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Abstract

More and more renewable electricity generating sources such as wind and solar power
plants are being integrated into electrical power systems, which in turn complicates
processes such as power system stability studies due to the complex nature of controls in
these power plants. Since most such studies are done using simulations, it is necessary to
have accurate dynamic models of those power plants which describe the behaviour of the
power plant during a disturbance to the network or to an internal control or the power
plant. Nevertheless, it might be difficult to obtain these detailed models from
manufacturers due to proprietary concerns and even if the detailed model is available,
modelling complicated power electronic components in the simulation environment might
be a difficult without knowing how each component operates. Moreover, when
parameters change over time, physical parameters of these models need to be updated and
it cannot be done without standard practical measurements. These standard tests require
the generating sources to be taken out of the system for testing purposes.

Therefore, instead of a detailed model, a dynamic equivalent model could be used for
achieving the same requirement. This research presents a generalized procedure that can
be used to accurately estimate black-box dynamic equivalent models of synchronous
generators, wind and solar power plants by utilizing measurements and estimating
parameters of the dynamic equivalent model. Simulations have been conducted to
estimate and verify the accuracy of the proposed methodology by comparing the accuracy
of the actual model and the estimated models.

Keywords: Dynamic equivalent, power system stability, black-box, parameter estimation
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1 INTRODUCTION

1.1  Background for research

Electrical power systems, consisting of many types of components, perform the core
tasks of generating, transmitting and finally distributing electricity throughout vast
geographically spread regions. These systems are highly nonlinear and experience
both small and large magnitude disturbances. Small magnitude or norm-type
disturbances such as load perturbations occur frequently, whereas large magnitude
disturbances or event type disturbances such as three-phase faults are also inevitable
[1]. Instability in power systems subsequent to these different types of disturbances
can be observed in three main variables: rotor angle, frequency and/or voltage.
Furthermore, the time spans of interest for stability studies under different types of
disturbances also vary with the aforementioned variables. Thus, the power system
stability studies are complex even though they are essential for secure operation. On
the other hand, the low inertia associated with increased penetration of power
electronic converter-based electricity generation in modern power systems demands

real-time dynamic security assessment to maintain operational security.

The power system is represented for dynamic analyses using a set of first order
differential and algebraic equations in the form of X = f(X,U,V) and I =
g(X,U,V)where, X,U,V,I are vectors of state variables, inputs, bus voltages and
current injections. X is the time derivative while f and g are nonlinear functions.
These equations are solved using numerical techniques and the resulting time domain
trajectories are analysed further to derive the stability conclusions of post-fault power
systems subsequent to large magnitude disturbances. Nevertheless, the previously
mentioned equations are linearized about a steady-state operating point and the small
signal stability is determined based on the eigenvalues of the state matrix. It is clearly
evident that the conclusions derived based these dynamic security analyses are
largely dependent of the accuracies of the dynamic models as well as the dynamic
data.

Traditionally, the power systems were energized by large synchronous generators

where their dynamic models are well established. Furthermore, the dynamic data of



these generators are either provided by the manufacturers or there exist standard test
procedures to determine those. However, these dynamic model parameters might
change when synchronous generators are subjected to ageing. Furthermore, the
standard tests available to estimate dynamic data need large disturbances such as
short circuits at the generator terminals. Therefore, releasing generators for such tests
may not be allowed by the system operators. On the other hand, the accuracy of
dynamic models and data of power electronic converter-based generation is of
utmost importance in dynamic security analyses of modern power systems. There are
generic models to represent the dynamic behaviour of the said power generation
sources such as wind plants. However, these power electronic converter-based
sources accompany different control logics where their data are hardly provided by
the manufacturers. This limitation is overcome by the power system planners in
system studies by setting values for the controller data in trial-and-error approach to
match the system response. One way to overcome these limitations is the system
identification where a model that can accurately reflects the dynamics of the

generating source under a disturbance is developed using terminal measurements.

Real-time measurements in power systems are facilitated by Phasor Measurement
Units (PMU). They provide time synchronized voltage and current measurements
with respect to a common reference facilitating many applications such as real-time
monitoring, control and protection. These measurements can also be used in system

identification in order to develop accurate dynamic models for power system studies.

This research presents a generalized procedure that can be used to accurately
estimate the dynamic models of synchronous generators, wind and solar power
plants. The proposed technique overcomes the limitations of not having proper
dynamic data. Further it can also be used as a systematic approach replacing the
conventional trial-and-error approach in which the dynamic data are tuned to match

the system response.



1.2

Objectives of the research

The main goal of this research is to devise a generalized methodology to estimate a

Dynamic Equivalent Model (DEM) of a power plant which can be used to perform

power system stability related studies. The key objectives of the research are as

follows:

1.3

a) Devise a procedure to develop a DEM of a synchronous generator, wind

power plant and a solar power plant using terminal measurements

b) Implement the developed procedure in MATLAB for estimating a transfer

function-based model using measurement parameters of a power plant.

c) Validate the performance of the developed DEM comparing the output

responses against that of a detailed model simulated using a non-linear
simulation platform (such as PSCAD/EMTDC).

Organization of the thesis

The rest of this thesis is organized as mentioned to achieve the aforementioned

objectives.

Chapter 2 — A detailed literature review has been presented which
explores the existing types of detailed dynamic models of synchronous
generators, wind and solar power plants, research done on estimation of
dynamic equivalent models of power plant using parameter estimation
and research gaps.

Chapter 3 — The estimation methodology proposed to derive the dynamic
equivalent models using parameter estimation has been explained in
detail.

Chapter 4 — The proposed mythology has been verified by estimating
transfer function-based power plant models in PSCAD by using
measurements obtained by simulating power systems with already
available detailed power plant models. First, the estimation method has
been verified by back-estimating generator transfer function using
simulated data in MATLAB. Next, an IEEE 12-bus power system has

been modelled in PSCAD which has been verified by comparing



measurements of the steady state load flow simulation with that of a
PSS®E simulation. Afterwards, detailed models of synchronous
generator, wind and solar power plant have been simulated to obtain
measurement data from which DEMs have been estimated. Finally,
detailed models have been replaced by DEMs and the measurements have
been compared with that of detailed model.

Chapter 5 — Conclusion of the research and the practical applications of

the proposed methodology have been presented.



2 LITERATURE REVIEW

Nowadays with an increasing integration of various types of non-conventional
renewable power plants such as wind, solar, hydro, Concentrated Solar Power (CSP),
Geothermal and Ocean wave, the power systems are required to handle both
synchronous and asynchronous generators, which can be either controllable or
intermittent. It has been predicted that global renewable capacity additions in 2021,
which amounts to 218 GW worldwide, would be a record 10% expansion compared
to 2020. Between 2020 and 2025, it is expected that total wind and solar capacity
expands by 1,123 GW which would make their total installed capacity exceed that of
natural gas in 2023 and coal in 2024. By 2025, this significant growth is expected to
make renewables become the largest electricity generation source by overtaking coal.
Therefore, studying the behaviour of power systems when large wind power plants
(WPP) or Solar Power Plants (SPP) are integrated is just as important as studying
conventional thermal or hydro power plants [2].

Power system stability analyses are mainly categorized as: rotor angle stability,
frequency stability and voltage stability. Rotor angle stability is further sub-divided
into small signal stability and transient stability, while voltage stability is sub-divided
into small-signal and large signal stability. Therefore, small signal stability analysis
(SSSA) is a key stability analysis method that is used in power system stability
studies, to analyse the ability of the system to maintain synchronism when subjected
to small-magnitude disturbances. For performing SSSA, dynamic models of power
system components are used. These models, derived using differential equations, are

used to describe the dynamic behaviour of the component under observation [3].

For small disturbances, the differential equations that represent the system state can
be linearized about an operating point when performing Eigenvalue analysis.
Eigenvalue analysis can be used to calculate the dominant oscillation mode of a
power system. Any small signal stability problem can be categorized as either local
or interarea. Local mode is referred to rotor oscillations that occur in a single
generator against all the others in a power system. An interarea mode is where group

of generators oscillate against another set of geographically separated generators.



The frequency for local mode usually is in the range of 2-3 Hz. For the inter-area
mode, the frequency is usually less than 1 Hz. These oscillations are known as low
frequency oscillations (LFO) in literature and these oscillations continue for a

relatively long period of time, threatening the stability of the system.

When a small disturbance occurs in the power system, two types of instabilities
could occur. Those are oscillatory instability and non-oscillatory instability. Non-
oscillatory instability means increase in rotor angle due to insufficient synchronizing
torque. Oscillatory instability means amplitude increase of rotor oscillations due to
insufficient damping torque. Dynamic models are hence utilized in power system
simulations to model and observe how power system parameters change during
disturbances that could happen in power systems. These models are used to identify
disturbances or components that can threaten the stability of the power system, plan
future projects and augmentations required and develop system improvements by

tweaking parameters of dynamic models [4], [5].

2.1  Dynamic models of power plants

2.1.1 Dynamic models of thermal and hydro power plants with synchronous

generators

For conventional power plants such as thermal and hydro power plants, which
consists of synchronous machines, well established dynamic models have been
defined in literature. The classical model, also known as the constant voltage behind
the transient reactance, is considered the simplest of all those. [6] This classical
model has been further modelled in detail by the addition of the field circuit,
Automatic Voltage Regulator (AVR) and Power System Stabilizer (PSS) as a sixth
order state space model. For machine parameters such as: H, Kp, Asatr Bsatr Y11,
X, Xao Xqo Xao X4, Xg X4 Tqor Tgqor Taor Tao  typical values are obtained
experimentally and through calculations too are specified in literature which can be

readily used to simulate such a machine easily [7].



For synchronous machine modelling, a standard has been published by IEEE which
includes variations of the synchronous generator model that can be used. In the latest
IEEE Guide for Synchronous Generator Modelling [8] , three direct-axis and four
quadrature-axis models, have been introduced along with the basic transient
reactance model. Direct-axis models described are: model with only armature
winding and field winding, model with field winding and one damper circuit and
model with field winding and two equivalent damper circuits. Quadrature-axis
models described in this document are: model with only armature winding, model
with one equivalent damper circuit, model with two equivalent damper circuits and

model with three equivalent damper circuits.

Similarly, for excitation systems and power systems stabilizers [9] and turbine-
governors [10] too standards which include several model variants have been
published by IEEE for developing detailed synchronous generator models.

2.1.2  Dynamic models of wind power plants

Unlike synchronous machines, WPPs have varying controls which are manufacturer
specific. Therefore, the dynamic models of these plants are also manufacturer
specific making it difficult to use these models for generic studies. Nevertheless, in a
report compiled by National Renewable Energy Laboratory (NREL), four types of
Wind Power plant models, having four different operational technologies as per
Western Electricity Coordinating Council (WECC) classifications, have been
introduced as generic models. Each model consists of components such as:
aerodynamic model (including parameters such as C,, 4, ), mechanical drivetrain
model, induction generator, control block (including PI controller parameters) and
electrical model. The advantages of these generic models are they can be used for
dynamic studies as manufacturer-independent models, can be modelled for fast and
slow transients and allow scalability. Moreover, these models have been
implemented in PSCAD/EMTDC software for model verification. However, these
generic models will always be approximate and can be used for obtaining estimates
rather than precise outputs. They do have the advantage of not requiring large
datasets for validation [11], [12].



2.1.3  Dynamic models of Solar power plants

For SPPs too, generic dynamic models have been modelled by NREL for both
current source as well as voltage source inverters, which have control architectures
based on the model developed by the Renewable Energy Modelling Task Force of
the WECC [13]. Two types of generic SPP dynamic models have been developed by
WECC: central station model which represent large scale (greater than 10 MW) SPPs
connected to transmission system through a central point of interconnection and
distributed PV system model which represents a combination of smaller PV
generators connected to distribution system.

The central station model is based on 3 submodules namely: Renewable Energy
Plant Controller (REPC), Renewable Energy Electrical Controller (REEC) and
Renewable Energy Generator Controller (REGC). REPC module controls real power
(governor response) and reactive power (voltage regulation) using inputs such as
reference voltage, reference reactive power, reference real power. REEC module
limits currents to suit limits of power electric switches and other components. REGC
provides non-linear control at grid interface for protection in cases such as

over/under voltage situations.

For distributed PV systems a model named PVD1 which consists of active power
control, reactive power control and protective measures has been defined. For newer
plants, a model named DER_A has been introduced recently which is based on large

scale central station model [14].

2.2 Dynamic equivalent models for power plants

Even though above mentioned detailed dynamic models are required for performing
accurate dynamic behavioural studies of a power system, sometimes utilizing these
detailed representative internal controls would require significant computational
times when simulating. Moreover, the more detailed the model is, the more
parameter details will be required when mapping the model to an actual scenario
which is usually difficult to obtain practically. When WPP models defined by NREL



is considered, there are several Pl controllers whose correct Pl values could vary
from generator to generator. Even the general power electronic converters mentioned
may be different in actual implementation and their switching signalling algorithms,
switching frequencies, filter parameters could vary vastly from manufacturer to

manufacturer.

Additionally, for a power plant like a WPP, when many wind turbines are added to a
single aggregated model, it would create a very high-order model, making it
computationally intensive and difficult to predict the operational state of each wind
turbine. Therefore, dynamic equivalent models (DEMs) are preferred usually in
performing power system stability analyses where a detailed model is represented by
an equivalent and simpler model which exhibits characteristics similar to the detailed
model. Determining DEM could be done either by theoretical aggregation which
requires detailed parameters of internal components or measurement-based
parameter estimation techniques which requires recorded dynamic response data.
These parameter estimations of nonlinear models are usually based on optimization
algorithms which minimizes the square error between the measured output the
calculated dynamic response output [15]. It has been shown that DEMs provide
dynamic responses similar to that of detailed models. Moreover, an added advantage
highlighted is the significant improvement of computational times. In [16], for
verifying the accuracy of dynamic responses for DEM and detailed model, active
power, reactive power and output voltage at the generator have been used which are

easily measurable parameters.

There are 3 types of DEMs described in literature: white-box in which the complete
information about model structure and parameters is available and verified, black-
box where model structure is completely invisible and grey-box where there is some
physical insight into the model structure which makes it a hybrid model of black and
white box models. Black-box models can only be estimated through measurement
data [17].



2.3 Parameter estimation for modelling black box models

Estimating of black-box models by mapping measured input and output data of the
system and fitting a mathematical model to that data set is known as system
identification which consists of several steps. The first step is collection of input-
output data. Second step is choosing a set of candidate models of different model
orders that would be suitable to represent this system and using an estimation
technique to obtain those respective models using input output data. The third step is
to choose the most suited model among the candidates based on a certain ranking
criterion such as Akaike’s Information Criterion (AIC) and Bayesian Information
Criterion (BIC). Both these types of criteria provide a penalizing score for both
model complexity as well as model fit to estimate so that an overly complicated
model would not be considered the best model even if the fit to estimate is high [18].
The fourth step is model validation in order to decide whether the selected model is
appropriate for its intended use. This can be done by comparing measured and
simulated outputs for estimated models when same inputs are given, performing
residual analysis or even by performing spectral analysis on the estimated models
and comparing bode plots [19].

