ABSTRACT

CHAKRABORTY, RAHUL. Power Flow Optimization Redesigns for Renewable-Integrated
Power Systems: Methods, Architectures, and Risks. (Under the direction of Aranya Chakrabortty).

With millions of inverter-based resources (IBRs) penetrating the power system in near
future, the overall controllability of the grid is going to increase immensely. New control
architectures must be developed to take advantage of that capability. In this research,
we developed a number of power flow optimization algorithms to utilize the IBRs in a
prioritized manner to achieve different system-level objectives such as better steady-state
solution, improved frequency-voltage transient performance.

We propose a novel hierarchical frequency and voltage control design for multi-area
power system integrated with IBRs. The design is based on the idea of prioritizing the use
of IBRs over conventional generator-based control in compensating for sudden and unpre-
dicted changes in loads and generations, and thereby mitigate any undesired dynamics
in the frequency or the voltage by exploiting their fast actuation time constants. A new
sequential optimization problem, referred to as Area Prioritized Power Flow (APPF), is
formulated to model this prioritization. It is shown that compared to conventional power
flow APPF not only leads to a fairer balance between the dispatch of active and reactive
power from the IBRs and the synchronous generators, but also limits the impact of any
contingency from spreading out beyond its respective control area, thereby guaranteeing
a better collective dynamic performance of the grid. This improvement, however, comes
at the cost of adding an extra layer of communication needed for executing APPF in a
hierarchical way.

Up next, we developed a stability constrained Optimal Power Flow (OPF) formulation for
power transmission grid which utilizes the potential of IBRs in modulating system dynamics.
A novel power flow optimization technique called H,-power flow modification (H,-PFM)
is proposed where nominal ACOPF parameters are tuned to optimize the H,-norm of
nonlinear grid models from disturbance input ports to generator rotor speed output ports.
Simulation case-studies reveal that H,-PFM leads to enhanced stability index than that of
nominal ACOPF solution. We have further extended the algorithm to a risk-aware H,-PFM
formulation which minimizes the tranche-level risk coming from IBRs due to the associated
uncertainty. A trade off has been shown between generation cost, transient performance
and risk cost. Results reveal that the gain in stability with a minimized risk may come with

an economic sub-optimality.



While the above power flow designs are developed for transmission grid, the last part of
this dissertation focuses on developing power flow optimization for distribution feeders. A
physics-aware multi-stage regression (MSR)-based algorithm for predicting OPF setpoints
of distributed energy resources (DERs) is proposed. The algorithm utilizes a combination of
logistic and linear regression steps to handle minimal sensor requirements with measure-
ment uncertainties, stringent system constraints, and minimal grid dependency. The results
demonstrate that MSR can accurately predict optimal power dispatch from distribution-
level DERs for wide range of operating points with topological reconfigurations.
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CHAPTER

1

INTRODUCTION

1.1 Motivation

Conventional methods used for both frequency control and voltage control in today's
electric transmission grid need to be revisited over the coming decade as more power
electronic inverter-based resources (IBRs) such as wind, solar and energy storage devices
penetrate power systems across the world. IBRs have signi cantly faster time-constants in
following their active and reactive power dispatch commands compared to droop control
and automatic generation control (AGC) (Milano et al. 2018; Kroposki et al. 2017). Therefore,
it will only be natural for grid operators to  prioritize the use of IBRs over synchronous
generators (SG) for frequency and voltage control not only for steady-state regulation
but also for faster mitigation of unwanted dynamics. With millions of IBRs anticipated to
penetrate power systems over the foreseeable future, limiting these control methods to how
they are executed currently will be a tremendous under-utilization of renewables in terms

of how they typically cope with the grid dynamics. Of course, given the signi cant inertial
effect of SGs, one cannot expect the renewables to carry out these control efforts solely by
themselves (Vittal and Ayyanar 2013; Ulbig et al. 2014; Guggilam et al. 2018), but with a right



combination of engaging both SGs and IBRs, with priority given to IBRs whenever possible,
one may be able to improve control ef ciency by a notable extent. Given the diversity of
the resources that are going to be connected at various locations of the large-scale network,
it will become essential for the system operators to design controllers capable of handling
spatial dependencies of renewable power penetration. Graph theoretic approaches have
been proposed in (Ishizaki et al. 2018) to represent the implications of different network
architectures on aggregated modeling, dynamic analysis, and synchronization modes of
the grid resources. On the other hand, topology independent retro t controller designs
have been proposed in (Sadamoto et al. 2018, 2019) for ensuring stable system operation
while changing the SG-IBR generation mix through the integration of new renewable
resources. However, the retro t designs will also need additional communication between
the operators to support the system-level goals for different network architectures.

1.2 Research Objectives

With the above motivation, this dissertation proposes new designs for optimizing power
ow which prioritizes the utilization of IBRs for providing different system-level ancillary
services such as frequency control, voltage control, transient stability etc. Special emphasis
is given to algorithm design which take advantage of system architecture, collinearity
of variables to restrict the spread of transients from healthy regions of the system while
rerouting the network power ow with minimal sensor and communication requirements.

1.3 Literature Review

Literature survey pertaining to the present study has been carried out broadly in four
categories: (1) The current knowledge on frequency control in renewable integrated trans-
mission grid, (2) Existing research work on voltage control, especially in the converter
dominated power system, (3) Techniques on incorporating stability constraints in Optimal
Power Flow (OPF) designs, (4) Renewable uncertainty-aware OPF designs, (5) Data-driven
OPF techniques for distribution-level DER predictions, (6) Machine learning (ML)-based
OPF dispatch under topology change.



