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e
Overview of the presentation

e New approach to modelling of distributed RES
e The impact of RES on system dynamics

e Examples of
— probabilistic modelling of RES

— probabilistic stability studies of power systems
with RES

e Summary

@iﬁ O 9 IEEE



New approach to modelling of
distributed RES
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The existing power systems are already, and the future ones will be
even more, characterised by integration of wide range of
integrated, widely distributed generation (majority of which are
renewable), storage and demand technologies resulting in

e Reduced/variable inertia leading to different dynamic
behaviour following small and large disturbances

* |ncreased uncertainties in system parameters and operation

Both of these are to a large extent contributed to by increasing
penetration of RES
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Abundance of, and increasing uncertainties

e Network °
— topology, parameters & settings (e.g., tap settings, temperat en tings)

— observability & controlability @\ @

e Generation

. @
— pattern (size, output of generators, types an ion oofg tors, i.e., conventional,

renewable, storage, RES at distribution 18

— parameters (conventional and rene

e |load (time and spatial variati@@ osition (mix), models and parameters)
e Controls
— parameters of gen on ||&AVRS, Governors, PSSs, PE interface), network
controllers (se y vol ntroller), FACTS devices and HVDC line controllers

e (Contra we (consequence of different market mechanisms and price)

 Faults (type, Io%&uration, frequency, distribution, impedance)

e ICT reIa@certainties (noise, measurement errors, time delays, loss of signals,
bandwidth

/»(/Weather/climate related uncertainties (wind speed, wind direction, temperature,
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Causes of reduction of “system” inertia

e Proliferation of power electronics interfaced generation
technologies both, generators (e.g., wind, PV, fuel cells, micro-
turbines) and storage

— Participation of directly connected synchronous generators (SG) in
power/energy production is variable and reducing (on overall annual scale)

— SGs get disconnected or de-loaded to accommodate RES
— SGs may continue to remain disconnected for a period of time and replaced
by storage (e.g., during the night when PVs get replaced by storage)
e Proliferation of HVDC power lines which (may) decouple AC
interconnected system in synchronous islands with reduced inertia

* Proliferation of power electronics interfaced load devices
(variable/adjustable speed drives in particular)

— The inertia of electric motors, though of significantly lower influence than
inertia of SG, for system frequency (and dynamic response in general)
becomes “invisible” to the system
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E—
What is system inertia ?

Inertia is a property or natural tendency of an object to remain at
rest or in motion at a constant speed.

The rotational kinetic energy (KE) stored in synchronous generators
(SG) provides an indication of the “inertia” of a power system. A

large rotating mass of SG connected to the grid has stored KE given
by

1
KE ;o |Ws] =

E ]gen[kgmz ](anm[me(:h Tad/S])z
The inerti FasSG | Hyuy= e B
e inertia constant of a 9en =S 0 | MVA

corresponds to the KE of its mass rotating at synchronous speed, and

effectively represents the time in seconds the generator could

continue to provide the rated power to the network if it gets
connected from the prime mover.
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S
The question therefore is

Considering evolving power/energy system with
increased uncertainties and increased reliance on
non-conventional power electronics connected
generation technologies are the deterministic
tools currently in use for system analysis
adequate, and if not, how should we modify
them, or what other tools should we be using?
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The impact of RES on system dynamics
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Key attributes of converter interfaced
generation (CIG) affecting system dynamics

e CIGs can provide limited short-circuit current contributions (often

ranging from O as converter blocks for close in bolted 3-phase faults, to 1.5 p. u. for a
fully converter interfaced resource)

e The PLL and inner-current control loop play a major role in the
dynamic recovery after a fault. For connection points with low-
short circuit ratio, the response of the inner current- control loop

and PLL can become oscillatory. (This is due to the PLL not being able to
quickly synchronize with the network voltage, and also due to high gains in the inner-
current control loop and PLL. This can potentially be mitigated by reducing the gains of
these controllers. The exact value of the short circuit strength at which this may occur
will vary depending on the equipment vendor and network configuration. A typical range
of short-circuit ratios below which this may occuris 1.5 to 2.)
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Key attributes of converter interfaced
generation (CIG) affecting system dynamics

e The overall dynamic performance of CIGs is largely determined by
the dynamic characteristics of the PLL, the inner-current control
loop, and the high-level control loops and their design.