There are many parameter estimation techniques discussed in literature. For linear
time-invariant systems several types of such models have been described such as
autoregressive with extra input (ARX), transfer function, state-space, output error
(OE) and Box-Jenkins (BJ) models [20], [21].

In [22] ARMAX (Autoregressive Moving Average eXogenous) model has been used
to fit a DEM using solar irradiation as input and DC link voltage as output. The
model parameters have been optimized using several recursive algorithms and the

results of actual and estimated outputs have been compared.

Parameter estimation fundamentally requires finding the best parameters through
optimization algorithms. Several optimization techniques have been compared in
literature One such method is Metaheuristic methods which includes Genetic
Algorithm (GA), Particles Swarm Optimization (PSO) and Differential Evolution

(DE). Moreover, there are methods such as Least Squares Method (Non-Linear and
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Linear least square), Kalman Filter, Prediction Error Method (PEM) and Maximum
Likelihood method. Furthermore, there are a set of methods called subspace methods
which are categorized as: Numerical algorithm for Subspace State Space System
Identification (N4SID), Multi-variable Output-Error State Space (MOESP) and
Canonical Variate Analysis (CVA) [23].

For estimating dynamic models of synchronous generators, many studies have been
conducted using several techniques. Recursive Least Square (RLS), Recursive
Instrumental Variable (RIV) and PEM have been used in [24] to estimate inertia
constant and damping constant parameters of Heffron-Phillips generator model. In
[25] usage of Weighted Least Squares (WLS) method for estimating physical
parameter values of synchronous generator has been demonstrated. In [26] N4SID
methodology has been demonstrated to estimate the states of a 2 generator 2 area as
well as a 4 generator 2 areas system. Further, in [27] three subspace methods:
MOESP, N4SID and CVA have been used to estimate parameters in a power system
comprising of synchronous generators and their effectiveness have been
demonstrated. Methods such as Artificial Neural Networks (ANN) [28] and GA [29]
too have been utilized for estimation of synchronous generator physical parameters

by using measurements.

Several research have been conducted in developing DEMs for WPPs using
parameter estimation. A WPP can be represented as a single machine equivalent
model if all turbines in the plant are identical or as a multi machine model where

wind turbines can be clustered by the wind speed or other parameters [30].

In developing such DEMs it is first required to determine the points at which
measurements are obtained for inputs and outputs. It has been shown that
measurements obtained at the point of interconnection (POI) of the WPP to the
power system accurately estimates the black-box model irrespective of the actual
internal structure. In most research, the parameters that have been measured at POI
are voltage, current, active power and reactive power. Additionally, wind speed too
has been considered as an input to estimate the model behaviour due to changes in
wind speed [31].

11



In [32] RLS method has been utilized to estimate DEMs for a wind power plant and
for slow dynamics the method had significantly reduced the model order without
sacrificing accuracy. PSO has been utilized in [33] for estimating a state space-based
DEM of a WPP. A different flavour of subspace identification techniques named
Predictor Based Subspace Identification (PBSID) has been demonstrated in [34].

For SPPs, considerably less research has been conducted in estimating DEMs for
grid connected power plants than for WPPs. Most dynamic model related research
for SPPs have been done for white-box or grey-box models by independently
modelling internal controls using standard WECC models. For SPPs with many
converters, aggregation techniques have been used to reduce the number of units
considered [35], [36]. Most studies done for system identification and parameter
estimation are for modelling of solar PV cells or modules and not for the whole
generator with controls and power electronic converters [37], [38].

One such research has been conducted to estimate gain parameters of a standard
WECC generic (REGC_A and REEC_B) dynamic model using a hybrid parameter
estimation method named ZN-PSO, which utilizes PSO along with Zeigler Nichols
method [39].

In [40], a matrix of variables based white-box modelling method has been used for a
SPP with a distributed photovoltaic grid-connected system with many panel-level

DC optimizers.

As evident from above mentioned sources, for different types of generators in power
systems, parameter estimation using measurement-based approaches have been done
mainly for synchronous generators as well as WPPs. Out of those methods,
Metaheuristic methods such as PSO and least square methods have been
predominantly researched upon. Moreover, subspace methods such as N4SID and
MOESP too have been demonstrated in several research especially for synchronous

generators which are supposed to provide faster estimates than other methods.

When using a least square method, first an equivalent model must be initialized with
estimate parameter values and then parameter values shall be iteratively optimized

until the cost function reaches a defined minimum [41]. To obtain faster initial
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estimates of parameters during system identification, it has been shown that subspace
estimation methods would be the most suitable. Out of those, N4SID method has
been predominantly discussed in studies done for power system related parameter
estimations [42], [43].

2.4  Chapter Summary

In the literature survey it was evident that modelling of black-box DEM using
parameter estimation has been done using several methods for synchronous
generators and WPP. However, for SPP the research that have been conducted for
estimation of DEM is scarce which presents a research gap that can be bridged by
finding a methodology to estimate DEM of such a power plant which is one of the
most rapidly integrated renewable power plants nowadays. In order to compare the
performance, it is therefore important to apply such a methodology to synchronous

generators as well as for WPPs for assessing the generic nature.

When selecting a suitable methodology for parameter estimation, it was evident that
least squares method has been used in several research successfully but for deriving a
satisfactory estimate a good initial estimate needs to be available. Such a least
squares optimization method can be used if a fast and accurate parameter
initialization method such as N4SID can be utilized. N4SID is a method which has
been used for parameter estimation in the domain of power systems and therefore,

could be suitable for this use case too.
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3 PROPOSED METHODOLOGY

3.1  Overview of proposed estimation methodology

In this study, a method to estimate a generalized transfer function based dynamic
equivalent model for 3 types of generators: synchronous, wind and solar, using

practically measurable parameters has been proposed.

The transfer function-based model estimated using measured data can be
implemented in simulation platform for power system dynamic simulations in place

of actual detailed models.

Two separate DEMs have been proposed to be used to model the behaviour of all 3
types of power plants for both network disturbances (external disturbance) as well as
input disturbances (internal disturbances). All models are interpreted as transfer
function models where AY(s) represents the change in output and AU(s) represents
the change in input subjected to the condition number of poles is greater than number

of zeros (m>n).

AY(s)  aps™+ a;s" Tt +aps" i+ +ay
AU(s)  bgs™ + bysM=1 4 b,sM=2 4 ... + b

(3.1)

The goal of the estimation methodology is to estimate the model orders m and n that
fits the given input and output data while estimating each of the coefficients of
denominator [bo-bm] and numerator [ao-an]. Input measurements used for estimating
the models are phase angle (Ph) and Root Mean Square (RMS) voltage magnitude
(V) of the bus voltage which are easily measurable using the existing measuring
instruments. Moreover, since the actual validation is done using PSCAD/EMTDC,
these 2 measurements are directly used to control phase angle (Ph) and voltage
magnitude (V) of a three-phase controlled voltage source block which is used to
interface the estimated transfer function-based model to the electrical network of the

simulation.

For estimation of parameters, it is proposed to use N4SID for initializing the
parameters quickly and optimize the initial estimate by using non-linear least squares

(NLS) method which have been discussed in the literature review.
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3.2 Model for representing behaviour of power plant for internal

disturbances

The proposed DEM for internal disturbances is a Single Input Multiple Output
(SIMO) model. Inputs selected for modelling internal disturbances (Uint) for each
type of power plant are as follows:

e Hydro Power Plant with Synchronous generator - Active Power reference
e Wind power plant - wind speed (ms™)

e Solar power plant - Solar irradiance (Wm)

Transfer functions Hi(S) and Hx(S) need to be estimated using the change in
measured input AU and change in measured outputs APh (in degrees with respect to

the reference of swing bus. Bus 10 is the swing bus) and AV (p.u).

Estimated Black Box Model 1

Grid

Generator Bus

Figure 3.1: Blackbox model structure for simulating behaviour due to internal disturbances

Reference parameters for steady state operation: Input reference (Urer), Phase angle
reference (Phrer), Generator bus voltage reference (Vrer) and Frequency reference (fref)
shall be set manually before running the simulation. These steady state values can be
obtained from the pre-fault steady state measurements obtained from the simulation

or actual power system.
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3.3  Model for representing behaviour of power plant for external
disturbances

For modelling external disturbances that happen in the network, the proposed model
IS a Multiple Input Multiple Output (MIMO) model. The inputs used are active
power (MW) and reactive power (MVVAr) measured at generator bus which are easily
measurable parameters. Transfer functions Hz(S) and Hai(S) need to be estimated
using the change in measured inputs AP, AQ and change in measured outputs APh,
AV.

Estimated Black Box Model 2

Grid

Generator Bus

Qin

Figure 3.2: Blackbox model structure for simulating behaviour due to external disturbances

Reference parameters for steady state operation: Active Power reference (Pref),
Reactive Power reference (Qrer), Phase angle reference (Phrer), Generator bus voltage
reference (Vrer) and Frequency reference (frer) shall be set manually before running
the simulation. These steady state values too can be obtained from the pre-fault
steady state measurements obtained from the simulation or actual power system as

for the internal disturbance model.
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34 Estimation of the transfer function

For estimation, input-output data during an internal or external disturbance shall be
obtained either through real measurements or through a PSCAD/EMTDC simulation.
Based on the observations of this study it was evident that both input and output data
should be sampled at same rate and at least 50 samples sampled at 100 ms are
required for an accurate transfer function estimation in MATLAB. Moreover, it was
apparent that for obtaining measurement data a first order filter with a smoothing

time constant of about 20 ms is required for filtering noise.

Next, a possible range of values for number of poles (m) and number of zeros (n)
shall be specified depending on the type of generator used. For a hydro synchronous
generator an actual white box transfer function model would not be greater than 10
poles. Therefore, selecting a range of 4-10 poles would be sufficient for a

synchronous generator.

Similarly for wind and solar power plants too, fitting models having poles of orders
greater than 10 would not give any special benefit as it would unnecessarily increase
model estimation time. Further, the model evaluation criteria will anyhow limit the
model to the lowest possible best fit by evaluating fit to estimate as well as
complexity. After selection of the number of poles, a set of all possible combinations
of poles and zeros shall be generated, subjected to the condition that the number of

poles shall always to greater than number zeros.

Next step is to loop through all the pole-zero combinations to estimate the most
optimum transfer function by using recorded input-output data. For each iteration,
the first step is to use N4SID method to initialize coefficients and derive an estimate
transfer function. Then, by using NLS method iteratively the loss function as given
below is minimized by optimizing coefficients. Here, ymeasured (t) @and Yestimated ()
are the outputs obtained from measurement and output obtained from the estimated

transfer function respectively while e(t) is the one step prediction error.

e(t) = Ymeasured (t) — Yestimated(t) (3.2)
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The minimization of e(t) is achieved by running the iterative minimization until the
error becomes less than 0.01 or at most for 30 iterations. The resulting model is then
saved in an array for each pole-zero combination. Once this process has been
completed for all pole-zero combinations, it is required to select the most optimum
model that describes the measured input-output dataset. For this, Akaike’s
Information Criterion (AIC) is calculated for all the models estimated and the model
which has the least value for AIC is considered as the most optimum model for this

data set.

After estimating all four transfer functions, Hi(S), Hz(S), H3(S), and Ha(S), model
suitability can be validated by developing a custom black-box generator model in
PSCAD using estimated transfer functions. This black-box generator can be used to
replace the generator which was used to obtain measurements. After applying the
same disturbances to the black-box model as well, it can be validated by comparing
the outputs measurements for the black-box model and actual generator model. For
this comparison, Mean Square Error (MSE) has been utilized as the comparison

metric.

The methodology proposed for estimating transfer function model orders and
coefficients of the transfer functions Hi(S), H2(S), Hs(S) and Ha(S) is illustrated

below.
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Extract Input-Output data of the power system component under
interest by a PSCAD simulation or by real measurements

v

Specify a range of poles and zeros subjected to the
condition number of poles > number of zeros.

}

Generate a list of possible pole-zero combinations
subjected to the condition pole number > zero number

|

[ Select First pole-zero combination }

|

Initialize Transfer Function coefficients for the selected
pole-zero combination using N4SID and input-output data

|

‘ Optimize coefficients iteratively using Non-linear least ‘
squares method

|

[ Save Estimated Model in Model List ]

Select next
pole-zero

combination

Calculate AIC (Akaike’s Information Criterion) for all
estimated models

A

Select the model with least value for AIC as optimum
model

End

Figure 3.3: Proposed estimation methodology

19



3.5 Akaike’s Information Criterion (AIC)

The Akaike information criterion (AIC) is a mathematical technique for assessing fit
of a model to the data from which it was derived from. In practice AIC is used to
compare several possible candidate models to determine the most optimum fit. This
has been derived as an extension of the maximum likelihood principle by Hirotugu
Akaike [44].

AIC is used to evaluate a model based on 2 parameters:

e Model Performance - Performance of a candidate model for the data set used
for estimation. This is a measure of the models fit to data.
e Model Complexity — Number of parameters estimated model (In the case of

the transfer function, number of poles and zeros)

Model performance improves when the model fit improves. But this in turn increases
model complexity. To strike a balance between these 2 parameters, AIC is

calculated.
AIC is calculated using below formula
AIC = 2k — 2log(L) (3.3)
Where:
k: Number of parameters
L: Maximum likelihood estimate of model

When comparing several models using AIC, the model with the lowest AIC is
considered the best according to Akaike’s theory. It gives a measurement of how
much information is lost when compared to actual mode and hence model that has

the least value for loss of information evidently shall best describe input-output data.

