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ABSTRACT

The requirements on power system simulation techniques have been challenged due
to growing size and complexity in the modern power systems. In order to address
these challenges, we apply parallel-in-space algorithms and utilize GPU for acceler-
ation, and the results show that our prototype achieves orders of magnitude speedups
over execution on conventional multi-core processors. We observed speedups up to
more than 80 x over an optimized sequential simulation and faster than real time

execution capabilities.

On the algorithm level, the parallel-in-space approach proposed in this disserta-
tion extracts computations into single-data-multiple-threads form so that it can be
mapped and executed on GPUs efficiently. Furthermore, the dependencies among
computing tasks are also exploited so that task-level parallelism can be achieved
on top of data-parallel. The modeling of power system also took advantage of the
shifted frequency analysis to balance between accuracy and computational burden.
Moreover, the parallel-in-space algorithm is also combined with the parallel-in-time
algorithm to exploit parallelism on temporal level to achieve higher speedup. We an-
alyzed the algorithms for spatial and temporal algorithms with respect to computing

efficiency, convergence to achieve better throughput.

On the implementation level, the prototype simulator was developed based on data-
oriented design instead of traditional object-oriented design, so that the hardware
accelerator as well as the space-time parallel algorithm can be exploited more
efficiently. Moreover, we utilized the similarity of heterogeneous computing frame-
works and implemented a flexibility layer which abstracts different frameworks
based on the host-device model, such that the simulator can utilize GPUs under

different computing frameworks as well as other hardware accelerators like FPGA.

The computing performance on GPU for component computation is tuned automat-
ically using our approach based on automatic optimization empirical optimization
of software. The approach can generate high performance kernels for numerical
integration routines on GPU. Benchmark shows that these optimized integration
routines outperform routines implemented using standard GPU-based linear algebra
libraries with speedup between 1.3 x to 6.7 x.



KURZFASSUNG

Die Anforderungen an Simulationstechniken fiir Stromversorgungssysteme sind auf-
grund der zunehmenden GroBe und Komplexitit moderner Stromversorgungssys-
teme gestiegen. Um diesen Herausforderungen gerecht zu werden, wenden wir
,,Raum-parallele*-Methoden an und nutzen GPUs zur Beschleunigung. Die Ergeb-
nisse zeigen, dass unser Prototyp gegeniiber herkémmlichen Multi-Core-Prozessoren
eine um mehrere GroBenordnungen hohere Geschwindigkeit erreicht. Wir konnten
Geschwindigkeitssteigerungen von mehr als dem 80-fachen gegeniiber einer opti-
mierten sequenziellen Simulation beobachten sowie eine Ausfiihrung schneller als
in Echtzeit.

Auf Algorithmenebene extrahiert der in dieser Dissertation vorgeschlagene ,,Raum-
parallele*-Ansatz Berechnungen in eine Single-Data-Multiple-Threads-Form, so-
dass sie effizient auf GPUs ausgefiihrt werden kénnen. Dariiber hinaus wer-
den die Abhingigkeiten zwischen den Rechenaufgaben genutzt, um zusitzlich zur
Datenparallelitit auch Parallelitiit aut Aufgabenebene zu erreichen. Bei der Mod-
ellierung wurde die verschobene Frequenzanalyse genutzt, um Genauigkeit und
Rechenaufwand auszugleichen. Zudem wird der ,,Raum-parallele”-Algorithmus
mit dem ,,Zeit-parallelen-Algorithmus kombiniert, um héhere Geschwindigkeiten
zu erzielen. Wir haben die Algorithmen hinsichtlich Recheneffizienz und Konver-

genz analysiert, um besseren Durchsatz zu erreichen.

Auf Implementierungsebene wurde der Prototyp des Simulators auf Basis eines
datenorientierten Designs entwickelt, anstelle eines traditionellen objektorientierten
Designs, damit der Hardwarebeschleuniger sowie der ,,Raum-Zeit-parallele” Berech-
nung eflizienter genutzt werden kénnen. Zudem haben wir eine Flexibilititsschicht
implementiert, die verschiedene Frameworks auf Basis des ,Host-device“-Modells
abstrahiert, sodass der Simulator GPUs unter verschiedenen Rechenframeworks

sowie andere Hardwarebeschleuniger wie FPGA nutzen kann.

Die Rechenleistung auf der GPU wird mit unserem Ansatz auf Basis automatischer
empirischer Optimierung abgestimmt. Der Ansatz generiert hochleistungsfihige
Kernel fiir numerische Integrationsroutinen auf der GPU. Benchmarks zeigen, dass
diese optimierten Integrationsroutinen Routinen auf Basis standardmiBiger GPU-
basierter Linearer-Algebra-Bibliotheken iibertreffen, mit Beschleunigungen zwis-
chen dem 1,3-fachen und dem 6,7-fachen.



NOMENCLATURE

HPC high performance computing

HIL hardware-in-the-loop

SFA shifted-frequency analysis

DAE system of differential-algebraic equations
ODE ordinary differential equation

MGRIT Multi-Grid reduction in time

PinT parallel-in-time

PinS parallel-in-space

MNA modified nodal analysis

FLOP  floating point operation

RK4 Fourth order Runge Kutta

EB Euler Backword

AEOS  automatic empirical optimization of software
ATLAS Automatically Tuned Linear Algebra Software
BLAS  basic linear algebra subprograms

API Application Programming Interface
CSR compressed sparse row

ELL ELLPACK format

CSR Compressed sparse row

(6010 Coordinate list

GPU graphics processing unit

SIMT  single instruction, multiple threads



SIMD  single instruction, multiple data
DG distributed generator

AC alternative current

PLL phase-locked loop

FTRT  faster-than-real-time

RT real-time

WR waveform relaxation

TLM transmission line modeling
SSNA  state-space nodal analysis
LB-LMC Ilatency-based linear multi-step compound
JIT just-in-time

CPU central processing unit

PFASST parallel full-approximation scheme in space and time

00 object-oriented

DO data-oriented

TSA transient stability analysis
AE algebraic equation

SDC spectral deferred correction

MATE  multi-area thevenin equivalent
MPI message-passing interface
PinTS  parallel-in-time-and-space
FPGA  field programmable gate arrays
UVLS  under voltage load shedding
UFLS  under frequency load shedding

EMT electro-magnetic transient
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Chapter 1

INTRODUCTION

1.1 Motivation

Following the settlement of the Paris Agreement with 2050-carbon-neutral goal [15],
over 100 countries have committed to achieving net-zero emissions by the middle
of the 21st century. In order to achieve this goal, massive integration of renewable
resources and upgrade of existing power system infrastructures have been catalyzed
around the globe. Since these sources and new devices are mostly using power elec-
tronic devices as interfaces, this transition has inevitably brought more complexity

to electric power systems and changed its dynamic behavior.

Before deploying new devices to the field, testing is required as the power systems
are designed to be highly reliable. This need has promoted the development of
Digital Twins as new means to test devices before their deployments [MMB20].
A digital twin is defined as a digital model that replicates a real entity with data
that can be seamlessly transmitted between the real entity and its digital replica.
Digital twin can thus facilitate more rapid and rigorous device testing under various
conditions. Moreover, the measurement data of device prototypes can be used to
improve the device itself as well as the digital twin model, thus creating a feedback

loop to develop more accurate digital twin models.

Several simulation techniques and implementations are investigated along with the
developments of digital twin models [MMB20; She+22; AK23]. If the simulation
can be executed in real-time, then it is possible to interface the digital twin model
with the real world or real devices. This approach is referred to as hardware-in-
the-loop (HIL) testing. To achieve that, simulators are required to have real-time
simulation capability, which is a challenge both to the simulation algorithm and the
computing hardware.

The change of dynamics in the system is also posing new challenges to the simu-
lators. Dynamics in power systems can be divided into different categories based
on the time characteristics, such as electromagnetic transients, and electromechan-
ical transients [Mac+20], as shown in Fig. 1.1. Modern power systems have less
inertia due to the increasing percentage of converter-interfaced generations. At the

same time, the converter-interfaced generations are posing significantly different
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dynamics than traditional synchronous-generator-based generations [GG23]. They
all brought more importance to study the electromagnetic transients in the sys-
tem, which gives more challenge to the simulators as they usually require smaller

simulation time steps to get accurate results.

In summary, as a result of the transition of power systems into a renewable future.
Traditional simulation techniques are facing challenges in both increasing problem
size and complexity. The requirement on the computational performance is also
increased in order to meet real-time or even faster-than-real-time needs. The main
goal of this work is to utilize GPU with a massively parallel-in-space algorithm to
accelerate the transient simulation of power systems. Moreover, we also look into
the possibility to parallelize the simulation of system under temporal parallelization
algorithms.