1.3.1 Literature Survey on Frequency Control

Quanti cation of IBR prioritization for frequency control has been addressed very sparsely
in the power system control literature so far. Several seminal papers have been written on
how IBRs can facilitate frequency regulation using mathematical tools from both linear and
nonlinear control theory such as phase cohesiveness (Cady etal. 2017), passivity (Milani et al.
2019; Awal et al. 2020), synchronization in complex oscillator networks (Dor er et al. 2013),
sliding mode control (Su et al. 2017), model predictive control (La Bella et al. 2020), and
event-triggered "1 -control (Yang etal. 2021), to name a few, but not related to prioritization
over synchronous generation. In addition, the existing works have little emphasis to link
the physical hierarchies of the system with the control hierarchies while designing the
frequency regulation services for a large multi-area grid.

1.3.2 Literature Survey on Voltage Control

Beside frequency control, voltage instabilities have become one of the trending problems
with the growing use of renewable energy (Konar et al. 2015). Existing literature on voltage
dynamics mainly focuses on two topics, namely (1) voltage stability and (2) voltage control.
In true sense, voltage collapse (Cutsem and Vournas 1998; Simpson-Porco et al. 2016) and
stability analysis is a system level planning problem. However, we focus on the literature
on the voltage control which needs control actions in faster time-scale to improve the
voltage dynamics of the grid. Many researchers (Venkatasubramanian et al. 2016; Shukla
and Mili 2017; Hernandez et al. 2018) tried to emulate the hierarchical levels of frequency
control to demonstrate hierarchical voltage control. Several innovative IBR control methods
have been proposed in the context of microgrids such as in (Guerrero et al. 2011; Simpson-
Porco et al. 2015; Han et al. 2017), but their application in high-voltage transmission grids
in the presence of conventional generation controls has not been addressed. As per our
knowledge, there is no existing work which takes advantage of the wide variety of resources
present in a system and categorically use them to maximize the utilization of IBRs while
performing voltage control.

1.3.3 Literature Survey on Optimal Power Flow for Transmission Grid

OPF solves for the optimal operating point of a power system that minimizes the fuel
cost of synchronous generators (SGs) while satisfying system-level operational constraints
such as power ow, capacity limits, and voltage bounds (Wood et al. 2014). In recent years,



OPF has been combined with several additional constraints such as risk-aware chance
constraints (Bienstock et al. 2014), voltage stability (Cui and Sun 2018; Wang et al. 2019),
power system dynamics (Mallada and Tang 2013), small-signal stability (Zarate-Minano et al.
2011; Lietal. 2019), and transient stability (Gan et al. 2000; Xia et al. 2021). Recently, (Inoue
et al. 2021) shows that reactive power consumption of load buses have strong dynamic
coupling with the transient stability of the system. However, there is no existing work
which uses the potential of adjusting active power setpoints of IBRs to enhance transient
stability and also addresses the issue of computational scalability. Both small-signal stability
and transient stability, in particular, are of critical importance to power system operators

as challenges in grid stability are only going to increase with increasing penetration of
renewables and inverter-based resources (IBRs) in regular grid operations. While effective,
the main drawback of the state-of-the-art stability-constrained OPF algorithms is that they
often become dif cult to solve numerically due to strong non-convexities arising from the
dynamics, even for small-sized grid models. In addition, the solution from the traditional
deterministic power ow formulation has the chance of system-security violation (McCalley

et al. 2004). This increases the risk which is conventionally de ned as the qualitative tool to
assess the reliability of the system. Many researchers have proposed OPF formulations using
probabilistic scenario-based approach (Vrakopoulou et al. 2013; Leite da Silva and de Castro
2019), risk-adjusted day-ahead unit commitment (Wang et al. 2017), robust optimization
(Bertsimas et al. 2013; Arrigo et al. 2022), chance-constrained solutions (Bienstock et al.
2014; Lubin et al. 2016; Roald and Andersson 2018), af ne arithmetic-based (AA) method
(Pirnia et al. 2014) to capture the uncertainties of power system operation. However, the
probabilistic formulation adds more complexity and computational challenge, while AA
method restricts the analysis on the level of risk associated with the OPF output variables.

1.3.4 Literature Survey on Data-driven Optimal Power Flow

The gradual transition from consumer-based distribution systems to prosumer-rich smart
distribution networks involves widespread integration and automated operation of dis-
tributed energy resources (DERSs) (Kroposki et al. 2017). For achieving that goal, model-
based methods for solving the optimal power ow (OPF) problem (Baran and Wu 1989b,a)
and nding the DER dispatch decisions may face challenges in terms of scalability. Recently,
several model-free data-driven techniques have been proposed to address this issue using
techniques such as physics-aware machine learning (ML) (Lei et al. 2021), neural networks
(NNs) (Hu et al. 2021) and deep learning (Zamzam and Baker 2020; Velloso and Van Hen-



tenryck 2021), and supervised learning (Dobbe et al. 2020), among others. The central idea
of these learning-based methods is to solve the OPF problem using arti cial intelligence
so that the distribution grid can operate smoothly with minimal human intervention. The
main drawbacks of ML-based OPF, in general, however, are four-fold. First, proving con-
vergence guarantees for these OPF algorithms is a hard problem, as pointed out in (Yuan
and Weng 2022). Second, the learning may take a long time to converge due to repetitive
training, making it unsuitable for real-time prediction (Venzke and Chatzivasileiadis 2021).
Third, these methods also typically require measurements from a large number of nodes
for training the ML models (Hu et al. 2021; Yuan and Weng 2022), and are often sensitive
to changes in the range of operating points (Karagiannopoulos et al. 2019). Finally, the
existing solutions are mostly designed for speci ¢ system topology. Nowadays, system oper-
ators actively perform network recon gurations to ensure economic and reliable operation
(Korad and Hedman 2013). In this regard, recent approaches such as NN predictions (Jia
et al. 2023; Zhou et al. 2023), meta learning (MTL) (Chen et al. 2022b) have been applied to
showcase topology-aware OPF design. However, NN-based approaches require extensive
amount of training data as the mapping between load and OPF equilibrium changes for
new topology. On the other hand, MTL approaches make the online training faster, but
cannot fully eliminate the training requirements for dealing with new topologies which
imposes a limit on how fast the system can recon gure.