With the switching frequency of the power electronic switches typically in the kHz range, and
the high-level control loops typically in the range of 1 to 10 Hz, similar to most other
controllers in power systems, CIGs can impact a wide range of dynamic phenomena, ranging
from electromagnetic transients to voltage stability, and across both small- and large-
disturbance stability.
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Effects of CIGs on Rotor Angle Stability

Changing the flows on major tie-lines, which may in turn affect damping of inter-
area modes and transient stability margins

Displacing large synchronous generators, which may in turn affect the mode
shape, modal frequency, and damping of electromechanical modes of rotor
oscillations

Influencing/affecting the damping torque of nearby synchronous generators,
similar to the manner in which flexible ac transmission (FACTS) devices influence
damping .This is reflected in changes in the damping of modes that involve those
synchronous generators.

Displacing synchronous generators that have crucial power system stabilizers.

Different dynamic behavior of RES changes the system dynamic behavior



S
The impact of RES on system dynamics

* Increased uncertainty in the pre-fault operating conditions due
to the intermittent behavior of RES and their availability, both
temporal and spatial
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The impact of RES on system dynamics
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The impact of RES on system dynamics

e Different dynamic behavior of RES changes the system dynamic

I
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Examples of probabilistic modelling of RES
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Dynamic equivalent models of Wind farm
using probabilistic clustering
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Dynamic equivalent models of Wind farm
using probabilistic clustering
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Dynamic equivalent mo!el o! Win! !arm

using probabilistic clustering

1.2r : _ Both P and Q are over-estimated by
———-Detail model . . L
—— probabilisic model |  the single-unit model as it ignores
1_

variation in wind speed (received by
individual turbines)due to wake
effects (pre-disturbance operating
point is the major cause of difference
in responses)

O
o

Active Power (p.u)
o
o

0.4}
Single-unit equivalent model is
0.2 generally most suitable for simulating
3 4 wind farm behavior at full wind speed
% 1 2 3 4 5 6 7 8 9 10 only.
Time (s)

P and Q response for Detailed , Probabilistic This modelling approach does not

and single unit model at wind speed WS = 12 require changes i.n equivalent model
/s, WD = 349° every time the wind speed or

ﬂﬁs direction changes.
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Daily load curve
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Modelling RES uncertainty

)

2. Model
associated
uncertainties
using
corresponding
distribution

Load scaling factor — normal distribution
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Modelling RES uncertainty -

when uncertainty within a day is considered
e Wind Generation

— the mean value of the wind speed within one day is considered constant,

— the uncertainty of the wind speed is modelled using a Weibull distribution (¢ =11.1,
k=2.2)

— After considering the wind speed uncertainty, the power curve of a typical wind
generator is used to derive the power output.

e All distributions are sampled separately for each load and RES unit
in the system. Therefore, independent random variables are used
for each specific load and RES.

e After considering the uncertainties, OPF is solved to determine the
conventional generators dispatch for the specific test network.

— The disconnection of conventional generation due to both load variations and RES
penetration is considered by adjusting the nominal apparent power of each
generator. (Since the generators are considered equivalent generators, reducing the

( nominal apparent power, is equivalent to a reduction in the moment of inertia of the

IEEE gower ilant and an increase in the ienerator reactance. I g IEE E
iner & Er1erg1,r Society®
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Modelling RES uncertainty -
for a specific mean loading level (e.g. within 1 hour)

 When studies are performed for a specific mean value of loading
level (e.g. 1pu, 0.6 pu, 0.5 pu) the daily loading and PV curves are
not used.

e The load uncertainty is still considered to follow a normal
distribution

e The PV uncertainty is considered to follow a beta distribution
(assumption is that there is nominal PV production for this time of
the day but this can be scaled accordingly for different scenarios).