‘Wave phenomena

Electromagnetic
Phenomena

B

Thermodynamic
Phenomena

107 107 100 10! 1w 10} 10

Figure 1.1: Power system dynamics with different time scales [Mac+20]

1.2 Related Work

The evolution of power system simulation methods has always followed the evolu-
tion of computer architecture. Before the massive roll-out of commodity parallel
hardware, the major advancements of the CPU are higher clock frequency, more
complex instruction sets, etc. At the same time, simulation methods were focusing
on treating the problem as a whole and applying efficient and reliable numerical
methods to improve computational speed [Sto79]. Over the last two decades, with
the fast development of parallel computing hardware, such as high-performance
multi-core CPUs, faster interconnections in CPU clusters, as well as the rise of
GPUs, more studies have been conducted to exploit the parallelization potential of

power system simulation methods.
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Figure 1.2: Relative research interest in power system simulation with different
parallel hardware.

Since the 80s and beyond, there has been research into developing parallel algorithms
to execute transient stability simulation on parallel computer [CB93; 92]. At the
time, CPU clusters dominated parallel computing infrastructure, and early parallel
algorithms focused on decomposing the simulation problem into several loosely
dependent tasks, i. e. utilizing task parallelism. These approaches faced bottlenecks
in scalability due to their high dependency on the latency of interconnects for
synchronization and data exchange [CB93]. Moreover, the data-parallel potential is
not yet well exploited due to limited parallel execution on a single CPU.

The early 2000s marked a turning point with the commercial rollout of multi-core
CPU (frome. g. IBM, AMD, Intel)!, as shown in Fig. 1.2, which opens the research
in optimizing parallel simulation performance on multi-core devices. The multi-core
architecture enables more efficient data parallel execution on a single CPU. This
has promoted the research into more fine-grained parallelization [XSZ05; JD09].

The GPU was first commercialized in the late 1990s to improve the performance
of computer graphics, research on applying GPU to improve the performance of
power system simulation was catalyzed by the release of heterogeneous computing
frameworks such as OpenCL, CUDA etc. by the late 2000s. In this case, the GPU-

'Intel is a registered trademark of Intel Corporation; AMD is a registered trademark of Advanced
Micro Devices, Inc.; IBM is a registered trademark of International Business Machines Corporation.
?Data taken from IEEE Xplore, considering only journal publications



4

related research lagged behind the hardware for almost a decade. On the one hand,
this is due to the necessary algorithm re-design to match GPU’s SIMT or even SIMD
structure, on the other hand, the release of heterogeneous computing frameworks
eventually facilitates the application of GPU as general-purpose computing device.
Nevertheless, early practices still face challenges such as in minimizing host-device

communications, etc.

Over the last decade, GPU is gaining more and more attention due to its capability
for massively parallel execution and fast memory access [ZD17; JD10; Son+18;
Wu+20; LD19]. Among them, [ZD17] uses fine-grained parallelization methods,
which decompose the equations of the power system into linear and nonlinear
parts and uses GPU to solve the decomposed linear system with direct method,
and the non-linear system with the Newton-Raphson method, in a parallel way.
This design can efficiently achieve data-parallelism within the linear and non-linear
solver kernels. Similarly, in [Wu+20], a fine-grained method is applied to simulate
power electronic systems where the integration of each state variable is computed in
parallel. However, the algorithm, like many EMT and transient stability simulation
approaches, requires updating the LU factorizations at each time step. This is
avoided in the parallelization method [BM15] employed in this work so to improve
scalability. The approaches shown in [JD10; LD19] design dedicated kernels for
the different types of components considered, those approaches share a similar
approach to the one presented in this paper. [JD10] is one of the earliest examples
of using GPU for transient stability simulation and had highlighted the potential of
using GPU to accelerate dynamic simulations. [LD19] utilizes CUDA’s dynamic
parallelism, thanks to which a kernel can launch new kernels during execution.
With this feature, the whole power grid is implemented as a single kernel. During
each simulation time step, it launches several component computation kernels as
child kernels. Within the child kernels, there are multiple kernels for components
with detailed models, e.g. kernels that simulate the identical circuit parts within
the MMC model. Therefore, this approach can simulate systems containing very
detailed component models efficiently. Overall, the approach proposed in [LD19]
is very efficient, however, managing the whole simulation on the device makes
applying the vendor’s math library sometimes not possible as the device-side API
is not always available [CUDAT18]. Launching kernel from the device side is not
free, and only limited resources can be dedicated to the child kernels [Tan+17],
therefore, it can generate significant overheads when the number of child kernels

increases.
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Related works regarding faster-than-real-time (FTRT) are mainly focused on us-
ing reconfigurable devices [CLD20; CLD23] as well as using high performance
computing (HPC) platforms [Hua+18]. Reconfigurable devices usually have very
limited memory and computing resources that restrict the application to the simula-
tion of large scale grids. HPC platforms usually do not have these constraints, but
the communication between parallel processes as well as the memory bandwidth
becomes a bottleneck.

1.3 Contribution
This thesis focuses on applying parallel-in-space method to accelerate power system
simulations with highlight in GPU execution. The main contributions of this thesis

are summarized as:

+ We propose an approach that exploits data- and task-parallelism in an auto-
mated way for component computations so to efficiently utilize the GPU and
to increase the performance, as well as maintaining scalability when the type
of component increases with future developments. Moreover, as we schedule
kernel launch from the host side, vendor-optimized math libraries can be used.

GPU-based approaches are intuitively data-parallel, but there were few studies
regarding the application of task-parallel. In [Son+18], task-parallelism was
considered to create data-parallel kernels so that load balancing among GPU
cores is improved. In the end, a single compute kernel is created via automatic
code generation technique. This implementation is improved to real-time
execution, but it also limits the customization and extension of the kernel
code, for example using a numerical library for part of the computations.
A multi-stream approach is applied in [Wu+20] but is not completely task-
parallel, because the concurrently executed two LU-solver kernels are the
same with different input data, therefore, it is still possible to achieve similar
performance via a pure data-parallel implementation. The task-parallelism
exploited in this work is different to previous studies, as it affects the execution

order and concurrency of different compute kernels.

« We propose a graph-based approach to overcome race condition issues while
maintaining high scalability. Paralleled component computations can easily
cause race conditions since each bus can have connections to multiple com-

ponents. Previous studies often use programming tools such as mutex, atomic
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operations to avoid this issue. However, these can potentially degrade the

performance largely [KH13].

We demonstrate the use of a flexibility layer that could translate the compute
kernel as well as the host program to the target heterogeneous computing
framework during compile time. The implementations of almost all previous
GPU-oriented approaches had only focused on using CUDA as the program-
ming framework, which can efficiently utilize the performance of Nvidia GPU
but does not allow the use of hardware from other vendors. The compatibility
of our implementation is extended without compromising on the performance.
Moreover, vendor-tuned numerical libraries can be used when executing on
GPUs from different vendors, leading to efficient utilization of the GPU hard-

ware.

The proposed parallel-in-space method is combined with parallel-in-time to
achieve higher speed up. We implemented the combined space-time parallel
simulation algorithm using a heterogeneous approach where the parallel-in-
space (PinS) propagator is executed on GPU and PinT propagator on CPU, the
result shows positive speedup when the two algorithms are combined. In order
to increase PinT convergence, we proposed the hybrid model and buffered
coarsening technique, both techniques have shown improved convergence.
Moreover, an analytical model is also proposed to estimate the performance,
which can help to determine the applicability of PinT to the candidate problem

and estimate the needed resources to gain performance improvement.

We propose a data-oriented design to facilitate simulation under space-time
parallel algorithms, as well as execution on hardware accelerators like GPU.
Compared to traditional object-oriented design, the data-oriented design can
achieve better efficiency in memory utilization, and easier to be mapped into
SIMT model, which is suitable for execution on GPU.

Moreover, we also show that the C++-based simulator implementation can be
interfaced to Python via pybind, so that network models as well as simulations
can be constructed and executed directly in a Python script, giving better

flexibility in real applications.

The numerical integration performance on GPU can be automatically opti-
mized using the approach we proposed in , the approach searches for optimal

settings of hyperparameters such as matrix format, thread work group size etc.,
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as well as exploiting vectorizations. The optimized integration routines show
better performance than implementations relying on standard GPU-based lin-

ear algebra libraries.

1.4 Outline
This dissertation is organized as illustrated in Fig. 1.3:

Chapter 2 introduces theoretical foundations of this work, including power system
modeling and simulation, parallel paradigms of different simulation methods, as
well as basics to parallel programming on GPU.

Chapter 3 describes the massively parallel simulation approach using GPU to ac-
celerate the simulation, including extraction SIMT parallelism from computations,

as well as the exploitation of data and task parallel.

