Micro PMU RTU/ BCU/ IED Classic Energy Unbundled Smart
meter Meter

Synchronisation <1 us <1 us 1-2s 1-5s <1s

requirements

Reporting rate 50 100 1 1-0.2 >1

(typical) [frames/s]

Freqg. resolution in <0.01 <0.01 10... 100 10..3 100 10

steady state

conditions [mHz]

Accuracy Spec. Spec. Not spec. Not spec. =0.2%

Measurement Dynamic state Dynamic state Steady state Steady state Steady state

capabilities




PMU MEASUREMENTS BY UPB

f [Hz] frecnienev 027 11-F

501

Disturbance 20 s

- > 500 MW 10 s

2

i f measured by microPMU

N mampee wwarmee— wese LS 11 R (10 ms — reporting interval)
: \
1
1

<

\ |
49.95 \ |/
\
f measured by Smart Meter (1s — reporting interval) t [x 10 ms]
499
L T e T e T e T e T e T e O e e e T T T O e O e e O e e O e O e OO e e e e O e e T e T O e O e e O O O O O O O e e e e O O e T e O e e e O e O O T O O e IO e IO O
OOOOOOOOOODOOQOODDODDODgOODOODODOSDOODOODOOQDODDODDOO%OODOO
AN TN ON0NO0ANM N OO ANM N OMN0OOO AN M N OO AN M N OO ANM N oM~
oo H A A ANNNANNNNNNNODONNMmMN NN NN NS ST EFTSTTTNNNNN NN NN

Frequency during power system disturbance: microPMU data aggregated
(asynchronous 100 points average) and USM data (original measurements)




PMU MEASUREMENTS BY UPB

f [Hz] microPMU PMU

. \
)
\
\
t [ms]

49.7
o 100 200 300 402 500 €00 700 20C S0D0 1090 1109 1200 1390 1400 1500 1€29 1702 1200 1520 2000 2100 2200 2300 2400 2500 2500 2700 2809 2308 3000

m | cro P M U . frequency onesecond  =——frequency 10ms  =—=frequency_avrg_20ms

Frequency during power system disturbance: microPMU (asynchronous 100 points
average with reporting interval of 1s; original data with 100 frames/s; asynchronous
2 points average with reporting interval of 20ms); PMU data (S0 frames/s)




PMU MEASUREMENTS BY UPB

f [HZ] mMicroPMU = PMU

499

49.8

49.7

¢ 100 00 300 402 300 €20 702 20C S0D 1000 1D

mMicroPMU: —— frequenc

Frequency during power systel
average with reporting interval
2 points average with repc

[0 Original signal [ RMS computed every 200 ms  [[] RMS computed every 10 minutes

] RMS computed every period L] RMS computed every 3s B RMS computed every 2 hours




Effects of wind variation



EFFECTS OF WIND VARIATION

Generation-Load profiles in Romania on July 3rd, 2017
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EFFECTS OF WIND VARIATION

on July 3rd, 2017

Wind power generation in Romania
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EFFECTS OF WIND VARIATION

July 3rd, 2017 - full day frequency variation
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\ Event 3: Short-circuit in Romania, followed by loss of ~700 MW generation
49.9 Event 2: Unexpectedly large drop in wind generation
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EFFECTS OF WIND VARIATION

July 3rd, 2017 - full day rocof variation

Event 1: Unexpectedly large drop in wind generation
/q Event 2: Ungxpectedly large drop in wind generation

PR Event 3: Short-circuit in Romania, followed by loss of ~700 MW generation

]/
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POWER GENERATION FROM RES IN ROMANIA

Frequency of occurance

Frequency of occurance
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Analysis of various frequency events
IN Romania



THE WIDE AREA MEASUREMENT SYSTEM IN ROMANIA

ENTSO-E System

a
"‘

-

I RG Continental Europe (UCTE) .
I RG Nordic

I RG United Kingdom

I RG Ireland :
R

G Baltic i

Hungary

aaaaaaaaaa

Kusiak

Romanian Transmission System

aaaaaa

Stanta | Costesti

Moldova

WAMS in Romania

15 PMUs + 1 central
PDC

manufactured by
Schweitzer Engineering
Laboratories (SEL)
Located at border
buses and at the most
important power plants
Reporting rate: 25
values per second (40
ms time interval)




THE WIDE AREA MEASUREMENT SYSTEM IN ROMANIA

Share of power generation in Romania

100.0% Type of plant H
0.0 [MWs/MVA]
20.0% Nuclear 6-7
70.0% Coal and 3.6
60.0% Natural Gas

50.0%

o Large Hydro 2-4
30.0% Small Hydro 1
20.0% SynCh 1
10.0% Condenser

0.0% PV and Wind 0-1

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

B Conv. Thermal M Nuclear BHydro BEWind+PV




A. FREQUENCY VARIATIONS CAUSED BY THE
DISCONNECTION OF LARGE MECHANICAL INERTIA

Cernavoda Nuclear Power Plant
2 x 700 MW

CNPP_ev1: 15t June 2017
* One unit was under planned
maintenance (half inertia available)
« Sudden full disconnection of the unit
(no inertia remained)
* The instant of perturbation:
= 18% wind generation
= 17% power export

Moldova

CNPP_ev2: 16 August 2018
* Both units in operation
» Sudden full disconnection of the unit
* The instant of perturbation:
= 4.4% wind generation
= 6% power export