e For wind generation a normal distribution is used instead of a
Weibull distribution assuming generation for this time of the day
derived from Weibull distribution
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Examples of probabilistic stability studies of
power systems with RES
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Required number of Monte Carlo simulations

The number of simulations should be chosen to ensure that the error of the
sample mean is below certain threshold, e.g., 5% (or 1%) , for 99% confidence
interval, considering the sampled random variable. The higher the standard
deviation of the generated outputs with respect to its mean value, the larger the
number of simulations will be required to meet a specific level of error.

o1 (1—;—5)

o2 (;fN)

v =

@ - the inverse Gaussian CDF with a mean of zero and
standard deviation one,

o? - the variance of the sampled random variable,

6 - the confidence level

Xy - the sampled random variable

N - number of samples

A confidence interval (Cl) of a confidence level of 99% indicates the range of values calculated from the
data set, which includes the true value of estimation of the data set with the highest probability. It

indicates the precision of estimation/prediction of a certain method, and the measure of precision is
described as the margin of error.
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Required number of Monte Carlo simulations
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Random and Quasi-random sampling

Random (Monte Carlo) Quasi-random (Halton) Quasi-random (Sobol)
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Probabilistic Stability Assessment with RES

NEW ENGLAND TEST SYSTEM

- N ¢ NEW YORK POWER SYSTEM N\ ~
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The number of simulations (6000) is chosen by keeping the error of the sample mean up

to 5%, for 99% confidence interval, considering the TSI as the random variable.
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Modelling of DFIG

A Generic Type 3 model, suitable for large scale stability studies is used.

Aerodynamic part

R Pitch ) Turbine Power Speed

™ | control > Turbine [—» Shaft Measurement
Speed reference
—>

Grid Interface

Reference signals DFIG

Rotor side
" converter control

Electrical
Rotor Voltage R Measurements

»| Protection N

The model has a structure proposed by WECC and IEC, as and is available in DIgSILENT-
PowerFactory (WECC Wind Power Plant Dynamic Modeling Guide, WECC Renewable Energy Modeling Task
Force, January 2014.; Wind turbines - Part 27-1: Electrical simulation models - Wind turbines, IEC 61400-27-1,
2015.)

It takes into consideration the aerodynamic part and the shaft of the wind turbine/generator as well
as the pitch control of the blades.

The rotor side converter controller is also modeled including relevant limitations, ramp rates and
protection mechanisms, such as the crowbar.

The DFIG is represented by a typical 2" order model of an induction machine neglecting the stator

transients and including the mechanical equation.

ﬁhe rotor side converter is controlling the voltage in the rotor.
IEEE
;@p S o < IEEE
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Modelling of full converter connected CIGs

A generic Type 4 wind generator model is used to represent all FCC units. Both wind
generators and PV units can be represented by a type 4 model in stability studies, since
the converter can be considered to decouple the dynamics of the source on the dc part.
This is also suggested by the WECC Renewable Energy Modeling Task Force which

develops a PV model by slightly modifying the Type 4 wind generator model. (WECC PV Power
Plant Dynamic Modeling Guide, WECC Renewable Energy Modeling Task Force, May 2014.)

Reference signals
—> Controlled

Voltage Static | Grid Interface

p| Voltage |
Source

Converter
Controller

Electrical
Measurements

1

The FCC model has a similar structure to WECC model and is available in the DIgSILENT —

PowerFactory software. (WECC Wind Power Plant Dynamic Modeling Guide, WECC Renewable Energy
Modeling Task Force, January 2014.; Wind turbines - Part 27-1: Electrical simulation models - Wind turbines, IEC

61400-27-1, 2015.)
/(QOEEE
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Probabilistic Transient Stability Assessment

Unstable generators

Of instability (%)
A~ O1 OO0 N ©

TC3
The probability of instability for most generators reduces as the

amount of connected RES Iis increasing (for this specific
system and studied operatin