The fourth chapter combines parallel-in-space method with parallel-in-time method
to achieve higher speedup.

The fifth chapter introduces our data-oriented design, which allows efficient com-
putation using space-time parallel method and is naturally suitable for computations
on GPU.

Chapter 6 dives more deep into optimizing performance on GPU execution, we

analyzed the computation and memory patterns and proposes an automatic opti-
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mization technique that improves the numerical integration routines targeting on
GPUs automatically.



Chapter 2

FUNDAMENTALS

In this chapter, the background related to this dissertation is introduced, includ-
ing power system modeling and simulation techniques, parallelization methods, as
well as parallel computing techniques with an emphasis on programming hardware
accelerators like GPU.

We first describe the basic mathematical formulation of the power system simulation
problem, followed by the introduction of the traditional electromagnetic transient
simulation program. Then, the concept of shifted frequency analysis is described, as
well as the power system component models formulated using the shifted frequency
analysis method. Later, different parallel paradigms of power system simulation
methods are introduced, which gives an overview on the characteristics of different
methods. Finally, we give a short introduction on parallel computing techniques,
including the abstraction of computing hardware, execution model, as well as parallel

programming techniques.

2.1 Power System Simulation
Without delving deep into specific modeling methods or various models, in general,
power systems can be formulated as a set of system of differential-algebraic equations

(DAE):

x= f(x,y), (2.1)
0=g(x,y). (2.2)

The differential equations, on the one hand, are contributed by the dynamic com-
ponents, such as inductors, capacitors, and so on. On the other hand, the algebraic
equations mostly come from the topological constraints of the network. Numerical
simulation of power systems aims to solve these equations as an initial value problem
numerically over time. During this process, different integration methods, including
explicit, implicit, or multi-step methods, can be applied to compute the approxima-
tion of the DAE at the required time point based on the given initial condition. The
accuracy as well as the stability of the applied numerical methods are the key criteria
to evaluate the computational performance of the simulation. Comprehensive and

in-depth discussions and comparisons of these methods in general are beyond the
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Figure 2.1: Execution flow-chart of a typical EMTP type simulator.

scope of this work. Research on these topics can be found in a variety of publications
as well as books on numerical methods [CK06; Atk89].

One of the earliest simulator for electro-magnetic transient simulation is the EM TP
simulator [Dom69], which was developed in the late 60s and has been one of the
most impactful simulators in the power system community. Overall, the simulation
flow of the EMTP-type simulator is divided into two steps, as shown in Fig. 2.1,
which is developed based on the concept of nodal analysis. Dynamic components
are represented using Thevenin or Norton equivalent and inserted to the network,
whose equations are discretized to contain historical terms. During each simulation
time step, dynamic components update their injections to the network via updating
the reference values of the equivalent sources, afterwards, the network is solved
using modified nodal analysis (MNA). After the network solution is updated, the
simulation time is advanced and dynamic components that relies on the network

solution are updated. This process repeats until the final time is reached.
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2.2 Power System Modeling
Shifted Frequency Analysis
When contingencies take place in power systems, the frequency will normally still
oscillates around its fundamental frequency. This can be interpreted as the electrical
signals in the power system have a base frequency which is modulated by slower
events. Such phenomenon is analogously to the communications systems where a
base signal is modulated by higher frequency components to convey information.
In steady-state analysis of alternative current (AC) circuits, electrical signals such
as power, voltage, currents are commonly represented by phasor signals, which
uses a complex value to represent the magnitude and phase angle of the sinusoidal
electrical signal:

x(t) = Xl (2.3)

The concept of shifted frequency analysis is similar to the phasor representation,
whose goal is to represent the original signal using a signal with much lower
frequency, as if the frequency of the original signal was shifted to the left of its
frequency spectrum. As aresult, a larger time step size can be applied to simulate the
shifted signal numerically. This is due to the maximum sampling frequency given by
the Nyquist theorem (or Nyquist-Shannon sampling theorem), as the frequency of a
signal is decreased, the maximum sampling frequency is also decreased. Therefore,
by representing the desired signal using its envelope, a larger time step is also
allowed to be applied without violating the sampling theorem.

The procedure of performing SFA can be briefly described as following [Mar+14].
First, the analytical signal of the original signal is produced with the help of Hilbert
transform:

xq(1) = x(0) + jH [x(D)] , (2.4)

where H[-] denotes the Hilbert transform, defined formally as:

H[x(1)] = % [ - gd'r. 2.5)

Suppose that a power system signal x(f) = A(f)cos(wst + ) is given, then the
analytical signal is obtained by

H[A(Dcos(wst + )] = A(t)sin(wgt + 6),

xq(1) = x(t) + jH[x(1)] = A(t)cos(wt + 0) + jsin(wt + 8)

= A(t)e/%e/,
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Afterwards, the signal is shifted by the frequency — f;, using its angular speed we
get
Xa-shifred() = (A(r)cos(wst +6) + jsin(wst +6)) - e/,
= A(f)e/fe/O . g7t

= A(1)e’?.

Therefore, the original power system signal is shifted to frequency equal to zero. The
model of network components e. g. capacitors, inductors can be found in [ZMD10].

Moreover, if the original signal has a spread of different frequency components,
the SFA can also be extended by using a set of Fourier coefficients as explained
in [YBA13]. The application as well as accuracy analysis regarding SFA and Hilbert
transform based method are discussed in [ZMDI10; Mar+14; YBA13; DFP20;
Pao+20].

Resistive Companion Method
A technique applied frequently in power system modeling or circuit analysis is
the resistive companion method. The method uses an equivalent circuit model to
represent the numerical solving process for linear dynamic components, here the
term dynamic components are referred to the components whose behaviors are
described involving differential equations. Take the inductor model as an example,
its current is described by

i=L"u (2.6)

Numerical integration is needed to calculate the current over it

i=L"! f udt. 2.7

If the Euler backward method is applied to perform discretization and integration,
the inductor current is calculated by

. . -1
Q41 =g+ h- L7 1y,

Note that since the inductance is a constant, its product with voltage can be seen as
calculating the current over an equivalent resistor. Therefore, the dynamic inductor
can be replaced by an equivalent current source and a resistor connected in parallel,
where the reference current of the source i,4,;, is updated by the current over the
inductor branch from the last time step i(), and the conductance of the equivalent
resistor G ., equals L

igy1 = feq +h-Geutgy. (2.8)
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Moreover, the resistive companion method can be applied in combination with other
modeling techniques for instance the SFA. When applying SFA to the inductor
model, the differential equation Eq. (2.6) becomes:

i+jwi=L'u 2.9)

again applying a numerical method to discretized it, in case of Euler backward:
ka1 =1k + - (L7 0g1 — jwigs). (2.10)
Reformulating it so that the right-hand side remains the same form as Eq. (2.8):

1-jwh - h(1 — jwh)

v T T vty 21D

i1 =

with the new equivalent source and conductance computed by

1—jwh | _ h(1 - jwh)

fog = ——= i, =— 2.12
T T ' T T T o) 212)
Similarly, for capacitors, assuming SFA is applied
i=Cu+jou, (2.13)
and discretized with Euler backward method
C C
ike1 = (E - jw) et = 5 Uk (2.14)

Note that here the equivalent current source is updated by the previous component

voltage, this is because the state variable in this case is voltage instead of current.

In general, the resistive companion method can be applied to all linear dynamic

components. Let the component be modeled in state space form
X=Ax+ Bu (2.15)
and discretized using Euler backward
Xpy1 = Xg + h - (Axpyq + Bugyr). (2.16)

Reformulating it so that the right-hand side again complies with Eq. (2.8)

1 hB
= Sxg + . , 2.17
Xl = T Xk T kel (2.17)
with the equivalent current source and conductance being calculated by
1 hB

(2.18)

xk,

4 =T ha 4T T_hA
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Reference Frame Theory

Power systems using alternate current are typically configured as three-phase sym-
metric systems. Therefore, the electric signals, for instance the variating abc phase
quantities are naturally represented in a static reference frame, referred to as abc
frame. In this case, these signals represent the original physical signals. It is however

computationally challenging as these signals usually have high frequencies.