A. FREQUENCY VARIATIONS CAUSED BY THE
DISCONNECTION OF LARGE MECHANICAL INERTIA

1 1second
oo oo »
1 1
5002 mmmsmes | CNPP_ev2
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49.94 ! 40.93 Hz (at the 400 kV busbar of CNPP)
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« The local mechanical inertia determines the
frequency dip, which is double when both units of
CNPP are disconnected

* The frequency is stabilized within 1 second, earlier
than the time delay specific to the primary
frequency control

50.05 15
1
50
0.5
49.95 0
49.9 0.5
-1
49.85
1.5
498 2

1 2 3 4 5 6 7 8 9 10 11

—e—f[Hz]evl --#--f[Hz] ev2 —e— rocof[Hz/s] evl --#--rocof [Hz/s] ev2 Samples

the frequency reaches the nadir value after 5
reporting intervals (200 ms), then the frequency is
stabilized after 10 reporting intervals (400 ms).
The mechanical inertia is deployed after 2-3
reporting intervals (80-120 ms), when RoCoF
starts decreasing




in both Germany and Romania showing that, under the current

On 10 January 2019, 21:02 CET, a new critical situation was recorded in the Continental Europe power
system. The frequency dropped to 49.8 Hz for nine seconds, as compared to 49.0 Hz in 2006, during the

desynchronization of the ENTSO-E power system.

The frequency was almost identical
operating conditions of the European Continental power system, with large mechanical inertia available

across the system

B. FREQUENCY VARIATIONS CAUSED BY SLOW LONG-TERM

UNBALANCES
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Frequency in Germany

the generators maintain synchronism with each other.

Frequency in Romania
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The Virtual Power Plant



AGGREGATED CONTROL
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VIRTUAL POWER PLANT

Network Operator Wwind PP
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VPP Control Center




VIRTUAL POWER PLANT
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VIRTUAL POWER PLANT
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VIRTUAL POWER PLANT
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BESS Controller
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VIRTUAL POWER PLANT = SIMULATION IN EUROSTAG

Network Opery”

6.8 30 .
wind
6.6 e
6.4 207
: hydro
157
6.2
10
6.0
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0+
5.61 - - ] BESS
Wind speed increase 5
5'47 -107 T - T T T 1 S
; ‘ ‘ ‘ ‘ 5 0 MACHINE : BEZSOSO VAREAOB?_E : PBI?SOSOMW 500
0 100 200 300 400 500| |—-—-- [WEB] MACHINE : RTARI3W ACTIVE POWER Unit : MW
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VIRTUAL POWER PLANT = SIMULATION IN SIMULINK

The Romanian power system

Ukraine Rep. Moldova
oz

Network characteristics

- 2600 MW Wind Power

- 1400 MW Nuclear Power
- Peninsular Configuration
- Generation Surplus

Objectives: providing
power reserves from
Virtual Power Plants for
the Frequency
Restoration Control

Results:

recommendations
for designing the
VPP control scheme




VIRTUAL POWER PLANT

Frequency [Hz]
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VIRTUAL POWER PLANT

Recommendations for VPPSs: bal _
Importance 4 . \when a CI-ESS is used for aFRC, delays P VPP balancing
should be added to the reaction of the CI-

ESS in order to avoid the frequency to be ,Toal BESS power

¥

restored in a longer time.

* In order to save the energy available for
aFRC, some CI-ESSs can be included in
the tertiary frequency control level. | |

« As the share of RES increases, larger Cl- o om o m "
ESSs are required

BESS power in AGC

« Standardization of the operation in relaton |——_~ =~
| to the network operator in the grid cods, (o baence e VPP \/
"7 7 1 such as: communication type, power ] |
reserve monitoring, and Quality of Service W K0 0 a0 s

me [s]

(QoS) monitoring




Desynchronizing the grids by
Solid State Transformer



SOLID STATE TRANSFORMER

AC microgrid

&

|
inverter inverter inverter

/// | F

The distribution grids are subjected to

« frequency perturbations

« voltage transients coming from
upstream

» voltage fluctuations

» special protections designs




SOLID STATE TRANSFORMER

AC main grid AC microgrid
|
I I_ : I Solid State Transformer .'\
Rectifier U .
AC_Setpoint
MV DC bus st Control : : :
Isolation inverter inverter inverter
WIthHFT UAC_BUS - . - EEN BN N - - e e - .-
1 ///
Bidirecti I
Control DC/DC conv. airectiona 77
converter

Upc_gus, Isvs_oc I

PSYS_Setpoint

LV DC bus

Capacitor

Buck-boost

Contro
converter |

UDC_Bus_Setpoint

All loads are connected via
electronics => frequency is

less important




SOLID STATE TRANSFORMER

AC microgrid
\
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SOLID STATE TRANSFORMER

AC microgrid

&

inverter inverter

AC

Findings on SST:

« Microgrid resilience is achieved by new
architecture by design;

« The electrostatic inertia from the DC

MV DC bus

capacitor is employed to provide

Control

voltage stability;

i
——— e e ]

Uness o || o Additional storage is used to help
maintaining the DC voltage stability;
« The control in the microgrid aims to
provide acceptable voltage levels;
stability is first ensured on the DC side sy~
of SST, ms Algorithm Updates of Central

Control Messages

PSYS_Setpoint

—— -




Solutions for power system stability
under renewables dominated
operating conditions
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University “Politehnica” of Bucharest
Department of Electrical Power Systems

Email: lucian.toma@ieee.org
mihai.sanduleac@upb.ro

The International Conference on Applied and Theoretical Electricity (ICATE), 27-29 May 2021



Measurements based frequency analysis