The maximum likelihood increases when more variables are added to the model
which improves the model fit. The same time it increases complexity. Therefore, the

“2k” term penalizes the AIC value and compensates for increased complexity.
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3.6  Transfer function-based modelling of a generator

The dynamic behaviour of a generator is usually described by nonlinear equations
which can be linearized around a particular operating point. These equations can be
converted into a set of first-order differential or difference equations using state
variables and can be represented in state-space form with n state variables, i inputs

and j outputs as below:
x(t) = Ax(t) + Bu(t) (3.4)
y(t) = Cx(t) + Du(t) (3.5)
Where:
x(t)= State vector, x(t) = d’;—(tt) (n x 1 dimension)
u(t)= Input vector (i x 1 dimension)
y(t)= Output vector (j x 1 dimension)
A= State matrix (n X n dimension)
B= Input matrix (n x i dimension)
C= Output matrix (j x n dimension)

D= Feedthrough matrix (j x i dimension) — This is zero when there is no

feedthrough from input to output

y(t)

Figure 3.4: Block diagram representation of the state space form of a dynamic

model of a system
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This state space form can be converted to a transfer function format by converting
state space equations 3.4 and 3.5 to Laplace Domain. Then Laplace transform of 3.4
becomes:

sX(s) = AX(s) + BU(s)
X(s) = (s —A)LB.U(s) (3.6)

When 3.6 is substituted to Laplace transform of 3.5 output becomes:
Y(s)=C.(sI —A)L. B.U(s) + D.U(s) (3.7)
Since D = 0, transfer function between input and output becomes

Y(S)—C I1-A)"%B 3.8
m— .(S—) . ()

Since it was necessary to confirm the suitability of the proposed estimation method
for estimating transfer functions of generators, several known transfer functions of
generators were used to produce input-output data by simulating the transfer function
model in Simulink. A known input was given to each transfer function model and
output was recorded for back-estimation of the transfer function using the proposed
method. For this purpose, generic synchronous generator dynamic models described
in [7] were used along with the data for each parameter. All model details were

provided in state space form.

In these simulations and estimations, input considered was deviation of mechanical
torque AT, and the output was deviation of rotor speed Aw,.. Other parameters were

kept constant and hence the deviation of those parameters was considered zero.

Deviation of mechanical Model Deviation of rotor speed
torque ATm sz Awr
U(s) Y(s)

Figure 3.5: Inputs and outputs considered for synchronous generator modelling in Simulink
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Results obtained for estimating 2" order classical generator model are shown in this

section.

ATe
= 1 Aw, [an
AT a 2 > > AS
Kp |a—

Figure 3.6: 2nd Order classical generator model block diagram

ATm = Mechanical Toque deviation

AT = Electrical Toque deviation

Kp = Damping Torque Coefficient in pu

H = Inertia constant in MWs/MVA

Aoy = speed deviation in pu = (or - @) /oo
AS = Rotor angle deviation in electrical rad
s= Laplace operator

Awo = Rated speed in electrical rad/s

State space model of the 2" order classical generator model are illustrated below
where A, B, C and D matrices are separately identified as in the form of equations
3.4 and 3.5.

Aw _K_D _ﬁ Aw 1
[ 'r}z 2H - 2H [Aar]Jr 2H|ATm
A(S (")0 0 0

[X1=0 4 1[X()]+[B][U(s)]

Aw,

Y@l =0 ol

+ [0][ 0]

Yl =0 ¢ TX(] + [D][UEs)]

Now, these matrices can be substituted in equation 3.8 to obtain the transfer function

between AT, and Aw, by using parameter details given below.
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This transfer function was then modelled in Simulink and inputs and outputs were

A=~

14286 —0.10814] | .35

377 0 K, =10
) g = 10
_10.14286 )
B = [ 0 ] Ks =0.757

recorded after providing a step input and running the simulation for 6 seconds.

)

5

>
delta Tm

]

|

"l 2% Hs* +Kd - s+ Ks w0

>
delta Wr

Figure 3.7: Simulink model for 2nd order synchronous generator

delta Tm

0 1 2 3 4

Time

Figure 3.8: Step input given to Simulink transfer function model

These data recorded were then used to estimate the transfer function using the
proposed estimation methodology using MATLAB. For estimation in MATLAB, the
standard functions available for estimation in MATLAB System Identification
Toolbox was utilized. The standard estimation function was run by initializing the
estimate using N4SID and optimization using NLS method. Limits for number of
zeros was selected as 9 and limit for number of poles was selected as 10. AIC values

for all the estimated models for each viable pole-zero combination is shown in the

below pivot table.
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Table 3.1: AIC values of all models estimated for 2nd order synchronous generator model

eros
1 2 3 4 5 6 7 8 9

Pole!

2 -45628.36

3 -11985.13 | -43922.13

4 -10365.74 | -12507.21 | -21127.28

5 -12320.35 | -11434.75 | -11432.75 | -11532.44

6 -12433.34 | -12170.25 | -11428.75 | -12143.35 | -12307.69

7 -12437.84 | -12396.16 | -12446.27 | -12444.27 | -12248.07 | -12399.08

8 -12452.10 | -12446.32 | -12456.53 | -12440.27 | -12395.34 | -12454.82 | -12440.63

9 -12464.55 | -12462.19 | -12462.26 | -12455.17 | -12453.17 | -12465.27 | -12435.57 | -12451.40

10 -12475.81 | -12473.78 | -12472.01 | -12469.14 | -12449.17 | -12468.32 | -12456.56 | -12465.87 | -12459.27

The lowest AIC value of -45628.36 resulted for 2 pole 1 zero model which is as same

as the original transfer function. Estimate transfer function is as follows.

0.142% s + ©.4953e-1¢

572 + 1.429 s + 40.77

The poles are same as that of the actual transfer function since the denominator
coefficients are same. A constant has been added to the numerator coefficients which
slightly changes the values of zeros. This however is not an issue since model
behaviour is mainly dependant on the poles than zeros. To confirm that the estimated
model behaviour is similar to the actual model, same input was provided for both the
models using MATLAB and the outputs were plotted on top of each other and the

curve fit percentages were compared.

0.02 T
actual_model (y1)
0.015 — estimated_model: 100% |—|
0.01
S 0.005
=
3>
£
Z 0
-0.005
-0.01
-0.015 ‘ ! L ! |

1 2 3 4 5 6
Time (seconds)

Figure 3.9: Comparison of outputs for actual and estimated models of 2nd order synchronous
generator model
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The same procedure was then carried on for estimating transfer functions of 3", 4"

and 6™ order models respectively. The estimated and actual transfer functions were

compared for further verification. Detailed models, parameter values and results can

be found in Appendix A .

Table 3.2: Transfer Functions estimated for each type of synchronous generator model
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Model Estimat Transfer function
ed
©
3 - 0.1429 s
1< S
£ S
= < 572 + 1.429 s + 40.77
L
(7))
)
e
© e}
5 o 0.1429 5 + 6.495e-16
'E [5+1
S E
=] 7 572 + 1.429 s + 40.77
= l
N
=
=] N
o = 0.1429 5°2 + 0.06041 s
IS s |
- o
%% < s*3 + 0.4229 s5°2 + 41.17 5 + 8.379
gh:
<
5 E
- 2
5 = 3 0.1429 5°2 + 0.06041 s — 1.328e-15
- % T
S R E
™ o =
e = 5°3 + 0.4229 572 + 41.17 s + 8.379
(5]
3 i
S
L x . .
S = 0.1429 53 + 7.203 s°2 + 84.34 s
T 2
c L35
& r < s74 + 53.28 573 + 775.6 s°2 + 3754 s + 3.316e04
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SR < “g + 8 " 67 s 54 53 + 159508 a 573206
wn $"6 + 81.44 55 + 2367 s™4 + 3.12e04 5”3 + 1.595e05 s"2 + 1.073e06 5 + 7.175e05
S o
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Lo
| > oS
5 £ 0.1666 55 + 12.58 574 + 386.8 573 + 4570 572 + 8679 5 + 3.2852-09
= £
c = 576 + 81.55 =°5 + 2371 574 + 3.129e04 573 + 1.599e05 =°2 + 1.076e06 s + 7.197205
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5"5 + 65.45 s*4 + 1107 s"3 + 2410 s"2 + 818.5 s

Actual

s"6 + ©5.45 875 + 1152 5”4 + 5239 s5°3 + 4.64%04 572 + 8.984e04 5 + 1.613e04

0.1667 s5 + 10.93 s™4 + 185.2 5”3 + 404.3 5”2 + 135.4 s + 8.085e-08

winding effect)

576 + ©65.58 575 + 1156 s°4 + 5255 573 + 4.666e04 5”2 + 9.018e04 s + 1.61%04

6th Order - Field Circuit +
AVR + PSS (with Damper

Estimated

3.7  Chapter summary

By comparing the transfer functions of all 5 synchronous generator models it was
evident that the estimation methodology estimates transfer function models similar to
actual transfer functions (similar number of poles and similar coefficient values of
poles) when the system is a SISO type model. However, an actual power plant is a
MIMO or SIMO type of a model which comprises of several transfer functions as
described in 3.2 and 3.3.

The advantage of utilizing terminal measurements such as active power, reactive
power, bus voltage and bus voltage phase angle as physical input measurements for
estimation is that these are easily measurable in an actual power plant too and hence

can practically be used for estimating transfer functions of those power plants.

For solar and wind power plants, this Simulink simulation was not done as building a
state-space model white box transfer function model by referring WECC definitions
is highly complicated. Therefore, for all 3 types of generators, input-output data was
obtained by simulating already available standard PSCAD models in a IEEE 12-bus

system as explained in Chapter 4.
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4 VERIFICATION OF PROPOSED METHODOLOGY

4.1 Modelling test power system

4.1.1 IEEE 12-bus system

The approach tested in 3.6 was then extended to be tested using data obtained from a
detailed power plant in a power system simulation using PSCAD for verification of
the proposed methodology for an actual scenario where several parameters change
simultaneously. For this, IEEE 12-bus system was utilized. Detailed data of the 12-

bus system used is given in Appendix B .

Bus 10 Bus 2
22 kV 230 kV ﬂ”var
22 /230kV 60 MVar
1000 MVA
Bus 1 ﬂ
230 kV 280 MW Tl
200 MVar
T12
r—
e
T16
T .
180 MVar N, []
<
[20]
_| &
Bus 9 230/22kV
(slack) 500 MVA
22 kv
Bus 3
DXE 230 kv
) ( G9
320 MW
230/22kV
1000 MVA  Bus 7 Busg 240 Mvar
345 kV 345 kV Bus 11
T78 1
I8l 22Ikv
2 ) C ) C G11
230/ 345 kv 345 /230 kv 230/22kV
1000 MVA 1000 MVA 1000 MVA

Figure 4.1: IEEE 12-bus system

Several software were utilized for obtaining data, estimation and method verification.
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Table 4.1: Software utilized for the research

Software Version | Purpose
PSS®E Xplore | 34 Validation of IEEE 12 bus system
PSCAD 4.5.0 Modelling test power system, obtaining input-output data for

estimation and simulation of estimated black box models

MATLAB R2019a | Estimation of transfer functions using input-output data

4.1.2  Verification of IEEE 12-bus system PSCAD model load flow simulation

This IEEE 12-bus system was modelled in PSCAD environment using fixed three
phase voltage sources as generators as shown in Figure B.1 using the data mentioned
in Appendix B . To verify that the PSCAD model was correct, the same data was
used to model the same system in PSS®E as in Figure B.2.

For comparison, measurements obtained at generator busses were compared for both
models as indicated in Table 4.2 and it was observed that measurements to be close
to one another in both simulations and hence it was concluded that PSCAD model
steady state simulation was correct.

Table 4.2; Comparison of steady state load flow measurements at generator busses between
IEEE 12-bus systems modelled in PSS®E and PSCAD

Voltage Phase

Active Power Reactive Power Angle with Voltage of bus
(MW) (MVAr) reference to slack (P.U)
bus (degrees)

Bus | PSS/E | PSCAD | PSS/E | PSCAD | PSS/E | PSCAD | PSS/E | PSCAD

9| 48350 | 478.40| -55.50 -67.84 0.00 0.02 1.05 1.05

10 | 500.00 500.30 | 109.10 104.60 4.47 4.46 1.02 1.02

11 | 200.00 214.30 67.20 60.51 | -11.21 -10.16 1.01 1.01

12| 300.00 | 291.50 93.70 90.80 | -20.30 -20.25 1.02 1.02
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Therefore, the voltage sources of the PSCAD simulation were replaced by detailed
hydro power plant models with synchronous generators except the slack but which
was kept as a voltage source to maintain the voltage phase angle reference and avoid

phase angle wrapping in the simulation.
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o
A
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—
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ECEYTINED
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A
b
5
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P=3101 R
Q=879 G12
V=1.018

-
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Figure 4.2: IEEE 12-bus system modelled in PSCAD with detailed generator models

G10 generator was used as the generator under test which was replaced sequentially
with a wind power plant and solar power plant to obtain parameter measurements for

internal as well as external disturbances.
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4.1.3  Hydro Power Plant with synchronous generator PSCAD model

The hydro power plant used for this simulation was a 500 MW single machine power
plant as shown in Figure 4.3 with a STAL type excitor, PSS1A power system
stabilizer and a TURL1 type hydro turbine. All the components used were standard
PSCAD components. Active power reference was made controllable by manually
controlling the turbine wicket gate position ‘z’. Detailed settings of this model can be

found in Appendix C section C.1.

Timer Power System
:|_I_ LRR Stabilizer

Enab Mech Dynamics
0-=1@04 Sec

EXCITER

Vs
PSS1A

Timer
s2m
Change to Machine
. 35
0-=1@0.33ec P=3652
Q=105
= -
= W= 1£.18
m & Irms =
i1_right
=
o
Y
08 ==y  Tmétdy

W Tm

z

o Hydro Tur 1

—zi
+ Wref

08 >3
M

Figure 4.3: Hydro Power Plant with synchronous generator PSCAD model
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414  Wind Power Plant PSCAD model

The 500 MW wind power plant shown in Figure 4.4 used consists of 100 type II
wind generators of 5 MW. Wind speed (ms™) is controllable externally in this model.

Detailed settings of the model can be found in Appendix C section C.2 .

wa
. =
Wind Tursine
(w3 l LA r—
P 103 fr Wt
po -
Wiy i - B : Wa g Trmec indTRQ
h
m lage2 labe Rotor Circuit
Vae;“f‘ Vabe
Pg2_ _actvePower Rabc
4 ReactivePower
Theta Rotor Angle
Limug
P=251 P=2535 P=2539
Q=3938 n Q=0.001812 Q=02247
V=0.9071 V=09102
P -
& @‘ # . -
bl T bl £
L L w
= g2
g
=
3
m
B4 L)

Figure 4.4: Type Il Wind Turbine based power plant
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415 Solar Power Plant PSCAD model

The 200 MW solar power plant Figure 4.5 used consists of 400 grid connected solar
PV generator units rated 0.5 MW. (At 28°C and 1200 Wm each generator generates
0.29 MW) External temperature (°C) and solar irradiance (Wm) is controllable
externally in this model.