1.4 Research Contributions

Based on the research gaps described in the above sub-sections, we have developed a
number of power ow optimization redesigns. The main contributions of this thesis can be
summarized as follows:

1. The proposed hierarchical frequency control show that Area Prioritized Power Flow
(APPF) prevents under-utilization of the renewables compared to when regular power
ow is used for post-contingency setpoint dispatch. Combining APPF with AGC
guarantees a much faster settling time for the frequency dynamics compared to when
only AGC is used.

2. The hierarchical power ow solver decomposes the conventional power ow problem
into smaller dimensional problems using physical hierarchies of a power system.
Thereby, APPF limits the effect of disturbances to only those hierarchies that are in
the vicinity of the disturbance source.



10.

11.

Hierarchical frequency control, unlike conventional AGC, does not need any fre-
quency feedback to the generators. The regulation time also improves signi cantly
due to the fast time constant of the IBR dynamics.

. The second variant of APPF executes voltage control by dispatching different classes

of reactive power resources hierarchically while improving the transient voltage dy-
namics.

The variant of APPF consisting of the correct combination of the steps of 2 and 3 when
both frequency and voltage needs to be controlled simultaneously is also presented,
where voltage control is prioritized over frequency control.

Motivated by (Inoue et al. 2021), we propose amodied H 2-power ow modi cation
(H,-PFM) algorithm where active power setpoints of wind farms (WFs) are found to
have strong dynamic coupling with the line ow characteristics for a speci c set of
tie-lines as a result of which manipulating just the WF outputs shows suf cient effect
to in uence the dynamic performance by H  ,-norm minimization.

. We have done several modi cations on top of existing H ,-PFM to incorporate the

capability for handling bigger grid model with all types of real world complicacies,
such as model redundancy, pole-zero cancellation, pole accumulation, numerical in-
accuracies due to generic perturbation used for different types of tunable parameters
etc.

We have derived a variant of H,-PFM called Risk-aware H,-PFM where we show that
the active power dispatch for IBRs (which are considered in terms of wind power
plants) are effective in improving small-signal damping of the generator frequencies
while optimizing the associated risk coming from the intermittency of IBRs.

The relevance of H,-PFM in electricity market framework is also presented where the
day-ahead risk-aware solution incorporates the tranche-level risks and solves for an
equilibrium which is more reliable in terms of stability limits.

The real-time readjustment of the computed day-ahead equilibrium is also presented,
where optimization is performed over the IBRs and fast-moving SGs. This reduces
the number of tunable parameters and thereby making the problem solvable online.

The proposed data-driven OPF named multi-stage regression (MSR) achieves higher
accuracy, resiliency against data uncertainty and endurance to stringent system



operational constraints. The data generation stage promotes self-suf ciency of the
feeder from the grid, whereas the data collection phase works in favor of minimal
sensor requirements.

12. The physics-aware learning step detects the similarity in network physics for different
topologies which aids in accurate predictions for untrained topologies by assigning
the appropriate cluster label to the new network con gurations.

1.5 Thesis Organization

The rest of the thesis is organized as follows:

Chapter 2 presents the hierarchical APPF as a frequency control design for multi-area
power system with case-studies to show prioritized utilization of IBRs improving steady-
state and transient frequency performance.

Chapter 3 proposes the hierarchical APPF as a voltage control design through prioritized
usage of IBRs using hierarchies among different classes of resources. It also extends the
algorithm to simultaneous frequency and voltage control keeping the concept of system-
level hierarchies.

Chapter 4 describes the formulation of H ,-PFM to show the OPF redesign for improving
transient stability margin.

Chapter 5 incorporates the tranche-level risk of IBRs in the formulationof H  ,-PFMsand
shows its relevance in market framework.

Chapter 6 demonstrate a data-driven power ow design for distribution feeder to
provide voltage support through the DERs.

Chapter 7 extends the design of chapter 6 into a physics-aware algorithm which can
predict OPF setpoints in presence of topological recon gurations.

Chapter 8 presents concluding remarks and future directions.



CHAPTER

2

HIERARCHICAL SETPOINT
DISPATCH-BASED FREQUENCY
CONTROL DESIGN

2.1 Introduction

The fundamental concept of the proposed frequency control is as follows. We consider a
power system divided into a nite set of distinct and non-overlapping control areas. The

de nition of these areas is open to the operator, and can be, for instance, the same as the
balancing regions that are used for AGC or smaller regional areas. Each area should have
IBRs which satisfy a certain percentage of the total generation speci ed by the operator.
When a sudden unpredicted change in generation or load occurs in any area, we rst
employ primary control based on the available headroom of the renewable resources in
that area. This contingent area is tagged as the so-called rst hierarchy, while areas that
share direct tie-line connections with the contingent area are collectively referred to as the