Gl G2 G3 G4 G5 G6 G7 G8 G99 G110 G111
Generator number

TC1 —all lines in service and low RES penetration

TC3 & - low RES penetration but lines 1 (between bus 21 and 68) and 2
( ) of NETS and NYPS are disconnected, respectively
TC5 - high RES penetration
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Probabilistic Transient Stability Assessment

33
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1600 - RES Penetration Levels
" g 28 20 T T T T /
g 1400 8 . /
2 1000 - E 7 2 1
% 800 - 3 O / /
5 14 oL 16+ /A
ﬁ 600 - = = / /
o | £ ] % /
200 2194 =14 / i
. b D
f_._ T T T 1
0 - = 0% 80% 90% 100%
0% 1 8 g 12F .
RES g §o ine unstable cases
B Multi-mac 3 10 .
E __H—___
(=¥ —
8 | | | |
0 20 40 60 80
RES Penetration (%
Tot % d

RES penetration levels

Number of unstable cases out of 10 000 MC simulations for different penetration levels.
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Probability density

Probabilistic Transient Stability Assessment

PDF Time of first generator going unstable (single-machine cases)
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Conventional generation disconnection

Penetration level and syn. gen. disconnection
80

o " 6006 RES - o e } - e larger penetration (60% vs. 40%) leads
S0 ~, R e o S atiAan i
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- . o . £ ... Negative Transient f
probability of instability increases with £ | Stability Index values It
. . . g . ',':
reduction in spare capacity from S | areunstable cases /
: /1]
approximately 4.8% to 14.7% for spare . ////
capacity 20%, and 10%, respectively 01 r—_—_- ......................... - e
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Probabilistic frequency stability response
of reduced inertia systems

EEEEEEEEEEEEEEEEEEEE ¢ NEW YORK POWER SYSTEM ——— (g—\ NPL Average ‘H’ sec
% NET & Hyers Huyes HEq HSys
T NYPS
o
" eal ) Study case i 0 3.9 7.9 | 11.1] 7.95
%5 Study case ii
KR . . 30% 2.7 5.5 11.1 6.8
= (nominal loading)
— | —Y
(_G" Study Case fi 45% 1.64 3.32 7.8 4.1
169 L “g (60% |0ading) ° . . . .
S study Case Iv 52% 128 | 226 | 6.6| 2.86
; (40% loading) ° : . . .

OC1 - The nominal loading of the network
OC2 - 60% loading of the network
OC3 - 40% loading of the network

d 0
I:n= 1 P RESn

=g p 0 nominal penetration level
En=15s6m-Pfsgm + En=1PREsn
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Effect of reduction in inertia

No RES in the network System inertia: 7.95 Actlve power disturbance:
simultaneous outage of

30% RES in the network System inertia: 6.83 s (-14%) £z, E7 e GLE

46% RES in the network System inertia: 4.14 s (-48%)

52% RES in the network System inertia: 2.83 s (-64%)

. femegem  Frequency nadir drops
from 49.84 Hz to 49.7 Hz

N (0.14 Hz)

T T T T T T T
48.9 49 49 1 49.2 49.3 49.4 49.5
Frequency nadir 'Hz'

S Nominagosan 7 Most probable value drops
ol R — “°|RES from 49.7 Hz to 49.47
_/\ (0.23 Hz)

T T 1
49.7 49.8 49.9

0]
(@]

N
o

Probability distribution

Probability distribution

T T T T T T
48.9 49 49.1 49.2 49.3 49.4 49.5 49.6
Frequency nadir 'Hz'

L L T I ———_- . e e
: Nominalgoading Most probable value drops
L R ([ PR HEEEESERES
. 80% loading N°|'=eES from 49.48 Hz to 49.38
7 WA S
g 40% loading *.’—/“.\—r i (01 HZ)

49.8 49.9

T T T N T
49.1 49.2 49.3 49.4 49.5 49.6

48 9 49 . . . X
( Frequency nadir ‘Hz' AN I E E E
—— . >0
-~ AR, <
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Effect of spinning reserves