The rdids are
exaggerated PV Array Boost converter
{DC-DC)
g
- didt],— v+ =
["T-D: o S, o P=56.78
=40.61
. *n | V=04529
. d/dt =
ene—{224] - - F¥a oy
1 out
T Dblk T | < TT
1 - o —
1 = o -
Lo,
PV MPPT controller '
(The integral controller can be replaced with a Pl controller) i
1 —
' ¢
& 1
Vv g Ty DeblockPV |4
| refiPPT D Prefpy =
P ela
Ipv A Clear OQDB'QKPV qb Jo0 Y 2 DBIkPY
gy ok Hﬂq f
o DeblockVSC
Ich - F'v
o
=9
viike i TIME >—{ A

Figure 4.5: Solar Power Plant with MPPT and Boost Converter

4.2.6 Running PSCAD simulation

All simulations were run for 35 seconds and disturbances were applied at t=20.
Solution step time used for HPP and WPP was 100 microseconds while for SPP
solution step time of 20 microseconds was used due to high frequency switching
requirements of the power electronic components of the generator.

A computer with an Intel® Core™ i7-8565U 8" Generation CPU having a base
frequency of 1.80 GHz with a 16 GB DDR4 RAM and 500 GB PCle M.2 SSD was

used for estimation of transfer functions as well as running all the simulations.
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4.2 Internal Disturbance

Parameter value

Start
Value

End
Value

.......................

20 25

35

" Time (s)

Figure 4.6: Internal disturbance input given to all 3 types of generators

A ramp input change of 5 seconds was given to the internally controllable parameters

of each type of generator at t=20 seconds. For wind and solar, the change applied

was considered to be applied uniformly for each generating unit. APh, AV and AUint

were measured, and transfer functions were estimated.

Table 4.3: Types of internal disturbances given to each type of generator

Power Plant Controlled Parameter Start value End Value
Hydro Power Plant Active Power Reference 0.8 0.6

Wind Power Plant Wind Speed (ms™) 11.0 8.0

Solar Power Plant Irradiance (Wm) 1200.0 600.0

After estimating each transfer function, the same input was given to the estimated

model, and the resulting output measurements were compared with the output

measurements obtained for the detailed model by calculating the Mean-Square Error

(MSE) between the two measurements.

n
1 N
MSE = — E (v, - 7)°
i=1

MSE = mean squared error

n = number of data points
Y; = observed values
Y, = predicted values
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Table 4.4 — Transfer functions estimated for all 3 types of power plants for internal

disturbance
I;()I\;V:tr ﬂlz((ss))/ Estimated Transfer Function
-1568 s”3 - 6515 s"2 - 5.8e04 s + 4.072e04
F11(S) ————————————————————————————————————————————
s™4 + 27.03 s73 + 142.3 s”2 + 854.2 s + 1405
-3.855 5”5 - 164.3 s”4 - 1295 s”3 + 1051 s*2
HPP
+ 187.2 s - 63.35
F{z(S) ————————————————————————————————————————————————————————
76 + 16.51 s*5 + 553.2 s™4 + 2860 s°3 + 1.734e04 s"2
+ 3.346e04 s + 1.729e04
0.05492 s*3 + 3.589 s”2 + 31.02 s + 6.746
H1(S) —————————————————————————————————————————————
s™4 + 1.184 s”3 + 51.25 s°2 + 20.36 s + 1.992
WPP —2.172 ™4 - 16.46 s°3 - 62.95 s°2 - 94.43 s + 21.57
Heo) |
s”5 + 114.4 s”4 + 1647 s”"3 + 1.251e04 s”2 + 2.061e04 s
+ 2878
-127.9 s°3 - 30.93 s*2 - 131.9 s + 547.5
Ho) |
S"6 + 75.54 s*5 + 2839 s”4 + 3.25e04 s”3 + 8.61e04 s2
SPP + 1.383e05 s + 1.347e05
0.1085 s*3 - 0.2705 s"2 - 0.2645 s + 0.2826
Hao(S) | -
S*5 + 364.7 s™4 + 2965 s”3 + 1.94e04 s"2 + 6.331e04 s + 4.971e04

For comparison of results, measurements were obtained for model with detailed

power plant and estimated black-box model at bus 10 (same source bus), bus 5 (load

bus) and bus 11 (different source bus). Parameters measured were: Active Power

35



(MW), Reactive Power (MVAr), bus voltage phase angle with respect to slack bus

(degrees) and RMS bus voltage (P.U).

4.2.1 Results for Hydro Power Plant Internal disturbance
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Figure 4.7: Measurements obtained at bus 10 for actual and black box models of HPP for
internal disturbance
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Figure 4.8: Measurements obtained at bus 5 for actual and black box models of HPP for
internal disturbance
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Figure 4.9: Measurements obtained at bus 11 for actual and black box models of HPP for
internal disturbance
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Figure 4.10: Measurements obtained at bus 10 for actual and black box models of WPP for
internal disturbance
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Figure 4.11: Measurements obtained at bus 5 for actual and black box models of WPP for
internal disturbance
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Figure 4.12: Measurements obtained at bus 11 for actual and black box models of WPP for
internal disturbance
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Figure 4.13: Measurements obtained at bus 10 for actual and black box models of SPP for
internal disturbance
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Figure 4.15: Measurements obtained at bus 11 for actual and black box models of SPP for
internal disturbance

4.3 External Disturbance 1

A disturbance was applied to the power system while keeping the internal parameters
of the power plant under test and measurements at the point of interconnection of the

power plant to the power system were measured for estimating the transfer function.

A solid three phase to ground fault at the middle of one of transmission lines between

bus 7 and bus 8.

e Fault applied at t=20 s.
e Fault duration = 100 ms
e Fault was cleared and line was tripped after 100 ms.

APh, AV, AP and AQ were measured at bus 10 to estimate the transfer functions of

the DEM for all 3 types of power plants.

AP and APh measurements were used to estimate Hz(s). AQ and AV measurements

were used to estimate Ha(s).
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Table 4.5: Transfer functions estimated for all 3 types of power plants for external
disturbance 1

Power
Plant

Hs(s)/
Ha(s)

Estimated Transfer Function

HPP

f{s(S)

299.5 s”6 - 4042 s*5 - 2.155e05 s"4 - 2.598e06 s"3 - 3.367e07
s*2 - 7.917e07 s - 4.599e07

s™9 + 531.8 s78 + 7.715e04 s*7 + 3.839e06 s”6 + 8.999e07 s”5
+ 1.212e09 s74 + 1.36el0 s"3 + 6.647el10 s"2 + 1.258ell s +
7.551el0

F14(S)

-991.4 s”3 - 5578 572 - 2.419%04 s - 3.679e04

s®7 + 13.88 s”6 + 450.7 s*5 + 4791 s"4 + 2.635e04 s"3 +
1.456e05 s72 + 3.534e05 s + 5.502e05

WPP

F*s(S)

1.864 s”5 + 83.86 5”4 + 1474 s”3 + 1.451e04 s*2 + 3.501e04 s
+ 6992

s”"6 + 65.27 s”5 + 1443 s”4 + 3.485e04 s”3 + 1.579e05 s*2 +
3.194e05 s + 4.829e04

f{4(S)

0.2453 s"9 + 8.744 s"8 + 223.8 s*7 + 3715 s”6 + 4.041e04 s"5
+ 2.888e05 s74 + 1.532e06 s”3 + 5.805e06 s72 + 1.349e07 s +
7.256e06

s”10 + 19.14 s79 + 1190 s”8 + 1.539e04 s*7 + 3.619e05 s"6 +
2.95e06 s”5 + 2.745e07 s”4 + 1.129e08 s73 + 5.286e08 s"2 +
8.683e08 s + 1.256e08

SPP

fig(S)

17.83 ™8 + 607.5 s*7 + 1.411e04 s”6 + 1.881e05 s"5 +
1.846e06 s"4 + 1.259e07 s*3 + 5.842e07 s"2 + 1.903e08 s +
4.246e08

s™"9 + 42.81 s”8 + 1493 s*7 + 2.731e04 s”6 + 3.426e05 s*5 +
2.805e06 s™4 + 1.421e07 s”3 + 5.136e07 s72 + 1.2e08 s +
9.746e07
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Ha(s)

0.6704 s*3 + 18.36 s72 + 292.5 s + 1794

s™4 + 9.745 s”3 + 747.2 s”2 + 4077 s + 4.34e04

4.3.1 Results for Hydro Power Plant External disturbance 1
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Figure 4.16: Measurements obtained at bus 10 for actual and black box models of HPP for
external disturbance 1
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Figure 4.17: Measurements obtained at bus 5 for actual and black box models of HPP for

external disturbance 1
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Figure 4.18: Measurements obtained at bus 11 for actual and black box models of HPP for
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Figure 4.19: Measurements

obtained at bus 10 for actual and black box models of WPP for
external disturbance 1
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Figure 4.20: Measurements obtained at bus 5 for actual and black box models of WPP for
external disturbance 1
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Figure 4.21: Measurements obtained at bus 11 for actual and black box models of WPP for
external disturbance
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4.3.3 Results for Solar Power Plant External disturbance 1

’q&; Bus 10 (Same Source Bus): Phase Angle of Bus Voltage (degrees)
3 T T T T T T T T T
D Actual
T 10+ — — — - Blackbox 4
[} O Max Err=35.73%, MSE=2.40e-01
S —if
= r NN |
s 12 : P
8 1
5 1 1
g 4T HHH g
]
2@ v
2.6+ 1
<
[l
& | | | | | | L | |
T 18 20 22 24 26 28 30 32 34
Time (s)
Bus 10 (Same Source Bus): RMS Voltage of Bus (P.U)
T T T T T T T
P Actual
E 1k — — — - Blackbox i
b O Max Err=8.85%, MSE=1.06e-04
@ .
B 09 T M B
2 \
D
gosl i ]
ST 3
2
Z07r 1
| . I | . | I . 1
18 20 22 24 26 28 30 32 34
Time (s)

Figure 4.22: Measurements obtained at bus 10 for actual and black box models of SPP for
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Figure 4.23: Measurements obtained at bus 5 for actual and black box models of SPP for
external disturbance 1
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Figure 4.24: Measurements obtained at bus 11 for actual and black box models of SPP for
external disturbance 1

4.4 External Disturbance 2

For the same black box models estimated in 4.3, a different external disturbance was
provided to examine the accuracy of the behaviour of each type of power plant
models. The provided external disturbance was cutting off load L4 (320 MW, 240
MVAr) connected to bus 4 at t=20 seconds. The same measurements taken in 4.3
were used to compare the model performance. In PSCAD simulation BRK_L4 was

tripped to simulate this disturbance.

160 [MVAR]

L ¥ EL
ZFEL

Figure 4.25: PSCAD Simulation of External Disturbance 2
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4.4.1 Results for Hydro Power Plant External disturbance 2
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Figure 4.26: Measurements obtained at bus 10 for actual and black box models of HPP for

=) =}
> ©

Active Power (MW)
s B
S R

=)
S

Reactive Power (MVAr)
o 9 o o o
2R & % &

o
S

external disturbance 2

Bus 5 (Load Bus): Active Power (MW) § Bus 5 (Load Bus): Phase Angle of Bus Voltage (degrees)
N T T T T T T T ™ 2 gp T T T T T T T —3
=3
? Actual 3 Actual
| — — — - Blackbox ; — — — - Blackbox
[ h O Max Err=2.22%, MSE=4.23e-02 | | 2 5l - O Max Err=13.49%, MSE=2.80e-01
= N 2 ~
t ’ | < // Q\\ / N A
3
’ @ 10 - 1
L 1 ot
i S
| 4 S
L [/~ . 25 i
. . . . . . . . . b . . n . . . . . .
18 20 22 24 26 28 30 32 34 2 18 20 22 24 26 28 30 32 34
N o N
Time (s) Time (s)
Bus 5 (Load Bus): Reactive Power (MVAr) Bus 5 (Load Bus): RMS Voltage of Bus (P.U)
T T T T T T T T T T T T T T T T T T
? Actual S125F Actual 4
L | — — — - Blackbox 1 o ? — — — - Blackbox
b O Max Err=2.27%, MSE=1.60e-02 2 r \ O Max Err=1.15%, MSE=6.39e-06
L \ 4 @ 1.2 \ 7/ N~ e |
\ o ‘\ /\/\/\;/\—f—s—fg—j 7777777777777
| o /
L | ] 9 ’ \
’ | S115¢ q
I , 1 2 f
4, ‘\ ) g 1
L o~ 4 Ak R
Voo r N |—
. . . . . . L . L . . . L . . . L .
18 20 22 24 26 28 30 32 34 18 20 22 24 26 28 30 32 34
Time (s) Time (s)

Figure 4.27: Measurements obtained at bus 5 for actual and black box models of HPP for

external disturbance 2
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Figure 4.28: Measurements obtained at bus 11 for actual and black box models of HPP for
external disturbance 2

4.4.2 Results for Wind Power Plant External disturbance 2
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Figure 4.29: Measurements obtained at bus 10 for actual and black box models of WPP for
external disturbance 2
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Figure 4.30: Measurements obtained at bus 5 for actual and black box models of WPP for
external disturbance 2
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Figure 4.31: Measurements obtained at bus 11 for actual and black box models of WPP for
external disturbance 2
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4.4.3 Results for Solar Power Plant External disturbance 2
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Figure 4.32: Measurements obtained at bus 10 for actual and black box models of SPP for
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Figure 4.34: Measurements obtained at bus 11 for actual and black box models of SPP for

external disturbance 2

4.5 Comparison of MSE of simulation results

MSE was calculated for each of the measurement comparison to mathematically

determine how close the estimated model results are to that of actual model

measurements.

45.1.

Internal disturbance model

Table 4.6: MSE of measurements between simulation with detailed model and black-box
model for internal disturbance

Power MSE values
P Bus . . Bus voltage
ant Active Power Reactive Power Bus voltage
phase angle
10 2.91 x10° 3.68 x101 6.31 x10°3 6.32 x107
HPP 5 1.68 x10* 3.68 x10° 7.16 x10°® 1.21 x10°®
11 2.48 x10°® 3.17 x10° 5.29 x10°® 1.97 x10°°
10 7.68 x10! 3.70 x101 6.70 x10* 1.03 x106
WPP 5 3.48 x10* 8.79 x10° 3.95 x107? 3.48 x10°°
11 3.39 x10* 6.37 x10° 2.73 x1072 3.92 x107
10 1.85 x10* 1.02 x10* 5.84 x103 1.29x10°6
SPP 5 2.63 x10! 1.01 x10? 5.49 x103 3.83x107
11 4.64 x10° 3.07 x10° 1.44 x107? 1.01 x107
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The MSE of the measured results were satisfactorily low which mathematically

indicates the estimated models adequately represent the detailed model.