second hierarchy. The areas that share tie-line connections with the second hierarchy are
collectively referred to as the third hierarchy, and so on. In parallel to fast re-dispatch of
available IBR headroom in primary control, we run a new setpoint dispatch method, referred
to as Area-Prioritized Power Flow (APPF) by which the active and reactive power setpoints
for the IBRs across the different hierarchies can be computed to bring the system-wide
frequency back to synchronous while prioritizing the availability of the renewables in each
hierarchy, starting from the contingent area or the rst hierarchy itself. The optimization is
done in multiple steps in a sequential way from one hierarchy to the next. First, the optimal
active power setpoints of the IBRs in the contingent area are computed by formulating the
APPF as a power balancing problem that minimizes the disruption of the ow in the tie-lines
connecting the contingent area to the second hierarchy. If the available IBR capacity in
the contingent area is less than the power imbalance, then the de cit amount of power
is provided from the IBRs in the second hierarchy with the same objective of minimal
disruption in the tie-lines. This step ensures that the power balance is satis ed locally
inside the contingent area with minimal disruption of dynamics in the rest of the system.
This step alone, however, does not bring back the frequency to the synchronous value as
power is only balanced locally in the contingent area. Therefore, a second step of APPF
is carried out to recompute the IBR setpoints in the second hierarchy to balance out the
de cit power while making sure that the tie-line ows it shares with its next hierarchy is
minimally interrupted. If the total IBR capacity in the second hierarchy is not suf cient
for the balance, then a third step of APPF is applied to the IBRs in the third hierarchy,
and so on. The process is continued until all power ows are balanced, and the system
frequency is back to synchronous. The synchronous generators are allowed to run AGC
as usual in the backdrop while the different steps of APPF are executed, allowing for a
symbiotic contribution from both SGs and IBRs. Please note that the de nition of control
areas may change over time depending on the location of contingency and availability
of resources. AGC balancing region, however are static. Therefore, IBRs would prefer to
participate through APPF than directly in AGC which may need continuous re-tuning of the
PI controllers in presence of reshuf ing area boundaries. The bene tis that by combining
APPF with AGC one can obtain a much better and faster transient performance of the
generator frequencies than when using AGC only.



2.2 Concept of Control Areas for Grid Partitioning

The concept of coherency is a well-known phenomenon in SG-based traditional power
systems, or a legacy grid (Sauer and Pai 1998). Moreover, the identities of the coherent areas
can vary with increasing penetration levels of renewable energy across the grid (Mukherjee
etal. 2021). A well-known example of such a phenomenon has been observed in the system
managed by the Electric Reliability Council of Texas (ERCOT). Massive wind generation
integration in the western portion of Texas has led to new oscillation modes in the inter-
connection points (North American Electric Reliability Corporation (NERC) Report 2019).
Therefore, it has become necessary to have local-area level controller to tackle the added
oscillations that may arise in the IBR dominated grid. Several designs of these control areas
has been proposed in literature from different aspects, such as system exibility or transfer
capability sharing (Bucher et al. 2016), mega TSO operated cooperative control through
approximate network equivalents (Phulpin et al. 2009), frequency control through balanc-
ing regions (Milano et al. 2018), promoting cyber-layer secured area-to-area information
exchange (Lu et al. 2018) etc. Therefore, area design can play a notable role for ensuring
stable and secure operation of the whole system while satisfying area-level objectives with
the available resources.

2.3 Notation and Preliminaries

Consider a power system divided into a non-zero number of distinct control areas. As
indicated earlier, the area where the contingency occurs is indexed as the rst hierarchy,
and subsequently the areas that share direct tie-line connections with it are collectively
indexed as the second hierarchy, the ones that share connection with any area in the second
hierarchy are collectively indexed as the third hierarchy, and so on. Accordingly, any area

in the system is denoted as AjHi indicating thatitisthe jt"-areainthe it"-hierarchy. An
example, which will be used later for simulations, is shown in Fig. 2.1 in the form of a
33-bus power system model divided into 3 control areas forming 2-hierarchies. Each area
consists of 3 SGs and 9 buses following (Sauer et al. 2018) integrated with 2 IBR buses.
Contingency occurs in area ATl making it the 15! hierarchy. The other two neighboring
areas ATZ, A;'Z form the 2"9 hierarchy. The above concept of physical hierarchy can be
extended to any power system divided into n hierarchies. as shown in Fig. 2.2. The ith
hierarchy is divided into n; number of non-overlapping areas fA;|i ,A;'i ,...,Aﬁi‘ g Note that,
this decomposition is not dependent on any particular network topology. Also note that
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the term hierarchy here means physical hierarchy, i.e., the physical location of the grid
components, and not control hierarchy (for example, primary control, secondary control,

and tertiary control) as commonly used in the power system control literature (Bidram and
Davoudi 2012; Hatziargyriou 2014).

Figure 2.1: 9-machine, 6-IBR, 33-bus power system
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Figure 2.2: n-hierarchy representation of multi-area power system

2.4 Formulation of Proposed Hierarchical Frequency Con-
trol

Based on the above power system architecture, our proposed frequency control strategy
consists of three steps - (1) Detection of contingency, (2) headroom-based primary control,
and nally (3) secondary control actuated sequentially from 15! hierarchy to ntM" hierarchy
following prioritization-based optimal dispatch. These three steps are described as follows.