30% RES Nominal loading H=6.83s

30% RES 60% loading H=6.83 s Spinning reserve increases by 1500 MW (200%)
46% RES 60% loading H=4.13s
46% RES 40% loading H=4.13 s Spinning reserve increases by 17700MW (325%)
}
100 l‘

y Frequency nadir
same inerti improves from 497

50
/ \ ' \ Hz to 49.76 Hz

0] T
49.4 49.45 49.5 49.55 49.6 49 65 49.7 49 75 9.8 49.85

Frequency nadir 'Hz' Af_ O 06 HZ

Probability distribution

é 100 "‘
] |3.pmn | [Same inerh] Frequency nadir
s % | | J\ ,' t improves from 49.48
£ o e LI LN . Hzt049.52 Hz
49.4 49.45 49.5 49.55 49.6 49 65 49 49 75 49.8 49.85

Frequency nadir 'Hz'

' Af= 0.04 Hz
W((mfi O 9 IEEE




!rogaglllllstllc !requency staglllllty response |!n

49.8 -
497 1

49.6 ]

Frequency nadir 'HZ'

489

49.5 —-:r oty
294 - |
493
49.2
491

49

low inertia systems

» 40% loading
10 20 30 40 50 60 70
% Instant penetration of RES

Frequency nadir for different operating conditions and penetration levels of RES
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How accurate the model needs to be?

* Power system stability indices applied:

— Voltage stability: PV margin, (L-indicator,
impedance ratio index, voltage collapse index,
channel components transform index, diagonal
element dependent index)

Paax

PVmargin = Pyax — Po

A=0ctjo
— Small disturbance stability: damping of critical o
mode (damping factor of critical mode) 2
— O
é,:
(72 +a)2

A=—Cw, t jo, 1—4’2

— Transient stability: transient stability index, =S
(transient angle severity index, rotor acceleration TSt =100 57
index, rotor angle deviation, critical clearing time,
generator specific indices

— stability: frequency nadir, rate of change of
@ érequency
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Example : 1% error confidence levels of Critical

Load Model Parameter

. 100% 100% -
= 100% - ——— bus 17 PO
- — P ()
< T 95% - bus 18 PO
-2 98% - ol bus 41 PO
£8 S o6
g £ 90% - 2 96% 2
£ 3 g i
g 2 e
© “E g 94% 1 v e ® o 0 NN SN e p3
T S 85% =
2 ° S 92% -
'E 8 °1 X S8 0 N, \ % eceeee Qo0
U S
80% . . S 90% - — gt . .
0% 2% 4% € 1% 20%
- 8%+ sy vy N e N e 2
; =
small distul 5 g, - s
s
100% - £ 84% - © bus 17 p1
% 98% - S . N 6 . =— = busi18 p1l
g = 96% - \ 220 = 5 bus 41 p1
E=>). a 94% - \ 80% T T T T T 1 tm0
g g 92% 0% 10%  20%  30%  40%  50%  60%  70%
4 Tj
g g 0% 30 :
< 2 88% -
2 5 86% - 0 . -~
5 © gao 1% error confidence level of all parameters of Bus 17 for |~ <
X e 0 ~
= 82% - voltage stability, composite load model L~ N
80% T T T FL 70 ! !
4 36% o 44% b o @ o ]
0% 20% 40% 60% 30% o40% 50% 6:: 70% 80% 90%
30

frequency stability voltage stability
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gummary ”I l-

. Due to inherent variability and stochasticity the RES “contrib o power
system should be modelled using probabilistic approach

e  “Probabilistic” input of the equivalent generator is Ii@to be sufficient for
large system studies

. Probabilistic studies offer more insight agpof “options”) in potential
stability issues -

e  Combined with “consequences” Wkial) can lead to risk based assessment of
system stability

. Suitable for studies of Io@bability high impact events

e  Arange of mathe a&tools is available but still not widely accepted or
understood y&try (and academia)

. Can be co tionally demanding for large system applications
— If e&nt sampling techniques are not used

ey parameters to study have not been selected in advance (e.g., through
priority ranking of key uncertainties using sensitivity analysis)
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