45.2. External disturbance models

Table 4.7: MSE of measurements between simulation with detailed model and black-box
model for external disturbance 1

MSE values
Power BUS
Plant Active Power Reactive Power | DUS Voal‘;%%z phase Bus voltage
10 - - 3.34 x10* 3.37 x10°®
HPP 5 5.58 x10! 1.97 x10! 1.43 x10? 1.64 x10!
11 1.19 x10° 5.8 x10° 3.53 x10%2 1.08 x106
10 - - 2.38 x10! 3.14 x10*
WPP 5 8.31 x10! 3.04 x101 5.83 x10! 2.46 x10*
11 1.70 x10° 7.58 x10* 1.86 x10? 4.12 x10®
10 - - 2.04 x10'! 1.06 x104
SPP 5 1.23 x10° 4,51 x10? 1.51 x10? 7.35 x10°
11 5.55 x10° 7.88 x10° 4.99 x107? 4.56 x10°®
Table 4.8: MSE of measurements between simulation with detailed model and black-box
model for external disturbance 2
MSE values
Power BUs
Plant Active Power Reactive Power | CUS VO;%%E phase Bus voltage
10 - - 1.21 x10° 4.21 x10®
HPP 5 4.23 x1072 1.60 x107? 2.80 x10'! 6.39 x10°°
11 4.35 x1072 1.30 x10° 1.89 x10°° 3.11x10°8
10 - - 3.05 x10* 1.11 x10°®
WPP 5 2.16 x10? 7.49 x1072 1.12 x10* 6.99 x10*
11 8.07 x10! 9.17 x10! 2.86 x102 1.57 x10°®
10 - - 8.26 x10° 9.01 x10°®
SPP 5 3.63x10% 1.33x10? 2.20 x10° 5.43 x10°°
11 8.31 x1072 9.82 x10! 5.13 x1072 2.06 x107

For both the types of internal and external disturbance models, The MSE of the
measured results were satisfactorily low and closer to 0. This mathematically

indicates the estimated models adequately represent the detailed model.
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4.6 Discussion of results

It was evident that for internal disturbances the actual and estimated model
measurements had almost identical behaviour. However, for external disturbances
where extreme events such as tripping a large load and a 3-phase to ground fault on a
transmission line was being simulated, there were some initial spikes in the
measurements of simulation with actual model, which were not represented in the
simulation with estimated model. This is due to the non-linearities in the actual
model that are not captured when linearizing the dynamic model into a transfer
function-based model.

Another noteworthy observation of the simulations was that the estimated linear
models improved the simulation runtimes especially of those power plants with
complex controls. Simulation runtimes for external disturbance 1 of PSCAD models
for all 3 types of power plants by using both detailed and estimated models were

compared for performance evaluation.

Table 4.9: Comparison of simulation runtimes between detailed models and estimated
models for all 3 types of power plants estimated for external disturbance 1
Power | Simulation with actual | Simulation with  black-box | % drop
plant generator model generator model in run
Solution Simulation run | Solution step | Simulation time
step  time | time (s) time (us) run time (s)
(Us)
HPP 100 30.1 100 29.9 0.7
WPP 100 57.1 100 33.1 42.0
SPP 20 1025.0 20 230.0 77.6

For SPP and WPP, a drastic reduction in simulation time was observed due to
reduction in model complexity as the detailed models involved many complicated
subsystems. For HPP the change in simulation run time was negligible as the
synchronous machine detailed model itself does not have complex components as the

other two types.

In SPP, the solution step time had to be kept at 20 ps due to high switching
frequency power electronic components in detailed model, which in turn resulted in a
long simulation time of 1025 seconds for a full 35 second run. However, when the
model was replaced by an estimated DEM due to absence of power electronic
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components, for the same solution step time it resulted in a 77.6% drop in simulation
run time. This can further be improved by increasing the step time further since

there are no high frequency switching elements in DEM.
4.7 Chapter summary

The plotted results obtained at measurement points for simulation with detailed
model and estimated black-box model showed similar trends to one-another which
indicated that the DEMs estimated closely mimicked the behaviour of the power
plants for both internal as well as external disturbances. However, due to non-
linearities of the actual model, there seemed to be certain spikes in the measurements
especially at the very beginning of the disturbances which were not observed exactly
in the estimated model.

This visual confirmation was further validated by comparing the Mean Square Error
between the actual and estimated measurements. The MSE calculated in 4.5 further
illustrates that the MSE between measured parameters of actual and estimated
models are satisfactorily small enough and mostly close to zero to conclude that the

estimated DEM simulates a behaviour similar to that of the actual detailed model.
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5 CONCLUSIONS

51 General conclusions

Due to increased absorption of non-conventional energy sources to the electrical
power grids, usage of wind and solar power plants has increased. Hence their impact
on the stability of the power system is increasing gradually. Therefore, due to
complexities of the power system, detailed models of these power plants for
analysing the behaviour during disturbances in the power system is a key
requirement. However, the control systems of these power plants can change from
manufacturer to manufacturer and due to certain technologies being proprietary.
Moreover, these detailed models may not be exposed to the utilities by manufacturer.

This indicated the importance of estimating DEMs of power plants using input and
output measurements as proposed in this research. It has been shown that a N4SID
and NLS based estimation method can be used to estimate a transfer function based
DEM of a hydro, wind and a solar power plant. Estimation method has been
validated by implementing the estimated black-box models in PSCAD simulations
and comparing measurements with that of the measurements obtained in simulations

with detailed model.

However, there are certain limitations of the estimated black-box DEM which cannot
be achieved by this estimation methodology. An equivalent model does not replicate
the exact non-linearities present in the detailed model. Moreover, operational limits
of control components and operation of protection systems will not be captured
correctly by this estimation methodology and these will not be replicated in the
DEM. In addition, protection schemes, unless specially modelled, would not come
into play when simulating a DEM.

5.2  Practical applications of the proposed methodology

The results obtained in Chapter 4 indicates that the proposed estimation methodology
can be used to model dynamic equivalent models in PSCAD for simulating the
behaviour of power plants during disturbances that occur either in the power system
or due to disturbances that occur to control parameters of the power plant itself.
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For all 3 types of hydro, wind and solar power plants it was evident that this method

can be used to replace complicated detailed power plants in PSCAD simulations. The

key applications of this methodology for Small Signal Stability analysis are

identified as follows:

a)

b)

Design DEMs of power plants in PSCAD using actual measurements —
Electrical measurements such as voltage, voltage phase angle, active power,
reactive power can be obtained through measurements using measurement
devices at power plants as well as PMUs (Phasor Measurement Units), while
other physical parameter data such as wind speed, solar irradiance can be
obtained by sensor measurements. These actual data can be used to model power
plant black-box models of actual power plants and use those models in SSSA

simulations.

Maintain up to date DEMs of power plants — Due to ageing, the control
parameters of power plants may be subjected to changes. However, since the
proposed input and output data can be obtained easily for any type of power
plant, it is possible to use this estimation and modelling methodology to have up

to date dynamic models of power plants for more accurate SSSA simulations.

Reduce simulation and design time — As the proposed black-box models are
based on two transfer functions, there are no complex controls that involve fast
switching power electronics which require the simulation step time to be
extremely small which in turn increases the simulation time excessively. As
demonstrated in 4.6 for SPP and WPP, simulation speed increased massively
due to reduction in complexity. Moreover, designing complex power plant
controls in a software like PSCAD can be overwhelming even if the detailed
model is available as it is essential to know the behaviour and operational
procedures of internal controls. However, a simple transfer function model,

becomes easier to be modelled and simulated.
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d) Transfer function-based DEM can be used as a representative model —
Manufacturers could provide this transfer function based black-box DEM details
to the utility for performing studies instead of providing their proprietary
detailed model which is beneficial for both manufacturer as well as utility. This
way, manufacturers can protect their proprietary technologies while utilities
could use the black-box models easily to integrate to their power system
simulations for SSSA. These models therefore, can easily be made open source

data without compromising any proprietary technologies.
5.3  Suggestions for future works

There are several areas that can be explored on the basis of this study as future
works.

The wind power plant used in this study is a Type Il wind power plant whereas
nowadays, Type Ill and Type IV power plants are being used more commonly. The
reason for this was that PSCAD 4.5 only supports the standard Type | and Type 1l
wind power plants provided by PSCAD. Meanwhile Type Il and Type IV is
supported by PSCAD higher versions which are not freely available. Once PSCAD
makes a higher version available for free use, black-box DEMs can be estimated for

these power plants too and estimation methodology can be verified the same way.

This can also be extended to replace other types of unconventional power generating

sources that involve complex control systems such as battery banks.

For external disturbances, the model estimated using one disturbance may not fully
describe the behaviour for another totally different type of extreme external
disturbance. It is worthwhile to research on the possibility of using several input
output measurements for different types of disturbances to further optimize transfer
function that could satisfy the behaviour of many types of external disturbances.
Acrtificial Neural Networks or other types of machine learning techniques maybe
utilized to find the optimum transfer function that satisfies these many input-output

combinations.
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Appendix A Synchronous generator dynamic models modelled

in Simulink and estimated in MATLAB

A.1- 3rorder model - Generator with Field circuit

K, Vi 1 Ao, | @, Ad
1 +:§T3 2 2Hs+ Ky
Field circuit
Kl
Figure A.1: 3" Order synchronous generator model block diagram
A(“‘r CI“ 012 al3 Amr b11 0 AT
. m
Ad = | Gy 0 0 Ad |+
: AE,
Awfd 0 ay ay A‘I'fd 0 by
-28571 —0.1236 O 0 0.14286
4= 376.99 0 0 0 B= 0
0 —0.1938 —0.4229 -27317| °~ 0
0 —7.3125 20839  —50 0 AE;q =0
Figure A.2: 3" Order synchronous generator model data of block diagram
Source: P. Kundur, Power System Stability and Control, New York: McGraw Hill, 2004
Min of AIC |Zeros |~
Poles ~ 1 2 3 4 5 6 7 8 9/Min of AIC
2 -6350.01 -6350.01
3 -9040.76| -44344.83 -44344.83
4 -9893.33| -10103.22| -44063.06 -44063.06
5 -11777.14| -10345.71| -10259.20| -20866.93 -20866.93
6 -10339.03| -10356.29| -10241.80( -10239.42| -10262.35 -10356.29
7 -10357.14| -10358.02| -10331.52| -10235.30| -10354.46| -10349.47 -10358.02
8 -10361.04| -10359.48| -10353.47| -10359.42| -10357.44| -10336.26| -10346.75 -10361.04
9 -10366.82| -10364.86| -10362.38| -10362.19| -10353.47| -10352.08| -10358.81| -10352.94 -10366.82
10 -10371.89| -10369.90| -10367.85| -10366.13| -10363.47| -10361.46| -10361.85| -10355.98| -10356.01| -10371.89
Min of AIC | -11777.14| -44344.83| -44063.06| -20866.93| -10363.47| -10361.46| -10361.85| -10355.98| -10356.01| -44344.83

Figure A.3: AIC values of all models estimated for 3™ order synchronous generator model
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Figure A.4: Comparison of outputs for actual and estimated models of 3™ order synchronous
generator model
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Figure A.5: 4™ Order synchronous generator model block diagram
Source: P. Kundur, Power System Stability and Control, New York: McGraw Hill, 2004
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Figure A.6: 4™ Order synchronous generator model data of block diagram
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Min of AIC |Zeros |~

Poles - 1 2 3 4 5 6 7 8 9|Min of AIC
2 -10786.57 -10786.57
3 -9331.44| -13084.56 -13084.56
4 -10486.44| -9594.53| -46143.59 -46143.59
5 -10853.09| -10309.11| -11566.46| -12154.91 -12154.91
6 -12002.03| -12427.55| -10750.40| -11297.47| -11209.36 -12427.55
7 -12558.32| -12505.92| -12320.74| -12042.37| -11780.95| -11863.59 -12558.32
8 -12596.42| -12595.52| -12555.54| -12470.92| -12589.85| -12258.60| -12463.91 -12596.42
9 -12594.84| -12592.88| -12589.79| -12582.16| -12571.53| -12541.14| -12509.10| -12576.55 -12594.84
10 -12591.23| -12589.24| -12587.07| -12586.07| -12579.00| -12581.19( -12571.21| -12551.82| -12575.17| -12591.23
Min of AIC | -12596.42| -13084.56| -46143.59| -12586.07 | -12589.85| -12581.19| -12571.21| -12576.55| -12575.17| -46143.59

Figure A.7: AIC values of all models estimated for 4™ order synchronous generator model
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Figure A.8: Comparison of outputs for actual and estimated models of 4™ order synchronous
generator model

A.3- 6% order model - Generator with Field circuit + AVR + PSS

vV,

Voltage transducer

i Aw,
Gpsils) ]
L
X, Ad -
AT,
Av,
T~ O 107 " a0l 5
) - re 1
Exciter Field circuit
Av,
T a J\ | —
e e — A ! )
1+sT, ) &

Figure A.9: 6™ Order synchronous generator model block diagram

Source: P. Kundur, Power System Stability and Control, New York: McGraw Hill, 2004
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Ao, a, a, a; 0 0 Aw
Ab a,, 0 0 0 0 ||As b1
. A 0
Ay, 0 ay ay; ay 0 ay||A¥, 0
Av, 0 a, a, a, 0 0|4y 0
Av, a;, a5 asg; 0 a, 0 ||Av, 0
AV, |91 Gg; G55 O ags g | Av,
0 -01092 -0.1236 0 0 0
37699 0 0 0 0 0
(.| 0 0193 0420 2312 0 273172 012266
0 -7.3125 208391 -50.0 0 0 s-| O
0 -1.0372 -1.1738 0  -07143 0 0
O | AE =0
0 -48404 -54777 0 269697 -30.3030 0 fd
Figure A.10: 6™ Order synchronous generator model data of block diagram
Min of AIC [Zeros | ~
Poles ~ 1 2 3 4 5 6 7 8 9|/ Min of AIC
2 -5708.73 -5708.73
3 -7774.63| -7928.54 -7928.54
4 -8889.25| -8412.65| -13102.91 -13102.91
5 -9885.68| -9789.92| -9579.13| -16686.05 -16686.05
6 -10765.94| -10754.96| -10862.08| -9893.45| -36513.75 -36513.75
7 -10845.18| -10837.15| -10984.09| -10156.22( -11517.76| -11198.81 -11517.76
8 -12149.53| -12149.94| -12071.73| -12950.89( -10815.01| -11213.28| -11105.61 -12950.89
9 -12939.53| -12937.37| -12941.39| -12805.01 -12380.81| -12415.10| -11873.52| -11973.92 -12941.39
10 -12969.58| -12967.58| -12965.26| -12968.68( -12862.23| -12797.20| -12950.15| -12406.10| -12737.32| -12969.58
Min of AIC | -12969.58| -12967.58| -13102.91| -16686.05| -36513.75| -12797.20| -12950.15| -12406.10| -12737.32| -36513.75