One efficient method to reduce the computational requirement is to use Park-
transform to project the signals into a rotating dg0 reference frame that rotates
at the same angular speed as the fundamental frequency of the system. Therefore,
the steady-state signals, which variates at fundamental frequency, become constant
in this rotating frame. The transform is given by

X4 cos cos(0— %) cos(0+%)
2
Xg| =7 |~ siné —sin(0 — %) —sin( 9+ Xp| (2.19)
1 1
*o0 2 2

where 6 = wt + 6y is the instantaneous angle of the rotating frame, and w = df/dr

being its angular velocity. To recover abc quantities, The inverse transform is given

by

X4 cos @ —sin@ 1| |xg
xp| = |cos(6 — 2—;] —sin(6 — %”] 1 |xg4] - 2.20)
X cos[9+%”] —sin(6 + %”) 1| |xo

In practice, when the three-phase quantities are symmetric, the zero-sequence com-
ponent xp can be ignored because x, + x; + x. = 0, the transformation is reduced

to
Xa

[xd] _ % [ cosf cos(@— %) cos(d+ %) ). 221)

—sin@ —sin(6-%) —sin(6+%)

In the real model of power systems, multiple rotating reference frames could co-
exists. For instance, when the network is modeled with SFA, and component
with the dg0 frame. Therefore, to interface different reference frames, an additional

transformation between two reference frames based on the difference of their angular

Xp _
RY

speed need to be applied

sinéd cosd

—cosd sind

[‘” ] . (2.22)
Xgq
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Figure 2.2: SFA frame to dg frame

with & defined as the angle between the ¢ axis to the real axis of SFA frame. As
shown in Fig. 2.2. It needs to be noted that there are alternative definitions of &
in different literature, and the transformation matrices need to be adapted when the
definition differs. In this work, we comply with the definitions in [KBL94].

Component Characteristics and Modeling

Synchronous Machine: Most of the power plants use synchronous machines as
the generation unit, for instance hydropower plants, thermal power plants, and
even nuclear power plants. Therefore, modeling of the synchronous machines is
very important to studying power system dynamics of traditional systems. One of
the major difficulties in modeling them is due to its rotating nature, which leads
to constantly changing flux linkages. Therefore, most of the parameters are also
changing according to its rotation. A common practice is to use Park-transformation
to project the variables into a rotating frame which rotates with the synchronous
frequency, therefore, the variating flux linkages becomes constant. The resulting
electromagnetic circuit can be represented by equivalent circuits over dg0—axis,
which is shown in Fig. 2.3, representing a classical model is introduced in [KBL94].

Formulating the dg-axis stator and rotor voltage equations in per unit notation, we
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can get
W, = eg— ¥y0, — Raig (2.23)
¥, = e, — Vi, — Rii, (2.24)
Wy = eg— Raip (2.25)
Wia=efa— Rpaifa (2.26)
W14 = —Rigia (2.27)
Wi, = —Rigitg (2.28)
Wy, = —Ragizg (2.29)

where Eq. (2.23)-(2.25) are the stator voltage equations, and Eq. (2.26)-(2.29) the
rotor voltage equations. The variable 6, describes the angle between the axis of
phase A and d-axis, and 8, the angular velocity w, of the rotor. For a 50 Hz network
under steady state conditions, w, equals to the synchronous angular velocity, i.e.
6, = w, = w, = 2 - 50; the term ¥, 6, and ¥,6, are referred to as speed voltages as
they are induced by the flux change in space, and ¥, '-i’q the transformer voltages,
as they are induced by the flux change in time.

Flux linkages on stator and rotor flux can be described via the following algebraic

equations, using again per unit system:

Wy =—(Laa + L1)ig + Ladgifa + Lagira (2.30)
W, = —(Lag + L1)ig + Lagitg + Lagizg @231)
¥y = —Loig (2.32)
Wra = Lyfaifa + Lfigitg — Ladia (2.33)
W14 = Lfigifa + L11gita — Lagia (2.34)
W1, = Litgitg + Lagizg — Lagiy (2.35)
Wy, = Lugirg + Lasging — Lagi (2.36)

And finally, the three-phase electric power output from the stator terminal is
. . .3 . .
P, = e,iq + epip + eci. = E(edtd + e4iq), (2.37

assuming balanced condition where egip = 0. Using stator voltage equations
Eq. (2.23)-Eq. (2.25), we can rewrite the equation of electric power in terms of
flux linkage
3 . .
P, = E(Tdtq - VYig)w,. (2.38)
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Figure 2.3: Equivalent circuit on dg0-axis of synchronous machine. Figure repro-
duced from [MZB24] under the CC BY 4.0 license.

The per-unit air-gap torque can be calculated based on the stator output power by

P; 3 Wy
¢ Wmech 2( B E )wmech

The prime mover of the synchronous generator accelerates or decelerates by the

(2.39)

unbalance of the applied torques. The equation of motion around the prime mover
is
Jd)m = Tm - Te, (2.40)
where J is the combined moment of inertia of generator and turbine in kg - m2. A
more common approach is to use per unit inertia constant H, defined as
B 1Jw%m
2 Spase '

where wy,, is the rated angular velocity in mechanical rad/s, and Sy, the rated

(2.41)

apparent power. Since the Park-transform needs the mechanical rotor angle 6,
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Figure 2.4: Pi-Model to represent transmission line with lumped parameters or
transformers, the grounding branches can be removed depending on the need.

which is the second derivative of the mechanical w. To stay an ordinary differential

equation (ODE), the equation of motion for synchronous machines is usually written

as
AS = woAw (2.42)
1
Ais, = 5 (T~ T~ kpAwy,), (2.43)

where kpAw, represents the damping torque, which is not accounted for in the

computation of 7.

Branches: Transformer and Transmission Line with Pi-Model: The Pi-Model has
been applied widely in modeling transformers as well as transmission lines with
lumped parameters [KBL94]. As illustrated in Fig. 2.4, the Pi-model is consists
of an RL-branch representing resistive and inductive losses, and two shunts at
two terminals representing grounding admittance. The transformer turns ratio is
defined as the ratio between the nominal voltage of the primary and secondary sides
n = np/ns. In the case of transmission lines, the turn ratio is simply setton = 1,
and the additional matrix stamping for turn ratio is ignored. The matrix stamping

scheme for the pi-model branches is the same as the simulator DPsim [Mir+19].

2.3 Parallel Paradigms of Power System Simulation Methods

There are different parallel paradigms where different simulation methods can be
categorized based on their characteristics. Firstly, based on the granularity of the
decomposed problem, methods can be categorized into fine-grained or coarse-
grained parallelization methods. However, there are no clear distinction as coarse-
grained methods can always be formulated into a fine-grained problem [Aril5].
Secondly, based on the expression of parallelism, the methods can be divided into
explicit or automatic parallelization methods. In general, an explicit method can

be, for instance, expressed in the parallel constructs in the programming language
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#pragma omp parallel
{
for(int i=0; i<size; i++){
datal[i]l+=1;
}
}

Listing 2.1: OpenMP parallel construct, which creates a team of OpenMP threads
that execute the region.

of the mathematical model itself, for example, the parallel region using OpenMP as
shown in List. 2.3.

Another type of explicit parallelization is achieved by structuring the problem into
computational components with strongly typed communication interfaces [Aro06],
an example is using transmission line modeling to distribute simulations in Model-
ica [Sjo+10]. Methods of this type are usually categorized as explicit coarse-grained
methods.

As for automatic methods, in [Aro06], Aronsson et al. gave a detailed classification
with the automatic fined-grained methods:

+ Parallelism over the method: Under certain conditions, some ODE or DAE
solvers can be parallelized, e. g., multiple steps can be computed in parallel.
For instance, in [Spel8], when using collocation method to solve ODEs with
spectral deferred correction (SDC) method, multiple collocation nodes can
be updated simultaneously. For most of the solvers, at least for ODE solvers,
there are only very limited parallelism can be exploited. By altering the
solver algorithm, may change the convergence behavior, which may in terms

decrease the simulation performance.

« Parallelism over time: In time domain simulations, the solution of the next
step is usually always dependent on the previous time step. However, there
still exists PinT algorithms, for instance parareal [Gur+16], which accelerates
these simulations by solving dynamic systems at multiple time points simul-
taneously. The core idea of the PinT algorithm is to use a coarse step to solve
the system to give an estimation, then update this coarse solution using fine
steps performed in parallel from multiple coarse time points. Another parallel

over time possibility is in discrete event simulations, where multiple events at
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different time points can be evaluated in parallel as long as it obeys causality

constraints.

* Parallelism of the system: The modeled system, i.e. the equations of the
system, is parallelized. For ODE or DAE systems, this means the evaluation
of the right-hand side is parallelized. Researches in this direction are focused
mostly on the equation level parallelism, such as in Modelica [Aro06; Lun+09;
Wal+14].

In addition to using fine-grained methods to achieve automatic parallelization,
coarse-grained methods can also be realized. It is also possible to exploit par-
allelism among strongly connected computational components by, for instance in
the simulator DPsim [Mir+19], task parallelism can be utilized to schedule execution
of different computational tasks so that parallelism is exploited at a higher level.

This form of parallelism is also elaborated in the following sections of this work.