2.4.1 Detection of active power imbalance

The pre-contingency steady-state active power balance equation for the it" areain any
hierarchy is written as

X X X

Poad @)= Ple0)+ Py

generation(o ), (2.1)
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P P
where, for any area i, Plload (0 )isthe cumulative active power load, Pgleneratlon 0 )is

the total active power generation, and (0 )is the total incoming active power from

t|e
other areas. When a contingency happens, say in the form of a sudden unpredicted change
of load, then the change in these three respective quantities will satisfy

X _ X _ X
i — i i
I:>Ioad (t)= I:’tie(t)"- I:>generat|on(t) (2.2)

P
foranytimeinstant t 0. Where, Poad (t)— Ploag t) Paq (0 ). The same holds

for tie-line and generation ows. We assume every area i to be equipped W|th an area-level
. . i

coordinator that receives sampled measurements of Pg eneration (t)and P\

continuously over time from the generator buses and the tie-line buses. This can be achieved

(t) streaming

by placing high-resolution time-synchronized sensors such as Phasor Measurement Units
(PMUs) to guarantee geometric observability of every generator and boundary buses of each
individual area (Jain et al. 2018; Anderson and Chakrabortty 2012a,b). Pi ag (1), however,
may not necessarily be measured. If the contingency is due to tripping of an}égeneratorthen

the area coordinator can detect that directly from the measurement of P Pg; eneration (t)-
If, however, the contingency is from an unforeseen load change then P5aq 8 0which
implies that X X

tle(t) 6 Pgleneratlon(t)’ (23)

for every t. Thus, one simple way for area coordinators to detect the contingency would
be to keep checking this condition at all times. If the coordinator of the it area nds
(2.3) to be true then it knows that the contingency has happened in its own area. For easy
reference, we will refer to such an area as the contingent area, and the remaining areas
as non-contingent areas. In reall% the generation capacity of a single area will be small

compared to th’lat of the grid, i.e., Pg'eneratlon 0. TherefoFr)e thg non-contingent areas
will observe Pt'Ie 0, while the contllggent areas will see P/ic 6 0. The magnitude
of the contingency can be measured as Pload Pt'Ie

2.4.2 Primary Control Setpoint Dispatch

Once the contingency is detected and the contingent area is identi ed, the next step of our
control strategy is to trigger primary control signals through the IBRs. The power dispatch
for each IBR is chosen in proportion to its relative available capacity or headroom. The rst
step is to determine whether the contingent area in question is self-suf cient (i.e., whether
the IBRs in the contingent area cumulatively have suf cient headroom to compensate for

13



the load loss) or not. We de ne these checks as follows.
(1) 18t hierarchy is Self-suf cient if

X Hq &Hl
1 hi, (2.4)

where, hj is the available headroom in j ! IBR of this hierarchy, and Ny, is the total number
of IBRs in this hierarchy. The active power setpointofthe  j " IBR is then updated according
to its available headroom as

&Hl X Hq
— — 1
igr,j = Pigr,j t(hj= hj) Pload (2.5)
j=1

P

8j2f1,2,...,Ny,0 Where, PIBR’j
of primary control forthe jt" IBR.
(2) 18! hierarchy is Self-de cient if

is the pre-contingency setpointand P, is the solution

IBR,j

X Hq &Hl
> h. (2.6)

In that case, the active power setpointofthe j" IBRin ATl will be updated as

P

i8R, = PR, * i 8j2f1,2,...Ny,0 2.7)

Accordingly, the total de cit power Preq,Hl required by the 15! hierarchy from the higher
hierarchies is

X Hq NHl
— A
Prequl - I:)Ioad

h;. (2.8)
j=1

Following the same logic as above, any it" hierarchy for i > 1 is Self-suf cient if

N H
Nri Xi N
Preq’H(i 2 hk, PAHI :( hk: hk) Preq’H(i l), (2.9)
k=1 ! k=1 k=1

8j 2f1,2,...,n;g where, Preq‘H(. ) is the de cit power required by (i 1)!" hierarchy from
ith hierarchy, N is the number of IBRs inthe j'" area of the i'" hierarchy, P is the
J i
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h

corresponding power required from " area of the i t" hierarchy, and the total number of

Pi

IBRs presentin i t" hierarchy = Npp = NyH The active power setpoint of the |" IBR of
j:]_ j

the jth areainthe i " hierarchy will be updated as

N H;
X

PIBR,I :PIBR,I +(h, = hk)PA,_JIi 8l 2f1’2""’NA':‘ g (2.10)
k=1 j

Similarly, the ith hierarchy (i 6 1) is Self-de cient if

N
> hy, 2.11)
k=1

Preq,H(i 1)

with the active power setpointof |t IBR of jt" areain it" hierarchy updated as

Pieri = Pigr) thi 8l 2fl,2,...,NA;4i g (2.12)

Therefore, the amount of de cit power ( Preq,, ) required by i th hierarchy from (i + 1)t"
hierarchy is as follows:
X

Preq’Hi = Preq,H(i n hk. (2.13)
k=1

The coordinator of the control areas under the 15! hierarchy solves (2.5) and (2.7) while
those under the i th hierarchy solve (2.10) and (2.12) to generate the respective active power
setpoints, which are then communicated to the IBRs in their respective areas. The setpoints,
thereafter, are actuated through the Voltage Source Converter (VSC) based model of the
IBRs (Muljadi et al. 2014).

2.4.3 Secondary Control Setpoint Dispatch

Primary control alone, however, cannot revive the system-wide frequency to the syn-
chronous value (60 Hz in the United States). We, therefore, next propose a new method for
executing secondary control that is based on the notion of area-prioritization. We introduce
a new setpoint calculation method referred to as APPF that generates power setpoints for
the IBRs in each area, but in a sequential way of preference from one hierarchy to the next,
starting from the contingent area. The goal is to minimize the effect of the contingency
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from spreading too far beyond its source through prioritized resource utilization. This is
done by solving a local power ow for the contingent area ATl as the rst step, and then
using the solution to solve the local power ow of the next hierarchy, and so on, resulting in
an-stage hierarchical optimization problem.