Figure A.11: AIC values of all models estimated for 6™ order synchronous generator model

Amplitude
y1

T

actual_model (y1)

estimated_model: 100% ||
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Figure A.12: Comparison of outputs for actual and estimated models of 6™ order
synchronous generator model
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A.4 - 6% order model - Generator with Field circuit + AVR + PSS + damper

winding
Gpss(s) =
X, Ad ——
AT,
Av,
vk AE, b [ K, A Pl & % ] 149
ref ZP-"GEX(S) fd I—BJ Wfd K2 z € v 1 _0
+ST3 . 2HS+KD A(l), S
. Exciter Field circuit
V) ]
K, K]
1 | A L.
!
1+sT, z i

Voltage transducer

Figure A.13: 6™ Order synchronous generator model (with Damper winding effect) block
diagram

Source: P. Kundur, Power System Stability and Control, New York: McGraw Hill, 2004

Ao, {a“ ay, a;; 4y, a5 A ([ Aw, | by, O]
A a 0 0 0 0 08 |lg o
Ay | | 0 ay a3 a3 g5 ay Ay . 0 by|| AT,
AYy, 0 a, ay ay a5 a,||AV4| |0 0 |[AEy,
Ay, 0 a;, ag ag ag ag||AV¥,,[ | O
_sz.; 0 ag ag ag ag Qg | All-fij 0 0]
[0 -0.121 -0.069 -0.076 -0.03 -0.023
377 0 0 0 0 0
A - 0 -0.109 -0.883 0645 0  0.0003 0-1%286
| 0 -4928 2672 -3747 0002 0013 0
0 -0.058 -0.0005 -0.0005 -2.914 2.250 B= 8
0 -139 -0.011 -0.012 8367 -24.18] 0 AEfd =0

Figure A.14: 6™ Order synchronous generator model (with Damper winding effect) data of
block diagram
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Min of AIC |Zeros |~

Poles - 1 2 3 4 5 6 7 8 9|Min of AIC

2 -6308.77 -6308.77
3 -6933.50| -7159.28 -7159.28
4 -9641.51| -9201.96| -12988.24 -12988.24
5 -9761.49| -9749.84| -9232.75| -15633.18 -15633.18
6 -10396.71| -10437.26| -10505.08| -9599.67| -35873.92 -35873.92
7 -10214.07| -10718.10] -10790.23| -10102.11| -11522.12| -10364.88 -11522.12
8 -10462.88 | -10460.88| -10457.51| -10463.13| -10218.03| -10359.36| -10310.40 -10463.13
9 -10464.63| -10462.63| -10460.88| -10451.85| -10471.15| -10410.20| -10362.07| -10385.67 -10471.15
10 -10478.85| -10476.85| -10474.87| -10472.31| -10474.79| -10451.16| -10463.13| -10470.80| -10465.83| -10478.85
Min of AIC | -10478.85| -10718.10| -12988.24| -15633.18| -35873.92| -10451.16| -10463.13| -10470.80| -10465.83| -35873.92

Figure A.15: AIC values of all models estimated for 6™ order synchronous generator model
(with Damper winding effect)

0.03 ; : -

‘ actual_model (y1)

estimated_model: 100%
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003 - \ \ \ ! \ N
1 2 3 4 5 6
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Figure A.16: Comparison of outputs for actual and estimated models of 6™ order
synchronous generator model (with Damper winding effect)
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Appendix B IEEE 12 bus system model

B.1 Data used for PSCAD and PSS®E IEEE 12-bus models

Table B.1: IEEE 12-bus system Bus data

. Nominal | Specified Shunt Generation Load
Bus# | Area# | Bustype \'ulm_ge voltage cap§c1fa11ce (VW) - .
(kV) (pu) (MVar) (MW) (MVar)
1 1 PQ 230
2 1 PQ 230 280 200
3 2 PQ 230 320 240
4 2 PQ 230 160 320 240
5 2 PQ 230 30 100 60
6 3 PQ 230 180 440 300
7 1 PQ 345
3 2 PQ 345
9 1 Slack 22 1.05
10 1 PV 22 1.02 500
11 2 PV 22 1.01 200
12 3 PV 22 1.02 300
Table B.2: IEEE 12-bus system Transformer data
From Bus To Bus Circuit R (pu) X (pu) B (pu) Rating (MVA)

1 7 1 0.00000 0.0010 0.000 1000

1 9 1 0.00000 0.0010 0.000 1000

2 10 1 0.00000 0.0010 0.000 1000

3 8 1 0.00000 0.0010 0.000 1000

3 11 1 0.00000 0.0010 0.000 1000

6 12 1 0.00000 0.0020 0.000 500

Table B.3: IEEE 12-bus system Generation capacities and type

Bus # Unit# | Area Generation | Installed Capacity Pmin Qm—ax Qlll—ill
Type (MW) (MW) (MVar) | (MVar)
9 1 1 Hydro 550 0.0 330.0 -150.0
10 1 1 Hydro 500 0.0 300.0 -100.0
11 1 2 Hydro 400 0.0 240.0 -80.0
12 1 3 Thermal 300 100.0 180.0 -60.0

Table B.4: IEEE 12-bus system Shunt compensation

) Shunt capacitance | Shunt reactance
Bus # N .
(MVar) (MVar)
4 5% 40 1 % 40
5 4% 20 1 =20
6 6 x 30 0
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B.2

PSCAD IEEE 12-bus models developed for verification

80.0 [Mvar] 160.0 [MVar]
@230 [kV] @230 [kV]
43138 [uF] 9.6275 [uF]
il s——
P=2801 P=1001 P=3202
Q=2007 Q=60.01 Q=240
V=1.021 V=1.095 V=1.004
b - o b o b
o o O 3
G9 L = z
- T12 T2.5 T4_5
“ Bus2 Buss
2 : Ti6
F 146 Bu =} )
- 180 [Mvar] i -
@x0mn 10.831 [uF] ~
P=4402 P=2015
Q=3006 a=g08 ©12
V=1.019 | V=1019
oy = P
I—& #1()#2 AT FEE—
gl L T e @1%
@‘a = P=320.1
Q=240.7
T V=1014
- =
Bus1 = Bus §7<'—®:’—
W P=2143
T7_8_1 po Q-56051 G11
| V=104
=
782 #1()#2 #1 ()22 @
T T | oI
Buss = Bus = Bustt
Figure B.1: IEEE 12-bus PSCAD model using fixed voltage sources
B.3 PSS®E IEEE 12-bus model
1.0 i
344 .
1§ 0 250.7 4
500.0 g.u 100.0 ; Buss
1088R  3-066 50.0 D
f 0 1 )I_L
29,4 0.0 1596
280.0 1339 1289 —|(1
1< 850
200.0 Y] 330
14 T 289 284
2418 21 X
853 86.1 . c 4
383 494 BusE BUSS 12
1 2 -200.0 36 a0 5EY 1<|ﬂ
BUS2 - — 240.0
g 1369 -132.0 -91.8 13 E,’ 93.7 B
835 sk 4335 EX EE] 8.0 1 224 8.0
S5E5R 5 577 1 196 344
107, ’
231
440.0 ,
4319 300.0 D
889
! 0.0
BUS1 A _| 1
-186.6 (
1.0 1.0
- 2342 2087
1.1 8
3827 BUSE
Jats 2160 e 4238 24 Bz
907 . - 1712 1692
453 856 ’ 3200 ,
2160 1 2119 2400 ID i
453 856 2000 - ; gzuu 0 ik :1
2 66.8 72 672R
1o ; o 1.0
7 1.0 2321 22
BUST 3488

Figure B.2:

IEEE 12-bus system modelled in PSS®E
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Bus

Network data X

E’:]s]e Base KV Area Area Zone Zone Owner Owner Code Vx()llz)ge l‘\ngle
BUS1 230.0 1 1 1.0505 -0.25
BUS2 230.0 1 1 1.0189 4.19
BUS3 230.0 2 1 1.0093 -11.32
BUS4 230.0 2 1 0.9986 -19.25
BUS5 230.0 2 1 1.0900 -15.54
BUSE 230.0 3 1 1.0182 -20.63
BUS7 345.0 1 1 1.0514 -0.48
BUS8 345.0 2 1 1.0110 -11.08
BUS9 220 1 3 1.0500 0.00
BUS10 22.0 1 2 1.0200 447
BUS11 220 2 2 1.0100 -11.21
BUS12 220 S 2 1.0200 -20.30

VSched
D

u
1.0500

PMax | PMin | QGen | QMax | QMin | Mbase |R Source|
(Mva

icé MW] MW) MW] Mvar) | (Mvar) lvar)
483.54 550.000 0.0000 -55.513 330.00 -150.0 641.00 0.00000

189 .00 -80.
3.7439 180.00 -60.00

" Pload load

Scalable | Interruptible MW ?\Ilvar
Yes OYes 280.000 200.000
Yes OYes 320.000 240.000
Yes OYes 320.000 240.000
Yes UYes 100.000  60.0000
Yes OYes 440.000 300.000

Fixed Shunt
B-Shunt
G-Shunt (MW) M

0.00 160.00

0.00 80.00

0.00 180.00

Branch
From From Bus To Bus To Bus d | Name Term Term Term | Term Line R Line X Charging B
Node (pu) (pu) (pu)

1 T1_2 0.009200 0.092000 0.178000
1 T1_6 0.028300 0.276700 0.535000
1 T2.5 0.028300 0.276700 0.535000
1 T3_4.1 0.009200 0.092000 0.178000
» 2 T3.42 0.009200 0.092000 0.178000
1 T4.5 0.028300 0.276700 0.535000
1 T4_6 0.028300 0.276700 0.535000
1 T7_8_1 0.009300 0.092500 1.613000
2 T7_8_2 0.009300 0.092500 1.613000

Figure B.3: PSSE settings for IEEE 12-bus model
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Appendix C PSCAD Detailed Power Plant models

C.1  Hydro Power Plant with Synchronous Generator details

ALTERNATIVE

L
ALTERNATIVE
‘1’ STABILIZER INFUTS
Vimr

VT VRMa)( _KCIFD

V.Ma,L

+

A\ + v, HV 1+:Tp 1+l
i GATE T+5T 1+5Tg)

LV _
GATE

Vrer Vr Mradin
g
L+ 6Ty
+
Kir lep
0 T -
ILr
# Type ST Exciter X a5 Type ST Exciter x i
w
A==
* General ~ General
StaT.ac Exciter Type. o ST_IA Stabilizer Input Signal? On Regulator
Exciter Status: O-Initialize, 1-Normal InitEx Under Excitation Limit Input Signal? None
Qutput internally computed initial Vref? Yes Over Excitation Limit Input Signal? No
Load Compensating Resistance [Rc] 0.0 [pu] 1st Lead Time Constant [TC] 0[s]
Load Compensating Reactance [Xc] 0.0 [pu] 1st Lag Time Constant [TB] 0[s]
Transducer Time Constant [Tr] 0.02 [s]
. 2nd Lead Time Constant [TC1] 0.0 [s]
Is there a Stabilizer ? Yes
2nd Lag Time Constant [TB1] 0.0 [s]
i o) Type ST Exciter X
a! Type ST Exciter X
©
4l s
~ General
~ General Exciter Output Current Limit Reference [ILR] 4.4 [pu]
. Exciter Qutput Current Limit Gain [KLR] 4.54 [pu]
Rate Feedback G_aln [KF] 0.0 [pu] Maximum Field Voltage [VRMAX] 6.43 [pu]
Rate Feedback Time Constant [TF] 0.0 [s] Minimum Field Voltage [VRMIN] 5.0 [pu]
Regulator Gain [KA] 200.0 [pu] Exciter Voltage Supply Bus Fed
Regulator Time Constant [TA] 0.0 [s] Field Current Commutating Impedance [KC]  0.038 [pu]
Maximum Regulator Qutput [VAMAX] 999. [pu] Under Excitation Limiter Input [VUEL] -1.0E10 [pu]
Minimum Regulator Output [VAMIN] 999, [pu] Over Excitation L\m\ter.Input [VOEL] 1.0E10 [pu]
Upper Limit on Error Signal [VIMAX] 1.0E10 [pu] |
Lower Limit on Error Signal [VIMIN] -1.0E10 [pu]

Figure C.1: ST1A exciter settings of HPP
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1 sT 1
VS| I > K S _5 > >
1+5sTg 1+5sT5 (1+Ajs+A,s7)
VRMax
1+sT 11sT /
1 3 2 VST
1+ ST'Z 1+ ST4 /
VRMin
o Power System Stabilizer >
o) Power System Stabilizer X Nes=5
: y . ~ General
Y || ot sonal Speed
= o Transducer Time Constant [T6] 0.0 [s]
o= 4l 5 3 PSS Gain [Ks] 9.5 [pu]
~ General Washout Time Constant [T5] 1.41 [s]
L . Filter Constant [A1] 0.0
PSS Status: O-Initialize;1-Release InitEx Filter Constant [A2] 0.0
DEC Status: D-Initialize;1-Release InitEx 1st Lead Time Constant [T1] 0.154 [s]
ot 1st Lag Time Constant [T2] 0.033 [s]
Stabilizer ? . PSS1A 2nd Lead Time Constant [T3] 0 [s]
Select the appropriate IEEE Std 421.5 1992 addendur | 2nd Lag Time Constant [T4] 0.0 [s]
Discontinuous Excitation Controller ? None PSS Qutput Maximum Limit [VSTMAX] 0.1 [pu]
PSS Qutput Minimum Limit [VSTMIN] -0.1 [pu]

Figure C.2: PSS1A Power system stabilizer settings of HPP

i . o .
a5 Hydro Turbine X 85 Hydro Turbine X
3 ; Rated Conditi
Conﬁguratlon Vl e hd
= e A= s}
8= 4 F 3 ==
v General
¥ General Head at rated conditions 1.0 [pu]
Elastic Water Column No Output Power at rated cond 1.0 [pu]
Surge Tank Mo Gate position at rated condi 1.0 [pu]
Input signal for Jet Deflecte No Rated No-Load conditions  Flow
Input signal for Relief Valve No Rated No-load Flow 0.05 [pu]
Turbine Status: 0-Initialize;1 InitGv Rated No-Load Gate 0.05 [pu]
o5 Hydro Turbine x
Initial Conditions w || 85 Hydro Turbine x
=4l Turl: Non-Elastic Water Column and No [l
~ General prdlE
Initial Output Power Tmstdy ~ General
Initial Operating Head 1.0 [pu] Water Starting Time (TW) 2.0 [s]

Penstock Head Loss Coeffic 0.02 [pu]
Turbine Damping Constant 1 0.5 [pu]

Figure C.3: TUR1 Hydro turbine settings of HPP
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8 Synchronous Machine x