Applications of explicit parallelism can be found in parallelization methods like
transmission line modeling (TLM) [Sj6+10], diakoptics [Hap74], waveform re-
laxation (WR) [LRS82], etc.; and for automatic parallelism in fine-grained meth-
ods like [ZD17], in coarse-grained methods such as the state-space nodal analy-
sis (SSNA) [DMBI11] and LB-LMC [BM15]. A systematic comparison of different
parallel methods can be found in [Geb19; Lun+09].

2.4 Parallel Programming and Architectures

Heterogeneous computing frameworks such as OpenCL, CUDA or HIP share a
similar concept in their hardware abstractions, which contains three levels: device,
compute unit (CU), and processing element (PE). Illustration of the three levels
as well as the memory hierarchy are shown in Fig. 2.5. Such framework can be
described as a host-device model, where the host prepares the computing tasks and

schedules their execution on a single or multiple devices.

To map the hardware abstraction with the actual hardware, take Nvidia GPU as an
example, where the Nvidia streaming multiprocessors (SMs) are the CUs, which is
composed of CUDA cores, being their PEs; and the whole GPU is represented as a
device [KH13].

During parallel execution, the finest processing granularity is a work-item (or thread
in CUDA/HIP), which executes the code written in kernel in parallel on the device;

a collection of work-items that are scheduled together and executed on the same
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Figure 2.5: Hardware abstraction of heterogeneous computing frameworks like
OpenCL, CUDA or HIP. Illustration using terminology of OpenCL. Figure repro-
duced based on [MZB24] under the CC BY 4.0 license.
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Figure 2.6: Illustration of the parallel execution model [KH13], based on terminol-
ogy from OpenCL and CUDA/HIP. Figure reproduced from [MZB24] under the CC
BY 4.0 license.

CU is a work-group (or block in CUDA/HIP), work-items in the same work-group
can share data via the local memory if needed. Finally, a collection of work-groups
forms NDRange (or grid in CUDA/HIP) which represents all work-items that is
spawned during execution of a kernel. An illustration of the execution model is
shown in Fig. 2.6 [MZB24; KH13].
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Chapter 3

MASSIVELY PARALLEL-IN-SPACE SIMULATION

Early in the 60s, there has been practices of parallel-in-space methods [Bra77]. Over
the past decades, along with the advancements in computing hardware, different high
performance computing techniques as well as various simulation methods have been

investigated to improve the simulation performance.

In this chapter, we introduce a massively parallel-in-space method for power system
simulations that executes natively on GPUs across different platforms. We first
introduce the parallelization method to decompose the original simulation problem,
as well as the application of shifted-frequency analysis to alleviate computational
burden while maintaining the needed accuracy. Afterwards, the single-instruction-
multiple-threads mapping of the decomposed problem into parallel hardware is
illustrated. Other than exploiting data parallel execution on GPU devices, the
method also exploits task parallelism among various computing tasks, achieving
higher level of parallelism. Moreover, in order to extend the compatibility over
different heterogeneous frameworks, the code is not simply based on a certain
framework but using an abstraction over frameworks, so that it can be executed
with more flexibility and not restricted to a certain framework. Finally, benchmark
results show that our approach achieves faster-than-real-time capability for systems
with hundreds to thousands of nodes.

In the end, we also introduce a generalized formulation for the parallelization ap-
proach applied, which unifies the component-level decomposition and network par-
titioning. This formulation can be further employed in simulating larger network
across multiple GPUs.

The work in this chapter has been partially presented in [ZMB24].

3.1 Parallelization method

In Chap. 2 we reviewed that power systems can be represented by a DAE, where
the ODEs represent the dynamic components in the system: for example, in tradi-
tional transient stability analysis (TSA) programs, these differential equations come
from the machine equations and the corresponding controllers; the algebraic equa-

tions (AEs) represent the topological constraints of the network. Such formulation
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can also be extended to model modern power systems with suitable modeling of

distributed generation components e. g. photovoltaic fields, wind turbines, etc.

The main idea of the LB-LMC method [BM15] employed in this work is to separate
the component computations from the global network solution. Explicit integration
is used typically for the non-linear components, and implicit integration is used
for the linear network representation. Once component equations are discretized,
components can be clustered in voltage or current type based on their characteristics

at the terminal, i. e.

I"(k + 1) = f(v(k), i(k),x(k), u(k), k), G3.1)
Vi(k + 1) = £(v(k), i(k), x(k), u(k), k). (3.2)

Since the decoupled components are represented by controlled source in the original
network, the new network solution is obtained by applying the MNA method.
Combining Eq. (3.1) - Eq. (3.2), we can represent this step as

YX(k +1) = b(v(k),i(k), I"(k + 1),V"(k + 1), k + 1), (3.3)

where Y is the admittance matrix, b is the source vector, and X (k + 1) is the new

network solution vector.

By using explicit integrator for nonlinear components we achieve high paralleliz-
ability of the solution while by implicitly integrate the linear components of the
network we improve the stability of the overall numerical solution. The accuracy

concern about using explicit methods has already been clarified via stability analyses

in [BM15].

The whole solution flow can be roughly divided into two steps, namely compo-
nent step, where Eq. (3.1)- Eq. (3.2) are evaluated in parallel, and network step,
where Eq. (3.3) is solved with the help of GPU-based basic linear algebra subpro-
grams (BLAS) library. An additional step named reduction is introduced between
these two steps to solve the race condition among threads and is discussed in Sect. 3.2.

3.2 Computational Approach

In order to execute and coordinate the execution on GPU devices, we implemented
the program using the OpenCL framework [Gro23]. Like most of the other frame-
works targeting heterogeneous platform, the programming model of the OpenCL
framework abstracts the hardware into two types, namely the host and the device.

The host is used to coordinate the execution of computing tasks as well as the data
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Figure 3.1: SIMT-based compute kernel design for different components. Figure
reproduced from [ZMB24] under the CC BY 4.0 license.

movement among different memory objects, whereas the device is responsible for
the actual computation. The compute kernels are the code that will be executed in
parallel on the device. In this section, we will introduce the design of our kernels

so to achieve data- and task-parallelism.

Data parallelism

A compute kernel is by its nature data-parallel as the same code is executed by
multiple threads, and each thread is usually programmed to take different data by
its thread-ID. In order to utilize the GPU efficiently, many previous works have
managed to maintain the computations fully on GPU so that the communication
overhead between GPU and CPU can be avoided. This is also the case with this
work. Finally, since we have a component step and network step during each
simulation step, our GPU kernels are designed for the two steps, respectively. In
this work, the component kernels are designed following the SIMT model, i.e.
a compute kernel is designed for each type of component, and each instance of
such component is computed by a thread, as shown in Fig. 3.1. Therefore, the
complete routine of one type of component—including the numerical integration
as well as auxiliary transformations e.g. park transform—is performed inside
the corresponding component kernel. As a result, different threads for the same
compute kernel follows an identical execution path. Therefore, thread homogeneity

is maintained for each type of component.
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The network step is formulated as a set of algebraic equations; therefore, it can be
solved via standard BLAS libraries or linear solver libraries, which automatically
generate compute kernels and exploits data-parallelism during execution. These
libraries have been extensively studied and developed for different platforms, hard-
ware vendors also provide their own implementations, e.g. cuBLAS, cuSOLVER
by Nvidia, and rocBLAS, rocSOLVER by AMD, etc.

Graph-based thread safety design

When component computations are parallelized, collecting all component outputs
into the source vector b will likely cause race conditions. This is because most of
the nodes are connected with multiple dynamic components, e. g. two generators, to
the same bus or at any bus with more than a single line connected to it. Apart from
modeling approaches such as aggregated component models, static network models,
different programming techniques can be applied as well to solve this issue, e. g.
mutex, atomic operations, etc. However, since these techniques basically serialize
the concurrent operations, when the network structure becomes more complicated,
or the number of multi-terminal components is large, performance may degrade
severely [KH13]. To maintain scalability when simulating complex networks, we
propose a graph-based approach to overcome this issue. Let’s assume the power
network is represented using a directed graph G = (V, E), where all buses are
mapped into vertices V and all components are mapped into edges E. Selecting all
edges mapped from dynamic components E " C E, and associated vertices V' C V.
Let D be the incidence matrix of G’ = (V’, E”), e be the vector of component outputs,
then the new source vector b for MNA can be calculated using this incidence matrix

D and the e vector as

b = De(V"(k + 1), I"(k + 1)). (3.4)

Task parallelism

Operations like the launch of compute kernels or read-write actions to/from the
device’s memory are normally referred to as tasks. In addition to the data parallelism
within the compute kernels, a high level of parallelism is exploited via the task
graph which enables concurrent kernel execution. The task graph is constructed
by analyzing the data dependency in each kernel’s input data; kernels without data
races can be labeled as independent tasks. For instance, when different kernels are
taking the same data as input, no data race exists if there are only read-after-read

operation.
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Figure 3.2: Simple connected directed graph and its incidence matrix. The dynamic
edges are marked with red. Figure reproduced from [ZMB24] under the CC BY 4.0
license.
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Figure 3.3: An example execution task graph during one time step. Q; represents
command queue or stream. Squares represent the task and round circles represent
the associated data, (a) shows an in-order execution of tasks, data dependency is
illustrated to the right but usually has no effect to the execution. (b) shows the task
graph based on the data dependency, and the concurrent execution of the original

tasks based on the task graph. Green edges indicate the synchronization among
tasks. Figure reproduced from [ZMB24] under the CC BY 4.0 license.
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Figure 3.4: Implementation of the fully parallel program. Figure reproduced from
[ZMB24] under the CC BY 4.0 license.