Considering the pre-contingency power ow solution (X ) as the initial condition, stage
i of APPF targets the buses of the i " hierarchy, and minimizes the deviation in the tie-line
power owing between it" and (i + 1)!" hierarchy to support the power required by the
(i 1)!" hierarchy. Additionally, it also tries to minimize the deviation of the IBR active
power setpoints ( P gr k) from their dispatched primary control setpoints (P, BR‘k) so that
the IBR does not experience a signi cant jump in its actuation. This, in turn, reduces the
transient peaks in the frequency trajectories when secondary control overwrites the primary
control setpoints. The mathematical formulation of APPF is presented as follows:

Objective function of it" stage:

2 - 3 2
'Pl)Pi(i+1) ! pi(i+1)
tie,k _ tlek
2
X; —argmln Wi, 8, r L : P,BR,k Perk » (214)
P Givny P e k=l
_ Qtie,k Qt|ek

where, x denotes the free optimization variables and  x; is the solution of i th stage of APPF.
The de nition of x for different bus types are listed in Table 2.1. r; 1) is the number of
tie lines between ith and (i + 1)t" hierarchy. Pt'l(e'+k1) and Qt'l('e ., are the active and reactive
power ows throughthe k!M tie line whose pre-contingency values are Ptl|(el oan nd Qt|'+1)
respectively. w, and w» represent the corresponding weights of the objectives. Please note
that the two objectives should be weighed according to the system operator's preference
for prioritizing the speed of recovery over causing additional transients due to rapid adjust-
ments of the IBR setpoints.
Equality constraints: The power balance inthe it" hierarchy can be represented by

o=(Y'vhy v P'+jQ", (2.15)

where, Y1 2CK' k' isthe admittance matrix ofthe i t" hierarchy which can be obtained with
the optimal number of PMU placements following (Anderson and Chakrabortty 2012a,b),

is the element-wise multiplication, is the element-wise complex conjugate operator,
and k' is the number of buses inthe i'" hierarchy. The bold symbols V', P! and Q' denote
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Table 2.1: Chart of Variables for i th Stage Optimization

Busvariables | . .
Bus associated with V] PQ
Sync-gen ] ]
Load ] ]
No component ] ]
IBR 1 11
Tie-lineto (i + 1)!" hierarchy 111
Tie-lineto (i 1)!" hierarchy (i 6 1) ] ]

= xed, ] = free optimization variables x,
jVjand are the phasor voltage magnitude and angle respectively. P and Q are the active
and reactive power injections to the bus respectively.

vector quantities whose expressions are written as follows. Let S' be the set of buses in
i th hierarchy, and B'(*1 denote the set of boundary buses in the areas of i'" hierarchy

connecting i t" hierarchy with (i + 1)t hierarchy. For the 1 St hierarchy (i.e., i = 1) :
2 » 3
) \
vi=4" Lrzl 5 12B% (2.16)
2 k1 rp) 1
22 33
12 Q12
Ptle 1 t|e 1
12 Q12
I:>t|e 2 tle 2
P +jQ'= 51, ,2fst B, (2.17)
P12 jQ12
4" tie,ry _tie,rlz 5

L 2 (Klrp) 1

where, each elementof V  and V , meansjVj/ . Similarly, for any i t" hierarchy where i 6 1,
the areas of the i t" hierarchy tries to supply the required powertothe (i 1)!" hierarchy,
resulting in

R— 3

Vi,
L N

Vi , (2.18)

1
OO N

V
n_ Zirigey 1 5

8 (ki rg ui rig+y) 1
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Whel’e, 12 B(I 1)i, 22 Bi(i+1), 32fSi B(I 1)i Bi(i+1)g.

2 , . 3
. _ g P+JQ4H11)| 1 %
Pl+iQ'=g P+iQ L (2.19)
Pa*IQ, ki1 o Tigen) 1
prio s PUPHIQILY @D iR )T e2)
and ” .
prio = LY +iQlY ) LY et ) e

is the vector from the solution of (i 1)!" optimization stage. Fig. 2.3 shows the informa-
tion ow between hierarchies for executing i " optimization stage. The tie-line losses are
assumed to be negligible in the above formulation. To summarize, equations (2.15) - (2.21)
form the equality constraints forthe i'" stage of APPF.

Figure 2.3: Power ow information needed for optimization in the i th hierarchy

Inequality constraints: We impose operational constraints on the bus voltage magnitudes,
active and reactive power outputs of generation resources as follows:

JVJ"““ i Vi i virer, (2.22)

where, jVj; isthe | th pus voltage magnitude. We consider jVjj to be bounded between
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0.95 p.u. and 1.05 p.u. (Kundur 1994),
8
<
Psei Peei Pscls (2.23)

: min . max
QSG,j QSG,] QSG,j y

where, Psg j and Qsg,; are active and reactive power outputs of jth SG respectively,

8
< i

P|n§|£,j P BR,j Plnlgg),(j ’ (2.24)

: QFE;'S,J- QIBR,j Q%aRX,j ,

where, Pigr ; and Q,gR,; are active and reactive power outputs of j t" IBR respectively. The
lower bound ()™ and the upper bound ()™a* of variables in equations (2.22) - (2.24)
determine the feasible solution space for the optimization. Active power ows through
the k" tie-line connecting it hierarchy with (i + 1)!" hierarchy are also bounded by their
corresponding thermal rating and the magnitude of the contingency as

pi+D)  oil+1) PATl pi(i+D)

tiek  tiek load 'tiek (2.25)

thermal
Equations (2.22) - (2.25) form the inequality constraints for the it" stage of APPF. The
coordinator of the control areas under the it" hierarchy solve (2.14)-(2.25) to generate
the respective active power setpoints, which are then communicated to the IBRs in their
respective areas. The setpoints, as usual, are actuated through the VSC based model of the
IBRs (Muljadi et al. 2014). As the time constants of the VSC dynamics are smaller compared
to that of AGC (R. Henriquez-Auba and Barrows 2021), the speed of frequency regulation
improves signi cantly. This will be seen in our simulation results in section 2.6.