Configuration hd

o= S

~ General
Machine name HydroGener2
Mo. of Q-axis Damper Windings One
Data Entry Format: Generator
Multimass interface:[Enables Speed Ctrl] DISABLE
Armature Resistance as: Resistance
D-axis Saturation Disabled
Type of settings for initial condition MNone
Machine scaling factor? No

Graphics Display Single line view

sl Synchronous Machine x

u:! Synchronous Machine X

BascData

CE A== ]

~ General
Rated RMS Line-to-Neutral Voltage 12.7017 [kV]
Rated RMS Line Current 16.5 [kA]
Base Angular Frequency 314.1593 [rad/
Inertia Constant 3.53 [s]
Mechanical Friction and Windage 0.0 [pu]
Neutral Series Resistance 1.0E4 [pu]
Neutral Series Reactance 0.0 [pu]
Iron Loss Resistance 300.0 [pu]
Number of coherent machines 1.0

Generator Data Format

PR
v~ General
Armature Resistance [Ra] 0.003 [pu]
Armature Time Constant [Ta] 0.332 [s]
Potier Reactance [Xp] 0.16 [pu]
: Unsaturated Reactance [Xd] 1.81 [pu]
: Unsaturated Transient Reactance [Xd_] 0.3 [pu]

: Unsaturated Transient Time ( Open ) [Te 8 [s]
: Unsaturated Sub-Transient Reactance [Xd 0.23 [pu]
: Unsaturated Sub-Transient Time ( Open ) 0.03 [s]

: Real Transfer Admittance (Armat-Field)  1.0E+2 [pu]
1.0E+2 [pu]

: Unsaturated Reactance [Xq] 1.76 [pu]

: Unsaturated Transient Reactance [Xq ] 0.228 [pu]

: Unsaturated Transient Time ( Open ) [Tc 0.85 [s]
: Unsaturated Sub-Transient Reactance [Xq 0.25 [pu]
: Unsaturated Sub-Transient Time ( Open ) 0.07 [s]
1.0

D
D
D
D
D
D
D: Imag Transfer Admittance (Armat-Field)
Q
Q
Q
Q
Q

Air Gap Factor

8! Synchronous Machine X

~ General
D-axis Transfer Admittance data available? No
Force currents = 0 at t = 07 No
Control source P out ? No
Control machine P out? Yes
Modify mechanical dynamics? No
Accelarated Flux build-up at start? No

Figure C.4:

a5 Synchronous Machine

Initial Conditions if Starting as a Source
A g )

~ General
Time to Ramp Source Limit to Rated 0.1 [s]
System Fault Level (excluding machine) 100.0 [pu]
Time Constant for Power Correction 0.2 [s]

2! Synchronous Machine X

=

Initial Conditions
oA S
v Genera

Terminal Voltage Magnitude at Time = 0-
Terminal Voltage Phase at Time = 0-

1.02 [pu]
-0.1141445 [rad]

PR L D L

o) Synchronous Machine

A"
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SR A Y]
General
Supply terminal conditions to exciter V&t
Smoothing Time Constant 0.02 [s]
Output exciter initialization data? Yes
Output governor initialization data? Yes
Output speed pu

Synchronous machine settings for HPP



C.z2

Wind Power Plant (Type Il) details

Lo
X M M X Ira_ref
Ird v fM 1| ¥ éM - D A lja; generation of current
X X -10 Ny ls Ib_ref b references
0
"t ’ i L -
0.0
Ire_ref “jree
D
A0 o— e
% Vas i K_sign
1S4]_0.037 RAN Angle slpang
D Vbs Vbs Vb PLL  reta = Resolver
% pSPLL Prys pLL
. = Vcs Vs Ve
Istf| 0037 D _H_
& KD_PLi_DF‘G Very important signal -
RororCircuit 5-Contrdls = | Kp_PLL_DFIG present location
o .
Is¢_0.037 Kp_PLLDFIG | T _PLL DFG 'H' Dtroteding gl
R_stator — 5000 — 5000 Ti_PLL_DFIG
= o Ti_PLL_DFIG
5 .
—0
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-H-—Aw ctl= 1 E
Fa Pact D Q H‘ D O | . [ e g
ac a Irq -
Ctrl
R >
CNT Pac
o Ira_ref
[~ o
=
=
| S =

o
Qra

:

Ci

73

Figure C.5 — Rotor circuit system of WPP
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Wy o

dup T
o]
[Vw_base] [))0—1

Generator Speed walfy N
i

Ipu W ’IQFI
b
[wg_base] D>°—|

Figure C.6: Turbine model of WPP

* N A six Pole Machine
[Fbase] D)c [Tm_base ] D o fo @@ ND Wr b Mechanical speed =
D

ICtil e 1Crs1o D I
24 24 N
[PN]W
[wt_base] =
D>O Pole pairs
[Dr_m] D>o
i Drivelrain 6 : Graphs &

40»['&71&(:]

mechanical shaft turque

Figure C.7: Drive train model of WPP

74



8! Wound Rotor Induction Machine X

85 Wound Rotor Induction Machine *
ERI=g=)
« General Stator and rotor resistances LI
Motor Name WTG o= AL (5
Rated Power 5.1 i :
Rated Voltage (L-L) 1.02 v iGeneral:
Base Angular Frequency 50 [Hz] Stator Resistance 0.0054 [pu]
Stator / Rotor Tums Ratio 0.3 Wound Rotor Resistance 0.00607 [pu]
Angular Moment of Inertia (J=2H) & First Squirrel Cage Resistance 0.298 [pu]
Mechanical Damping 0.0001 [pu] Second Squirrel Cage Resistance 0.018 [pu]
Graphics Display Single line view Third Squirrel Cage Resistance  0.018 [pu]
8-/ Wound Rotor Induction Machine X
gEHES
~ General
Magnetizing Inductance 4.5
Stator Leakage Inductance 0.10
Wound Rotor Leakage Inductance 0.11
First Cage Leakage Inductance 0.05 [pu]
Second Cage Leakage Inductance 0.05 [pu]
Third Cage Leakage Inductance 0.05 [pu]
Mutual Inductance : Wound Rotor - 1st Cage 0.02 [pu]

Figure C.8: Wound Rotor Induction machine settings of WPP
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C.3  Solar Power Plant details

low pass filter Boost Converter

I
L 1o 1001 Iy H o 6 |k ViR
LDCP w1 rocp FLAsT | racting =
T T VL e
12 132 Pref ||~

T § S 2 T § Vi Hbyef ‘H’ KpBoost

- GBoost “ L KpBoost
it I H’

—
= 1 TiBoost
= Ref_Boost TiBoost
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2 pen DiimBst Lo ‘H’ DimBst
= ~ DmaxBoost
P_Lim
EnableBoost
Boost
(360005 YV [l carr
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[ Pref]
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[th]D P_Lim Pref JF
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Figure C.9: DC-DC Bidirectional converter of SPP
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Figure C.10: Voltage Source Converter control system of SPP
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8 [PV_12_bus:VSC] id="1870989301 X

=
SEHES
~ Commands
Reactive power set-point 0.1
DC voltage set-point 1 [kv]
Converter On/Off [On:1; Off:C DBKk1
~ Limits
d-axis current upper limit 2
d-axis current lower limit 2
q-axis current upper limit 0.6
qg-axis current lower limit 0.6
~ Regulators
DC voltage Kp Kp_DC
DC votlage Ti Ti_DC
Reactive power Kp Kp_Q
Reactive power Ti T.Q
d-axis current Kp Kpd
d-axis current Ti Tid
g-axis current Kp Kpq
g-axis current Ti Tiq
PV Converter ;I
kpd | Tid | Kea | Tig [ weoc | moc [ ke [ Tma |
=200 10 =200 10 =200 =100 20 100

Lo [
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Figure C.11: Voltage Source Converter settings of SPP
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Appendix D MATLAB programmes for estimation
comparison

D.1 MATLAB programmes for obtaining results in Appendix A

i) 2" order model

o)

s Based on Power Systems by Kundur Example 12.2

H = 3.5;
Kd = 10;
w0 = 377;

Ks = 0.757;

%$transfer function
tf x = t£([1/(2*H) 0], [1 Kd/(2*H) Ks*w0/(2*H)])

$generate data by running the step input simulation
SimOut = sim('synchronous gen order 2.slx');

ul
vl

SimOut.ul(:,2);
SimOut.yl (:,2);

ii) 3" order model - Generator with Field circuit

% Based on Power Systems by Kundur Example 12.3
H = 3.5;
Kd = 20;

w0 = 376.991;
Ks = 0.757;
Rfd = 0.0006;
Ladu = 1.65;

syms s

all = 0; $-Kd/ (2*H)

al2 = -0.1092; $-K1/ (2*H)

al3 = -0.1236; $-K2/ (2*H)

a2l = 376.991; w0 ;

a32 = -0.1938; %-wO*Rfd*ml*L ads;

a33 = -0.4229; $-wO0*Rfd/Lfd* (1-L_ads/Lfd+m2*L_ads) ;
bll = 1/ (2*H)

b32 = O*Rfd/Ladu;

A 3=[0 -0.1092 -0.1236;376.991 0 0;0 -0.1938 -0.4229];
B 3=[bl1;0;0];

Phi=inv (s*eye(3)-A 3)*B 3;

pretty (simplify (Phi(1l))); % delta (Omega)r

[nf3, df3] = numden (Phi(1l));

tfn3 = sym2poly(nf3);

tfd3 = sym2poly(df3);

tf3 = tf(tfn3/tfd3 (1), tfd3/tfd3(1))

$transfer function
tf 3 = tf([bll -bll*a33 0], [1 -(all+a33) (all*a33-al2*w0) (al2*a33-
al3*a32)*w0])
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%generate data by running the step input simulation
SimOut = sim('synchronous gen order 3.slx');

ul SimOut.ul (:,2);
yl = SimOut.yl(:,2);

iii) 4" order model - Generator with Field circuit + AVR

I t =0.9-0.3i;

E = 1.09+0.271;

d0 = 79.13; % degrees
Eb = 0.995;

Xt = 0.95;

w0 = 376.991;
Ks = 0.757;

Ka = 10; % vary from 0 - 200

K5 = -0.12; K6 = 0.3; Tr = 0.02; Gex = Ka; H = 3.5; Kd=20;
all = -Kd/ (2*H);
bll = 1/(2*H);

$Example 12.4 with AVR without PSS
A 4 = [all -0.1092 -0.1236 0O;
376.99 0 0 O;
0 -0.1938 -0.4229 -27.3172;
0 -7.3125 20.8391 -50 ]

B_4=[1/(2*H);0;0;0];
c4=11000];

Phi 4=inv (s*eye(4)-A 4)*B 4;
Y 4 = C 4*Phi 4;

[nfd, df4] = numden(Y 4);

tfn4d = sym2poly(nf4)
tfd4d = sym2poly(df4)
tfd = tf(tfnd/tfdd (1), tfdd/tfd4 (1))

%generate data by running the step input simulation
SimOut = sim('synchronous gen order 4.slx');

ul SimOut.ul(:,2);
yl = SimOut.yl (:,2);

iv) 6" order models - Generator with Field circuit + AVR + PSS and with field
winding

w0 = 376.991;

Ks = 0.757;

Rfd = 0.0006;

do = 0;

Spage 762
Ka = 10; % vary from 0 - 200
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Kl = 1.591; K2 =

1.5; K3 = 0.333; K4 = 1.8;
K5 = -0.12; K6 = 0. T

T
r = 0.02; Gex = Ka; H = 3; Kd=0;

bll = 1/(2*H);

oe

$Example 12.4 with AVR+PSS
A 6 = [0 -0.1092 -0.1236 0 O O;
376.99 0 0 0 0 0O;
0 -0.1938 -0.4229 -27.3172 0 27.3172;
0 -7.3125 20.8391 -50 0 0;
0 -1.0372 -1.1738 0 -0.7143 0;
0 -4.8404 -5.4777 0 26.9697 -30.303]

o° AP d° o° o° o oP

oe

Example 12.5 with AVR+PSS + amotissures

A 6 = [0 -0.121 -0.069 -0.076 -0.003 -0.023;
377 0 0 0 0 0;

0 -0.109 -0.883 0.645 0 0.0003;

0 -4.928 26.72 -37.47 0.002 0.013;

0 -0.058 -0.0005 -0.0005 -2.914 2.250;
0 -1.39 -0.011 -0.012 8.367 -24.18]

B 6=[bl1;0;0;0;0;0];
C6=1[100000];

Phi 6=inv (s*eye(6)-A 6)*B 6;
Y 6 = C 6*Phi 6

[nf6, dfé6] = numden(Y 6);

tfn6 = sym2poly(nf6);
tfdé6 sym2poly (df6) ;

tf 6

tf(tfn6/tfd6 (1), tfd6/tfdé6 (1))

P6 = poly(pole(tf 6));

Z6 = poly(zero(tf 6));
tfe = tf(Z6,P6)

pole (tf6)

%generate data by running the step input simulation
SimOut = sim('synchronous gen order 6.slx');

SimOut.ul (:,2);
SimOut.yl(:,2);

ul
at

D.2 MATLAB programmes for estimating models using PSCAD data

i) Code for loading data from PSCAD for estimation for internal disturbance

model

% This example shows data for solar power plant internal disturbance
Testl 01 = load('C:\Users\Lahiru\OneDrive\Documents\MSC Project\Estimating
results\transfer function test\PSCAD simulations\solar

estimation\PV_12 bus.gf42\Testl 0l.out');

Testl 02 = load('C:\Users\Lahiru\OneDrive\Documents\MSC Project\Estimating
results\transfer function test\PSCAD simulations\solar

estimation\PV_12 bus.gf42\Testl 02.out');

Testl 03 = load('C:\Users\Lahiru\OneDrive\Documents\MSC Project\Estimating
results\transfer function test\PSCAD simulations\solar

estimation\PV_12 bus.gf42\Testl 03.out');

$Input output data set for Hl(s) and H2(s)
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ul=Testl 01(200*1:300*1,2); $dIrradiation
yl=Testl 03(200*1:300*1,2); %dPhl0 comment when estimating H2(s)
syl=Testl 02(200*1:300*1,10); %dvl0 Uncomment when estimating H2(s)

tx =Testl 01(200*%1:300*1,1); St

i) Code for loading data from PSCAD for estimation for external disturbance

model

$This example shows data for solar power plant external disturbance
Testl 03 = load('C:\Users\Lahiru\OneDrive\Documents\MSC Project\Estimating
results\transfer function test\PSCAD simulations\solar
estimation\PV_12 bus ext4.gf42\Testl 03.out');