The implementation of a task-parallel runtime mostly relies on the corresponding
OpenCL implementation. In OpenCL, the execution order of enqueued tasks is
determined by the implementation itself, even the tasks (or commands) in an in-
order command queue can be reordered during execution [Gro23]. In out-of-order
command queues, a task graph can be dynamically constructed according to the
explicitly indicated data dependencies, therefore, independent tasks can be executed
concurrently. In contrast, CUDA requires the user to launch kernels on different
streams or to manually construct a CUDA graph so that concurrent kernel execution
can take place. To overcome this difference, we designed our kernel execution similar
to the CUDA way. Since the tasks to be executed mostly remains the same during
the simulation, we construct the task graph offline and launch independent tasks for
different command queues or streams, and use events to synchronize between them.
An example can be found in Fig. 3.3, which is constructed from the data dependency

of the originally in-order executed kernels as shown in Fig. 3.3a.

3.3 Implementation

Single-core implementation for CPU: Optimized sequential implementation
To evaluate the performance of the proposed approach, we need the best possible
sequential implementation of the same problem. Sequential simulation algorithms

executed on the modern computer architecture might not actually be executed se-
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Figure 3.5: Illustration of SIMD execution on single CPU core.

quentially, especially for compiled languages such as C/C++. Automatic paralleliza-
tion techniques of the compilers has been studied for many years [FO05] and are
already available on most of the compilers, e.g. the automatic vectorization by
GNU GCC [GNUGCC]. With these techniques, instructions executing on a single
CPU core can follow a SIMD style as shown in Fig. 3.5, where a vectorized y <+ ax
operation is executed. This instruction level parallelism can be applied to almost all
of the modern CPUs since the SIMD instruction sets e. g. SSE, AVX, are supported
by almost all of the modern CPUs, provided that the code implementation fulfils
certain requirements, e.g. memory alignment, etc. Since numerical simulations
are often dominated by linear algebra operations, the compiler optimization like
auto-vectorization has a significant impact on the overall performance. Therefore,
these features should be enabled in most cases for C/C++ based programs to achieve
the best performance on CPU. To ensure a fair comparison, we use the linear algebra
library Eigen [GJ+10] to implement the matrix operations and enabled the highest
compiler optimization. As a result, the sequential implementation we will use as

reference for performance evaluation already has a certain level of parallelization.

Fully Parallel Implementation

The fully parallel program adapts the LB-LMC method and the compute kernel
design introduced in Sect. 3.1 and Sect. 3.2 to exploit data- and task-level par-
allelisms. The architecture of the fully parallel program is reported in Fig. 3.4.
Using the OpenCL framework leads to high portability because of the wide range of
OpenCL-conformant products [23]. Since the framework is only an open standard
and a corresponding implementation needs to be provided, either a vendor-supplied
OpenCL implementation or an open-source implementation [Ji#+15] can be used.
To increase the performance while keeping the portability, a translation layer is added
so that the OpenCL Application Programming Interfaces (APlIs) are internally trans-
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lated to use the vendor-specific programming framework’s API, and the compute
kernels are translated into the target framework’s kernel as well, as shown in the
lower part of Fig. 3.4. This translation is implemented for Nvidia and AMD GPUs
via our own extension of CLCudaAPI [CLCUDA] for the host program, and for
the compute kernels, a directive-based tool is implemented. These translations take
place during the compilation, therefore, they will not produce extra overhead during
the execution. For instance, when the program is executed on an Nvidia GPU and
CUDA is selected as the back-end, the program can automatically translate the origi-
nal OpenCL API calls to CUDA and Nvidia’s just-in-time (JIT) compiler NVRTC to
compile the compute kernels. For AMD GPU, the program uses its HIP framework
and selects the ROCm framework as the computing back-end.

Another advantage for translating the OpenCL API to vendor-specific framework’s
AP is that the program is allowed to use vendor-optimized numerical libraries, e. g.
cuBLAS on CUDA device and rocBLAS on ROCm device, providing more efficient
utilization of the hardware.

3.4 Study Cases

System response during disturbance

Before evaluating the computational performance of the proposed approach and its
implementation for FTRT execution, we first evaluate its accuracy using as reference
the conventional EMT simulator DIgSILENT PowerFactory [PFACTORY], which

is widely used for electrical power system analysis.

For this purpose we used the IEEE14 network (Fig. 3.6). An example provided by
DIgSILENT. The machines are modeled with the standard model in PowerFactory.
At the time ¢ = 0.1s, Line_0001_0005 is opened, creating a disturbance into the
system. To observe the system responses, the EMT simulation with PowerFactory is
executed with 50 ps time step for 20s. We then compared the result obtained from
this simulation with our SFA-based approach with the same time step, as shown
in Fig. 3.7. Even if slight mismatch can be observed from the results, it is clear
the developed tool based on SFA provided equivalent results to the EMT one. We
imagine that the slight mismatch can be attributed to the use of different numerical

integration schemes, as well as to the event handling methods.

Accuracy analysis
To compare the SFA simulation result with the EMT simulation result as well as

to compare SFA simulation with different time steps, we use the original signals
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Figure 3.6: IEEE14 Network in DIgSILENT PowerFactory, with Line_0001_0005
open at t = 0.1s. Figure reproduced from [ZMB24] under the CC BY 4.0 license.

reconstructed from the SFA signal. This is done by first interpolating the signals
with a larger time step into the time step of the reference via linear interpolation.
Afterwards, the original signal is reconstructed by shifting the SFA signal with its

central angular speed w,

a(r) = Re{(a) (1)e/*'}
= A(1) cos(w,t + 8(1)),

(3.5)

where A(t), and #(¢) is the amplitude and phase angle of the SFA signal, respectively.
Finally, the absolute relative error over time e(7) is calculated via

a(t) — a(rey

3.6
H(I)ref ( )

e(t) =

where the reference a(t),. s is chosen as the reconstructed signal from SFA simula-
tion with 50 pis time step. To evaluate the capability of our SFA-based approach with
larger time steps, the SFA simulation is executed with 100 ps, 500 ys and 1 ms time
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Figure 3.7: System responses after opening Line 0001_0005, (a) Current over

Line_0001_0002/1, (b) Generator rotor speed, (c) Voltage at Bus 5, (d) Generator
electric torque. Figure reproduced from [ZMB24] under the CC BY 4.0 license.
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Figure 3.8: (a) Voltage magnitude of Bus5 with different simulation time step, (b)
Evolution of absolute relative error during simulation, compared with SFA at 50us
time step. Figure reproduced from [ZMB24] under the CC BY 4.0 license.
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Table 3.1: Mean and Median Relative absolute error during first cycle after event
with different time step. If without specification, listed cases are compared with
50us time step simulation with SFA

| 100us | 500us | Ims | 50us SFA - EMT (PowerFactory)

Mean | 2.46e-03 | 9.06e-03 | 1.26e-02 | 1.38e-01
Median | 1.04e-04 | 3.11e-04 | 3.75e-03 | 8.84e-02

Table 3.2: Mean and Median Relative absolute error after 10 cycles after event with
different time step. If without specification, listed cases are compared with 50us
time step simulation with SFA

| 100us | 500us | Ims | 50us SFA - EMT (PowerFactory)

Mean 1.72e-05 | 7.11e-05 | 1.50e-04 | 9.73e-04
Median | 1.94e-05 | 7.87e-05 | 1.54e-04 | 1.08e-03

steps. Results are shown in Fig. 3.8, including the evolution of voltage magnitude
as well as the absolute relative error. We also calculated the error of SFA with 50 pis
compared to electro-magnetic transient (EMT) result in PowerFactory.

Tab. 3.1 and Tab. 3.2 lists the mean and median value of the absolute relative error
e(t) during the first cycle, i.e. t = [0.1, 0.116] s, as well as after 10 cycles, i.e.
t = [0.26, 0.276] s. It can be noticed that the error is small throughout the period

and grows slowly with increasing time steps.