The execution timeline of the proposed frequency control scheme is shown in Fig. 2.4
where t; represent the occurrence of the respective step at t =t; time instant.

2.5 Model Description

We validate our APPF-based hierarchical frequency control algorithm using the 33-bus, 3-
area power system model, shown in Fig. 2.1. Each area consists of standard IEEE 3-machine,
9-bus model integrated with 2 IBRs. The modeling details of SGs and IBRs are as follows:
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Figure 2.4: Timeline for executing frequency control

2.5.1 Synchronous Generator Model

Standard 7t" order model (Sauer et al. 2018) is used to represent SG. The equations corre-
sponding to it" SG are as follows:

0
0 qui 0 0
Tdoi—dt = By (Kai Xgilai + Etai (2.26)
0
0 dEd 0 0
Tooi ¢ = Eai *Xai Xgilais (2.27)
d i
d—t=! i ! (2.28)
2H; d! ; 0 0 o 0
I _d'[ :TMi Edildi EC]l Iqi (Xqi Xdi)ldilqi Di(!i !S), (2.29)
* S
d Efqji
Te; i (Kei+Sei(Efai )Etai *+ VRi, (2.30)
Fi dt fi TFI fdis .
dVgi Kai KFi
Tai = Vri+KaiRyi Etgi + Kai (Vreri Vi), (2.32)
dt Tk
where, the state variables ( E:i : Egi . iV i,Efgi. Rsi, VRj) are, respectively, the quadrature

(9)-axis internal voltage, direct ( d)-axis internal voltage, phase angle, rotor frequency, eld
excitation voltage, eld resistance, Automatic Voltage Regulator (AVR) voltage output. ! g,
Vieti, Hi, Twi and D; represent synchronous frequency, AVR voltage reference, machine
inertia constant, mechanical torque and damping coef cient respectively. (  Xgi, Xgi) and

(Xg

di’ X: ;) are (d -axis, g-axis) synchronous and transient reactances respectively. The time

0 0
constants (T, Tyoi

voltage, eld voltage, eld resistance, AVR voltage respectively. 1q;, I4; and V; are dq-axis

Tei,» Tei, Taj) are related to the response time of dq-axis internal
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stator terminal currents and terminal voltage respectively. S and (Kg;, Kgj, Kaj) are
saturation function and proportional constants of eld exciter, AVR control circuit.

2.5.2 IBR Controller Model

IBR represents a renewable energy source, e.g.- wind farm / solar plant integrated with the
grid through power electronic converter as shown in Fig. 2.5. In multi-area transmission
grid, the high capacity renewable energy plants which participate in ancillary services,
e.g.- frequency regulation, have full control on its DC bus to increase / decrease its output
power. Hence, the DC bus of the Voltage Source Inverter (VSI) is taken to be a stiff source.
An equivalent controlled voltage source model is considered for the IBR according to the
technical report (Muljadi et al. 2014) published by National Renewable Energy Laboratory
(NREL). Fig. 2.6 shows the details of IBR controller which requires two set-points: (1)  Active
Power Referenceg(P ), (2) Terminal Voltage Reference(V, ). The controller takes feedback
of Vape and I, from the IBR output terminal and transforms them to d-q components

for internal calculations. PI controllers are used for tracking the assigned set-points. The
three phases of controlled source model takes V,,V, ,V, as the voltage references for the
corresponding phases. The IBR also has the capability to switchfrom PV modeto P Q
mode as per the demand on power delivery.

Figure 2.5: Voltage Source Inverter (VSI) model for IBR
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Figure 2.6: Controlled voltage source model with IBR controller

The model parameters for each area, i.e., for the 9-bus system can be found in (Sauer
et al. 2018). The SG dispatches and loads are modi ed to achieve non-zero tie-line ows
between areas in pre-contingency steady-state. The dynamic model parameters of the
IBRs are borrowed from (Muljadi et al. 2014). The maximum power rating of each IBR is
75.48 MW. The MVA base for whole system is 100 MVA. The series impedance and shunt
admittance values of tie lines are z;je = 0.05+ j0.20 p.u., Ytje = j 0.15 p.u. respectively.
We consider wq = w, = 1 for the following case-studies. As per the requirement from CPS
implementation, total 7 PMUs are required per control area in Fig. 2.1. Itis also assumed
that each PMU channel sends 60 measurement samples per second.

2.6 Results and Analysis

2.6.1 APPF steady-state performance evaluation for frequency control

Case 1:Contingent area is self-suf cient - The contingency is simulated by increasing the
active power load at bus 16 by 63 MW which is 16.5% increase with respect to the total active

power load of the contingent area ATl. IBR3; and IBRy4 in ATl have suf cient cumulative
capacity to compensate for this load change. Fig. 2.7 shows the post-contingency active

power setpoints generated by APPF for the 33 buses. Note that the loads are indicated as
negative power injections. The gure shows that the load change is fully compensated
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by increase in the active power output of the IBR 3, IBR, connected to buses 21 and 22,
respectively.