%$For estimating H3(s) P - Ph
ul=Testl 03(200*1:400*1,5);%dP10
yl=Testl 03(200*%1:400*1,4); %dPhl1O0

oe

For estimating H4(s) Q - V
ul=Testl 03(200*1:400*1,3);%dQ10
yl=Testl 03(200*%1:400*1,2); %dv10

oo

oe

tx =Testl 03(200*%1:400*1,1); St

iii) Code for estimating transfer function from loaded PSCAD data

format short g

%estimation options
opt = tfestOptions;

opt.InitializeMethod = 'n4sid'; $Initialization N4SID
opt.Display = 'on';
opt.InitialCondition = 'auto';

%$Data object for estimation. Data sampling rate is 0.1 seconds
dat = iddata(yl,ul,0.1);

tf p = 3:10; spoles
tf z = 3:10; $zeros

%A1l possible combinations of model orders.
orders = zeros(size(tf p,2)*size(tf z,2),2);
pz_count=1;

for wl= size(tf p,2):-1:1
zero count = size(tf z,2);
%Poles should be > number of zeros
if (size(tf z,2)>=wl)
zero count = wl-1; % Always number of poles > number of zeros

end

for w2 = zero count:-1:1
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orders (pz_count,1l) = tf p(1l,wl);
orders (pz_count,2) = tf z(1,w2);
pz_count=pz count+l;

end
end
lastn = size(tf p,2)*size(tf z,2) - pz count+l;
orders = orders(l:end-lastn,:);
models = cell(size(orders,1),1); % All combinations of models

$Assign all possible model details to variable ‘models’
for ct = l:size(orders,1)

models{ct} = tfest(dat, orders(ct,l),orders(ct,2),o0pt);
end

oe

V = aic(models{:}); AIC of all models
[Vmin, I] = min (V) ; % Model with minimum AIC

$Fit to estimate of all models
AIC = cell(size(orders,1),1);

for g=l:size(orders,1)
AIC{g} = models{qg}.Report.Fit.AIC;
end

%Estimated model transfer function
tf est = tf(models{I}.Numerator,models{I}.Denominator);

$Comparison between actual and estimated models
actual model = dat;

estimated model = models{I};

opt comp = compareOptions('InitialCondition','auto');
compare (actual model,estimated model, opt comp)

iv) Code for plotting and comparing results measured in PSCAD for actual
model and estimated black-box model for internal disturbance

%$Load data for actual model measurements for solar power plant internal
disturbance

Solarl = load('C:\Users\Lahiru\OneDrive\Documents\MSC Project\Estimating
results\transfer function test\PSCAD simulations\solar

estimation\PV_12 bus.gfd42\Testl 0l.out');

Solar2 = load('C:\Users\Lahiru\OneDrive\Documents\MSC Project\Estimating
results\transfer function test\PSCAD simulations\solar
estimation\PV_ 12 bus.gf42\Testl 02.out');

Solar3 = load('C:\Users\Lahiru\OneDrive\Documents\MSC Project\Estimating
results\transfer function test\PSCAD simulations\solar

estimation\PV_12 bus.gf42\Testl 03.out');

%$Load data for estimated model measurements for solar power plant internal
disturbance

Estl = load('C:\Users\Lahiru\OneDrive\Documents\MSC Project\Estimating
results\transfer function test\PSCAD simulations\solar
estimation\PV_blackboxl.gf42\Testl 0l.out');
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Est2 = load('C:\Users\Lahiru\OneDrive\Documents\MSC Project\Estimating
results\transfer function test\PSCAD simulations\solar
estimation\PV_blackboxl.gf42\Testl 02.out');

Est3 = load('C:\Users\Lahiru\OneDrive\Documents\MSC Project\Estimating
results\transfer function test\PSCAD simulations\solar

estimation\PV blackboxl.gf42\Testl 03.out');

$Irradiance Input
Irr =Solarl(1:350,3);
tx =Solarl(1:350,1); Stime

%$Data for each parameter from each measurement point for actual model

%Bus 10 actual model data
P10 A =Solarl(180:350,4);
Ph10 A=Solarl(180:350,5)
Q10 A =Solarl(180:350,6);
V10 A =Solarl(180:350,7)

’

’

%Bus 11 actual model data
P11 A =Solar2(180:350,2);
Phll A=Solar2(180:350,3);
Qll A =Solar2(180:350,4);
V1l A =So0lar2(180:350,5)

’

%Bus 5 actual model data
P5 A =Solar2(180:350,10);
Ph5 A =So0lar2(180:350,11);
Q5 A =S0lar3(180:350,2);
V5 A =Solar3(180:350,3);

%$Data for each parameter from each measurement point for estimated model

%Bus 10 estimated model data
P10 E =Est1(180:350,4);

Phl10 E=Estl1(180:350,5);
Q10 E =Estl1(180:350,6);
V10 E =Estl1(180:350,7)

’

%Bus 11 estimated model data
P11 E =Est2(180:350,2);

Phll E=Est2(180:350,3);
Qll E =Est2(180:350,4);
V1l E =Est2(180:350,5)

’

%Bus 5 estimated model data
P5 E =Est2(180:350,10);
Ph5 E =Est2(180:350,11);
Q5 E =Est3(180:350,2);

V5 E =Est3(180:350,3);

%$Plot Input

plot (tx, Irr);

title('Change in Solar Irradiance with time');
ylabel ('Solar Irradiance (W/m2)"')

xlabel ('Time (s)'")

o

%plot result comparison for bus 10

%Bus 10 Active Power
subplot(2,2,1);
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plot (tx,P10_A);

hold on
plot(tx,P10 E,'--", "LineWidth',0.8);
[P10 maxerr,Pl0 mse,Pl0 index] = errors (P10 A,P10 E);

P10 maxpt = tx(PlO_inde;);
plot (P10 maxpt, P10 A(P10 index,1), 'ko');
P10 str = sprintf('Max Err=%.2f%%, MSE=%.2e%', P10 maxerr, P10 mse);

hold off
legend('Actual', 'Blackbox',P10 str);
title('Bus 10 (Same Source Bus): Active Power (MW)');

ylabel ('"Active Power (MW) ')
xlabel ('Time (s) ')

%Bus 10 Phase Angle

subplot(2,2,2);

plot (tx,Phl0 _A);

hold on

plot (tx,Phl0 E,'--", 'LineWidth',0.8);

[Ph10 maxerr,Phl0 mse,Phl0 index] = errors(Phl0_A,Phl0 E);
Ph10 maxpt = tx(Phl0_ index);

plot (Ph10 maxpt, Ph10 A(Phl0 index,1), 'ko');
Phl0 str = sprintf('Max Err=%.2f%%, MSE=%.2e

R

', Phl0 maxerr,Phl0 mse);

hold off

legend('Actual', "'Blackbox',Phl0 str);

title('Bus 10 (Same Source Bus): Phase Angle of Bus Voltage (degrees)');
ylabel ('Phase Angle of Bus Voltage (degrees)')

xlabel ('"Time (s) ")

%$Bus 10 Reactive Power

subplot (2,2,3);

plot (tx,Q10 A);

hold on
plot (tx,Q10 E,'--", "LineWidth',0.8);
[010 maxerr,Q10 mse,Ql0 index] = errors(Ql0 A,Q10 E);

Q10 maxpt = tx(Q1l0_ index);
plot (Q10 maxpt, Q10 A(Ql0 index,1), 'ko');
Q10 str = sprintf('Max Err=%.2f%%, MSE=%.2e%', Q10 maxerr,Ql0 mse);

hold off
legend('Actual', "Blackbox',Q10 str);

title('Bus 10 (Same Source Bus): Reactive Power (MVAr)');
ylabel ('Reactive Power (MVAr)')
xlabel ("Time (s) ")

%Bus 10 Voltage
subplot(2,2,4);
plot (tx,V10 A) ;

hold on
plot (tx,Vv10 E,'--","LineWidth',0.8);
[V10 maxerr,V10 mse,V10 index] = errors (V10 A,V10 E);

V10 maxpt = tx (V10 index);
plot (V10 maxpt, V10 A(V10_index,1), 'ko');
V10 str = sprintf('Max Err=%.2£%%, MSE=%.2e%', V10 maxerr,V10 mse);

hold off
legend('Actual', "Blackbox',V10 str);

title('Bus 10 (Same Source Bus): RMS Voltage of Bus (P.U)"'");
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ylabel ('RMS Voltage of Bus (P.U)") ;
xlabel ('Time (s)');

%plot result comparison for bus 5

%Bus 5 Active Power
subplot (2,2,1);
plot (tx,P5 A);

hold on
plot (tx,P5 E,'--"','LineWidth',0.8);
[P5 maxerr,P5 mse,P5 index] = errors(P5 A,P5 E);

P5 maxpt = tx(P5 index);
plot (P5 maxpt, P5 A(P5 index,1), 'ko');
P5 str = sprintf('Max Err=%.2f%%, MSE=%.2e%', P5 maxerr,P5 mse);

hold off

legend('Actual', 'Blackbox',P5 str);
title('Bus 5 (Load Bus): Active Power (MW)');
ylabel ('"Active Power (MW) ')

xlabel ('Time (s) ")

%Bus 5 Phase angle
subplot (2,2,2);
plot (tx, Ph5 A);

hold on
plot (tx,Ph5 E,'--", "LineWidth',0.8);
[Ph5 maxerr,Ph5 mse,Ph5 index] = errors(Ph5 A,Ph5 E);

Ph5 maxpt = tx(Ph5 index);
plot (Ph5 maxpt, Ph5_A(Ph5_index,l), 'ko');
Ph5 str = sprintf('Max Err=%.2f%%, MSE=%.2e%', Ph5 maxerr,Ph5 mse);

hold off

legend('Actual', 'Blackbox',Ph5 str);title('Bus 5 (Load Bus): Phase Angle of
Bus Voltage (degrees)');

ylabel ('Phase Angle of Bus Voltage (degrees)')

xlabel ('Time (s)')

%Bus 5 Reactive Power

subplot(2,2,3);

plot (tx,05 A);

hold on

plot(tx,Q5 E,'--','LineWidth',0.8);

[05 maxerr,Q5 mse,Q5 index] = errors(Q5 A,Q5 E);
Q5 maxpt = tx(Q5 index);
plot (Q5 maxpt, Q5 A(Q5 index,1), 'ko');
Q5 str = sprintf('Max Err=%.2f%%, MSE=%.2e%', Q5 maxerr,Q5 mse);
hold off

legend('Actual', 'Blackbox',Q5 str);

title('Bus 5 (Load Bus): Reactive Power (MVAr)');

yvlabel ('Reactive Power (MVAr)'")

xlabel ('Time (s) ')

%Bus 5 Voltage

subplot (2,2,4);

plot (tx,V5 A) ;

hold on

plot (tx,V5 E,'--','LineWidth',0.8);

[V5 maxerr,V5 mse,V5 index] = errors(V5 A,V5 E);
V5 maxpt = tx (V5 index);

plot (V5 maxpt, V5 A(V5 index,1l), 'ko');
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oe

V5 str = sprintf('Max Err=%.2f%%, MSE=%.2e%', V5 maxerr,V5 mse);
hold off

legend('Actual', 'Blackbox',V5 str);

title('Bus 5 (Load Bus): RMS Voltage of Bus (P.U)"');

ylabel ('RMS Voltage of Bus (P.U)")

xlabel ('Time (s) ')

o)

%plot result comparison for bus 11

%Bus 11 Active Power
subplot(2,2,1);
plot (tx, P11 A);

hold on
plot(tx,P11 E,'--","'LineWidth',0.8);
[P11 maxerr,Pll mse,Pll index] = errors (P11l A,P1l E);

P11 maxpt = tx (P11 _index);
plot (P11 maxpt, P11 A(Pll index,1), 'ko');
P11l str = sprintf('Max Err=%.2f%%, MSE=%.2e%', Pll maxerr,Pll mse);

hold off

legend('Actual', "Blackbox',P1ll str);

title('Bus 11 (Different Source Bus): Active Power (MW)');
ylabel ("Active Power (MW) ')

xlabel ('Time (s)')

%$Bus 11 Phase angle

subplot(2,2,2);

plot (tx,Phll A);

hold on

plot(tx,Phll E,'--', 'LineWidth',0.8);

[Ph1l maxerr,Phll mse,Phll index] = errors(Phll A,Phll E);

Phll maxpt = tx(Phll index);

plot (Phll maxpt, Phll A(Phll index,1), 'ko');

Phll str = sprintf('Max Err=%.2f%%, MSE=%.2e%', Phll maxerr,Phll mse);

hold off

legend('Actual', 'Blackbox',Phll str);

title('Bus 11 (Different Source Bus): Phase Angle of Bus Voltage
(degrees) ") ;

ylabel ('Phase Angle of Bus Voltage (degrees)')

xlabel ('Time (s)')

%Bus 11 Reactive Power
subplot (2,2,3);
plot(tx,Ql1 A);

hold on
plot (tx,Q011 E,'--", "LineWidth',0.8);
[011 maxerr,Qll mse,Qll index] = errors(Qll A,Qll E);

Q11 maxpt = tx(Qll index);
plot(Qll_maxpt, Qll_A(Qll_index,l), 'ko');
Q11 str = sprintf('Max Err=%.2f%%, MSE=%.2e%', Ql1 maxerr,Qll mse);

hold off
legend('Actual', "Blackbox',Q1l1l str);
title('Bus 11 (Different Source Bus): Reactive Power (MVAr)');

yvlabel ('Reactive Power (MVAr)')
xlabel ('Time (s)"')

%Bus 11 Voltage
subplot(2,2,4);
plot (tx,V11l A) ;
hold on
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plot(tx,V11l E,'--","'LineWidth',0.8);

[V1l maxerr,V1l mse,V1l index] = errors(V1ll A,V11l E);

V11l maxpt = tx (V11 index);

plot (V1l maxpt, V11 A(V11l index,1), 'ko');

V1l str = sprintf('Max Err=%.2f%%, MSE=%.2e%', V11 maxerr,V1l mse);

hold off

legend('Actual', 'Blackbox',V11l str);

title('Bus 11 (Different Source Bus): RMS Voltage of Bus (P.U)"'");
ylabel ('RMS Voltage of Bus (P.U)")

xlabel ('Time (s) ')

v) Function for calculating MSE, maximum error and maximum error index
for two given datasets

function [maxerr,mse,maxerr index] = errors(act,est)
n = length(act);

[max err val, maxerr index] = max(abs(act-est));
mse cum = 0; $Cumulative square error

%Calculate MSE from 20th sample onwards as that is when disturbance is
applied
for ¢ = 20:n

mse cum=mse cum+ (act(c,1)-est(c,1))"2;
end

$Max error %
maxerr = round(abs(max_err_val/act(maxerr_index,l))*100,2);

$MSE

mse=mse_cum/ (n-19) ;
end

87