3.5 Performance Analysis

To evaluate the performance of our simulator with different sizes of networks and
especially large networks, we create synthesized networks using copies of the IEEE-
118 test system [I11] connected via transmission lines, as shown in Fig. 3.9, where
the Bus2 of the current copy and the Bus117 of the next copy are connected. The
benchmark is executed for 2 up to 64 system copies. As a single IEEE-118 system
contains 52 generators, the 64x system contains 3328 generators, and in total 43456

dynamic components.

Simulations in this section are compiled and executed on a server with two AMD
EPYC 7H12 CPUs (2.6 GHz base clock frequency, 64 cores each, hyper-threading
disabled); 256 GB DDR4 3200 MHz main memory; one Nvidia A100-40 GB GPU,
and one AMD MI100 GPU. The operating system installed is Ubuntu 20.04.5
LTS, kernel version 5. 15.0-67-generic; CUDA Toolkit version V11.8.89; AMD
HIP version 5.1.20532-£592a741, ROCm version 5.1.2.50102-55; programs
with AMD ROCm enabled requires clang compiler, and thus they are compiled
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Bus2 Bus117

Figure 3.9: Synthesized large-scale network using connected copies of the IEEE-
118 test system. Figure reproduced from [ZMB24] under the CC BY 4.0 license.

using clang with version 10.0.0-4ubuntul, the rest are compiled with GNU gcc

version 9.4.0.

The host program was implemented in C++ using the C++17 standard. The opti-
mized sequential program uses the Eigen library [GJ+10] with version 3.3.7-2 to
implement linear algebraic operations on the host side, which is also configured to
use OpenBLAS [Wan+13] as its back-end with maximum threading set to one.

Optimized Sequential

The simulation algorithm that the sequential program uses is the same as the parallel
one except that the reduction step is discarded, since it can directly write to the
source vector b sequentially without data races. Therefore, the computational load
for the sequential program is lighter than the parallel program. Results show that the
optimized sequential implementation can already meet FTRT for 2x to 8x IEEE-118

systems, assuming a time step of 1ms, as illustrated later in Sect. 3.5 in Fig. 3.10a.

Effect of task-parallel execution on data-parallel program

The performance increase with task-parallelism could vary greatly to different sys-
tems and scenarios. Using the 2x connected IEEE-118 system copies test case, the
task-parallel execution has contributed around 20% speedup on top of pure data-
parallel execution, as shown in Tab. 3.3. We need to point out that our test case

is nearly the worst-case scenario for the task-parallel execution. Because the tasks
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Table 3.3: Speedup with task parallel execution

Computing | Average execution time per step (ms) Speedup
framework | Sequential task Parallel task
execution execution
HIP(ROCm) 0.576 0.493 1.17
CUDA 0.203 0.169 1.2
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Fully Parallel
The performance of the fully parallel program on GPU is benchmarked with different
number of IEEE-118 system copies as well as on different hardware with different
implementations. Three groups of benchmarks were performed on AMD and Nvidia
GPU listed as following:

(a)

Figure 3.10: (a) Average execution time per simulation step, (b) Speedup of parallel
simulation on GPU over optimized sequential simulation on CPU. Figure repro-
duced from [ZMB24] under the CC BY 4.0 license.

5'10' ‘/)f 5 I/‘L
i /?‘
oo LLLA

f/ 4 8 16 32 (-2

‘Nurmber of total IEEE-118 system copies

(b)

capacitors, which share a large difference in their computational load.
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in our IEEE-118 system are associated with synchronous generators, inductors and

* OpenCL back-end: compute kernels are compiled using OpenCL, the reduc-
tion and network steps are executed using dense BLAS library clblast,

+ CUDA/ROCm back-end: compute kernels are compiled using the vendor-

specific framework, namely CUDA or ROCm, reduction and network step
are also executed using the dense BLAS library of each framework, namely
cuBLAS or rocBLAS,
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Table 3.4: Minimum time step allowed for faster-than-real-time execution df,;n, k f7¢
at 1ms step, and overall speedup over sequential simulation with different systems
sizes (as IEEE118 system copies)

System size (x118) || dtmin | kg at Ims step | Speedup over sequential
2 0.17 ms 5.91 2.24
4 0.17 ms 5.86 12.12
8 0.27 ms 3.66 26.44
16 0.50 ms 2.00 46.53
32 1.37 ms 0.73 65.03
64 4.82 ms 0.21 82.16

+ CUDA/ROCm back-end with dense & sparse BLAS: based on the previous
benchmark, the reduction step is executed using a sparse BLAS library of
each framework, namely cuSPARSE or rocSPARSE, instead of a dense one.

The benchmark results are shown in Fig. 3.10a. It can be noticed that the execution
on GPU with vendor-optimized libraries has demonstrated the best performance
among all implementations. The MI100 GPU has shown slightly lower performance
than the A100 GPU, which can be attributed to the lower memory bandwidth of
the former GPU. Nevertheless, albeit lower performance than vendor-libraries,
simulations using the OpenCL framework and cIBlast library still demonstrated
FTRT capability up to around 32x IEEE-118 system. The speedup of different

implementations over sequential execution is calculated by

k Iy = rpamﬂ'ef
speedup =
rsequenﬁal

and illustrated in Fig. 3.10b. The most performant implementation achieves over
82x speedup compared to the optimized sequential program. To see the FTRT
capability clearly, we define the FTRT factor k¢, as

h
kff =z 3
fsrep

where /i is the simulation time step, and 7y, is the average execution time per step
taken from the benchmark. By assuming a simulation time step of 1 ms, we can
calculate the factor k ¢, for the CUDA case with dense and sparse BLAS, this is
shown together with minimum time step allowed for FTRT execution, and speedup

over sequential execution as shown in Tab. 3.4.
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3.6 GLB-LMC: An Generalized formulation for LB-LMC

In Sect. 3.1 we introduced the LB-LMC method. We now discuss a generalized
representation of the LB-LMC method to fully exploit its potential. A similar idea
has also been discussed in [MBM19] to allow the simulation being executed on
multiple devices. In this section, we give a more systematic formulation of such

idea and analyze its computational efficiency.

Recall that the multi-area thevenin equivalent (MATE) method [Arm+06] can be
applied to parallelize simulation via partitioning the network. In that case, the
MNA-based network step can be rearranged into a block diagonal form as

Yni AN1 th
C :
=l ", 3.7
Yy XNk Ak
CcT ~Zi| | i Vi
where hyi, Yyi, Xy for k € {1,...,k} represents independent state variables,

admittance matrix, nodal states, in each sub-network, respectively. c represents
the connectivity matrix of the link between partitions (referred to as the cuf in the
following), and Z;, iy, V;, are the impedance matrix, current and voltage vectors

over the cut, respectively.

Consider the simplified system of equations

Yy C
cT -Z

X
I

H
Vi .

10)
@

Adding —CTY~! - @ to @ and multiplying ® with Y~! from the left yields

1 y-Ic X| Y-'H
0 —z,-C'v'c| |1 -V.-CTY H|’
Hence, Eq. (3.7) can be reformulated as
[ -1 | [ -1
I -+ 0 Yy1Cni o Yyihy
0 - I Yy Civk = Yy (3.8)

0 --- 0

£

C;‘.YE[-ICN,‘ + Zf__ I.L C;[Y;;} hNt’ + VL

k XNk k
-1 =1
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We can notice that the solution of each sub-networks depends on the cut, therefore,
once the cut is solved, the two sub-networks can be solved independently. Now if

we consider the solution of each subnetwork

Vi + (Y;;}C}W] ip = Y;;{hm (3.9)

as the new component equations, and the cut

k k
Z CEEYE}CN[' + ZL) I.L = Z C;;YN_“thi + VL (3.10)
i=1 i=1

as the new nefwork step, we arrive at an extended form of the original LB-LMC.
And the original formulation of LB-LMC is a special case where Cy; is 0, i.e. a

Zero matrix.

The advantage of the new formulation is twofold: firstly, we can adjust the size of
each component as well as the network without changing the model of individual
components, so that we can balance the computational load between component
and network step if needed; secondly, we could reuse code for existing models
by considering them as a subnetwork, which facilitates the development of new

components in simulator programs.

Computational Efficiency Analysis

We follow the discussion by analyzing the computational efficiency of this gener-
alized form. Let the cost ¢; for solving the equations of the i component, e.g.
a generator, which depends on the numerical method used to integrate the model
numerically. Let o; ; be the number of floating point operations (FLOPs) for evalu-
ating the equation governing the j state variable in the i component model. We

have

Cc; = kZCF"J +A[',
J

where k represents the number of times the derivatives or the Jacobian is evaluated.
That is, k depends on the number of stages or iterations of the integration method.
Here, A; denotes the additional overhead such as vector addition, e.g. inx « x + dx.