Figure 2.7: Active Power (P) injection in the buses for case 1

Case 2:Contingent area is self-de cient - The load at bus 16 is now increased by 130 MW
which is 34% increase with respect to the total active power load of the contingent area.
IBR3 and IBR4 are not suf cient to compensate for this change. Fig. 2.8 shows how IBR 4,
IBR,, IBRs and IBRg contribute the de cit power in this situation. Also note that in both
gures 2.7 and 2.8, the setpoints for the non-IBR buses (i.e., synchronous generator buses)
do not change. The gures also reveal that the RPF solution for the IBR buses do not make
full use of the available IBR capacity in the contingent area. The APPF solution, on the other
hand, maximizes this utilization.
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Figure 2.8: Active Power (P) injection in the buses for case 2

2.6.2 Dynamic performance evaluation for frequency control

Case 1:Contingent area is self-suf cient - We simulate the active power load change at bus
16 by 63 MW at t = 10 sec. The setpoints of IBRs in ATl are updated using primary control
dispatch at t = 10.5 sec. The time constant for varying the IBR power output is assumed to
be 0.01 sec following (WECC Renewable Energy Modeling Task Force 2012). Note that, the
deviation in tie-line power ows give an approximate estimation of amount of contingency.
Therefore, the state estimators of the contingent area may take time to precisely identify the
location and the amount of contingency needed for solving the rst stage of APPF. Let this
time delay be 20 seconds. The active power setpoints of IBR 3 and IBR, are updated at t =
30 sec according to the post-contingency APPF solution, listed in Fig. 2.7. The active power
output trajectories of IBRs are shown in Fig. 2.9a which represents the fast response of IBRs
after the dispatch of primary and secondary control setpoints. The active power output
trajectories of SGs are portrayed in Fig. 2.9b. SG 4 being electrically close to the contingent
bus 16 shows more power oscillations than the other SGs. However, transients die down by

t = 40 sec as the IBRs take over to fully compensate for the active power imbalance through
the proposed control strategy. Therefore, at the end of APPF execution, SGs settle down
to their pre-contingency outputs. The time response of the bus frequencies are shown in
Fig. 2.10. As the IBRs of the contingent area have suf cient capacity to compensate the
load change, only APPF stage-1 setpoints affect the frequency trajectories in this case. The
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APPF setpoints overwrite the primary control setpoints at t = 30 sec after solving the local
power ow forthe 15! hierarchy. Fig. 2.11 compares four different scenarios for this case.
The red curve shows the frequency response with no control applied to IBRs. The primary
control of SGs act for the initial period till t = 20 sec before AGC is triggered and restores
the frequency to 60 Hz. The green curve shows the effect of adding droop control in IBRs.
Both curves have low frequency nadir and take time till  t = 70 sec to reach 60 Hz due to the
slower timescale of AGC operation (R. Henriquez-Auba and Barrows 2021; Hatziargyriou
et al. 2021). Our hierarchical control, in contrast, as shown by the blue and magenta curves
successfully drives the frequency to 60 Hz, and that too much faster than AGC and with
better transient performance. The hierarchical control in presence of droop in this case
shows the best dynamic performance.

b)

(2) (

Figure 2.9: Active power output trajectories of (a) IBRs and (b) SGs with hierarchical update
of IBR setpoints in case 1

Case 2: Contingent area is self-de cient - We next simulate the active power load change of
130 MW at bus 16 at t = 10 sec. Inter-area communication delays are incorporated for the
simulation of self-de cient case. An open communication network may have transmission
delay changing within [0.15 sec, 2 se¢. We consider 0.25 sec as the transmission delay
margin for the inter-area communication.

The setpoints of IBRs in both contingent and non-contingent areas are updated from
tie-line ow deviations following their available headrooms at t = 10.5secandt = 11sec
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Figure 2.10: Bus frequency trajectories for case 1 with hierarchical updates of IBR 3 and
IBR, active power setpoints

Figure 2.11: Comparison of different control scenarios for case 1

respectively. The set points of IBR ; through IBR ¢ are thereafter updated using the post-
contingency APPF solutions from Fig. 2.8. The time response of the bus frequencies are

hawn in Fig.2.12.
Xnolmportar% observation is that the updates of the setpoints from APPF stage 1 in this case
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Figure 2.12: Frequency trajectories for case 2 with hierarchical updates of active power
setpoints of IBR ; through IBR ¢

do not have any effect on the dynamics of the frequency. This is because the primary control
already uses the maximum power available from IBR 3 and IBR,4 as shown in Fig. 2.13a. The
only information provided by APPF stage 1 is the change in the tie-line power required from

the other areas. APPF stage 2 updates the primary setpoints at t = 40 sec after solving the
power ow for the second hierarchy. Fig. 2.13a depicts the fast response of IBRs follwoing
the setpoint dispatch. The active power output trajectories of SGs are portrayed in Fig. 2.13b
where SG4, being near the contingent bus 16, shows higher oscillations than other SGs.
After initial transients, SGs settle down to their pre-contingency outputs which shows the
sole participation of IBRs to control the frequency in a faster time-scale without engaging
conventional generators. Please note that APPF does not in uence the power oscillation
damping of SGs as re ected in Fig. 2.9b and 2.13b. It is executed in time sensitive way to
reduce the settling time of frequency convergence to 60 Hz. Fig. 2.14 shows the comparison
of four different scenarios. Similar to Fig. 2.11, it is observed that our proposed hierarchical
control outperforms both SG-based and droop-based primary and AGC controls in terms

of dynamic performance of the frequencies by 1.4 to 1.6 times improvement of settling
time.
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Figure 2.13: Active power output trajectories of (a) IBRs and (b) SGs with hierarchical
update of IBR setpoints in case 2

Figure 2.14: Comparison of different control scenarios for case 2

2.6.3 Dynamic performance evaluation for generator trip

Conventional generators are typically used for active power commitment with no delity
to reactive power support in regulation market. Therefore, generator trips will be addressed
by hierarchical frequency control. At t = 10 sec, we simulate the tripping of SG; which

was delivering 69 MW in pre-contingency condition. This change is equivalent to 21.2%
Hi

decrease with respect to the pre-contingency total active power generation of area  A;".

Fig. 2.15a shows the variation in active power outputs of IBRs with hierarchical dispatch of
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