For simplicity, we assume the use of Euler forward and ignore these additional

C; & E 0y j-
J

overhead, which yields
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As for the network step, since it is a linear algebraic system, conventional LU-
decomposition based triangular solves can be applied, in many cases, it is also
practical to use the pre-computed inverse of the admittance matrix and apply matrix-
vector multiplication. Nevertheless, most of these methods have O(n?) complex-
ity [GV13]. Hence, we take simply the FLOPs for matrix-vector multiplication, i. e.
when pre-computed admittance matrix is used, to estimate the cost. Therefore, the
cost for network step is calculated by

Cner = (2n—T)n. (3.1

Take a system which consists of m components, for simplicity, assume that we have
homogeneity in the type of components, i.e. m identical components. The total
computational cost per time step can be estimated by:

Com =m()  03))+ 2n—1)n, (3.12)
J_, — —
—— o™
Component
Cost

Now consider we move g network nodes to each component, i.e. each component
therefore needs to solve g additional algebraic equations locally, while the global

network solves the remaining n — mgq algebraic equations.

Cotal(q) =m +[2(n—mg)* - (n-mq)].  (3.13)

Do +a2g—1)
J

What interest us is to see how we can reduce the cost by moving which quantity of
network nodes into component computations, i.e. adjusting g so that we can find
a range where Cio141(q) < Ciorar(0), here the term Cy,4;(0) denotes the original
Ciotar in Eq. (3.12). Since the number of components as well as network equations

are limited, the range of g is bounded by

(3.14)

0<q<min[ 2n n}_

(m+1)'m

The optimal C;,,,;(g) can be calculated by analyzing Eq. (3.13), for which we could
find the point ¢g* where Eq. (3.13) has its minimum

(3.15)

*= inC, = .
q" = argmin total () e
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It suggests that reducing the nodes in network step as much as possible, and partition
the network corresponding to the number of dynamic components, is beneficial to

the overall computation efficiency.

Interoperability

The generalized formulation offers more flexibility as it allows a component model,
or even an entire grid from an external simulator, to be treated as a component.
This capability enables seamless interoperability with third-party software, as well
as to extend the application of the PinS approach to accelerate simulations. Here
we give an example of modeling a small inverter-based system using the simulator
ORTIS [MB21], as shown in Fig. 3.11b. The integration method applied for different
components are marked with different color, green denotes the use of explicit method
and blue the implicit method. In Fig. 3.11a, the modeled inverter-based system is

treated as a component and interfaces to the network as a Norton equivalent.

With the inverter-based system model, we present a realistic study case using the
German transmission grid model taken from the SciGrid project [Med+17], re-
ferred hereafter as the SciGrid-DE model. Since there are increasing interest in the
inverter-based zero-inertia systems, whose dynamic behaviors differ significantly
from that of conventional synchronous generators. To show this, all conventional
generators replaced by the inverter-based system created using ORTIS solver, as
shown in Fig. 3.12. For simplicity, the primary energy resources (e. g. solar, wind)
are assumed to be infinite, i. e. modeled as constant DC source, and the controllers

are neglected.

When studying the transient behaviors, typically a fault or load step event is included.
Fig. 3.13b, Fig. 3.13c shows the transient voltage behavior at two arbitrarily picked
buses when a fault is applied at another bus. Such simulations are needed for studies
involving dynamic characteristics, such as the low voltage ride through capabilities,

system stability, etc., under a zero-inertia grid scenario.

The Benchmark was performed on the AMD MI100 GPU and AMD EPYC 7TH12
CPU. Performance results are presented in Tab. 3.5. In both cases, simulation was
performed for 4000 steps, and the average time per step is calculated accordingly, and
the simulation result in both cases is retrieved once per 1000 steps. We can notice
that the PinS approach on GPU provides nearly 46 x speedup than the sequential

case.
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(b)

Figure 3.11: (a) The inverter subsystem as a component and its representation in the
network (b) Decoupling of component computations within the inverter subsystem

Renewable sources &
Storage systems
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electronic
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s m; Power

Figure 3.12: All the generators are replaced by inverter-based resources, the three-
phase inverter model is taken from [Vyg+21].
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Figure 3.13: Transient voltage responses after a fault (cleared after 0.05s) on bus
"UW Grohnde" under a zero-inertia scenario. (a) grid topology with generation
distribution; (b) voltage response at bus "Station Giitersloh", (c) voltage response at
bus "Conneforde".
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Table 3.5: Average execution time per step for the parallel and sequential version.

Average execution time

per step [ms] Speedup
Parallel (GPU) 0.489 45.9x
Sequential (CPU) 22.449 -

3.7 Summary

In this chapter, we demonstrated our approach to accelerate power system simulation
using GPU and achieves FTRT capability for small and large networks. The original
simulation problem is parallelized using the LB-LMC method and separated into
two steps, namely the component step and the network step. The component step is
mapped into massively parallel execution following the SIMT programming model,
whereas the network step is executed using a high performance linear algebra library.
Our concept exhibits two levels of parallelism, namely data-parallel and task-parallel,
where the former is brought by the SIMT-based design of compute kernels for
components, and the latter by the concurrent task execution based on a task graph.
Moreover, we also demonstrated the importance of HPC implementations on real-
time (RT) or FTRT simulations: the optimized sequential simulation can also
achieve FTRT for small networks with the help of SIMD execution; the fully parallel
program gains further performance increase by exploiting sparse matrix structure
in implementing linear algebraic operations. In the end, our implementation shows
FTRT capability for electromagnetic transients with a dynamic phasor representation

for networks with more than six thousand buses.

Limitations of our approach mainly exist in the fact that we achieve data-parallelism
based on component types. When simulating a system where the components are
highly divergent in types, the massively parallel thread capability will be limited
and the overall performance relies on the task-parallel execution, i.e. concurrent
execution of different compute kernels. Future work could be conducted to study
the performance and improvements under such scenario, which also needs the
implementation of more complex components. Moreover, a more detailed study of
HPC implementations for GPUs is also important to performance improvements,
e.g. a detailed benchmark of different BLAS libraries on GPU as well as different
numerical methods for linear systems. Furthermore, the possibility of multi-GPU
execution should be studied in the future to enable fast simulation for even larger
networks.
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Chapter 4

COMBINED SPACE-TIME PARALLEL SIMULATION

When the spatial parallelization potential has been exhausted, it becomes challenging
to achieve further improvements in performance. Therefore, the application of
parallel-in-time has gained increased interest in recent years, as it operates on the
temporal dimension and therefore enables its integration with existing algorithms

where spatial parallelization is already applied.

The earliest research into parallel-in-time methods for differential equations can
be traced back to the 1960s [Nie64]. After that, a variety of methods have been
developed, including the parareal method introduced in 2001 [LMTO1], together
with the parallel full-approximation scheme in space and time (PFASST) [EM12]
method. Nevertheless, these two methods can be seen as special cases of the MGRIT
method [EM12]. The continuous development of PinT methods has also sparked a
variety of applications [Fal+14; Gur+16], and especially the recent applications in
power system simulations [FLW19; Gun+20; SDB22; CLD22].

In this chapter, we introduce the combined space-time parallel simulation approach,
which combines the proposed PinS algorithm with the parallel-in-time method
MGRIT to exploit spatial and temporal parallelization together, aiming to achieve
higher speedup than applying PinS individually.

4.1 Multi-Grid Reduction in time

Methodology

We start by briefly introduce the methodology of MGRIT following [SDB22]
and [FLIW19]. Consider again the power system simulation problem, it can be
formulated in a general DAE formulation

F(t,x,u,t) =0, forze [t,tf],

which we assume is continuous and differentiable in the interval [#g, 1 ¢]. Discretizing

the function with a time step
fTo—1f
h
for some value of h, we then obtain the fine grid with / points

o=




Os={t;eR|t;=t9g+i6,fori=0,...,h}.
Let ¢ to be the PinS propagator that applies on x
x(t+06) ~ ¢(x(r),1) i=0,....k—1

which computes the approximation to the solution at next time point x;;1 ~ x(#; +J).
Therefore, by applying ¢ iteratively on the fine grid ®;, we get a sequence of

approximate solutions
¢(x;) = x441,fori =0,... k,

Which is equivalent to performing numerical integration on ¥ with the initial
conditionxg. To illustrate this more clear, assume a trivial case where the propagator

is a linear operator, we can rewrite the numerical integration procedure as

I X0 X0

- I x 0
a=|? i = @.1)

—¢ 1) \xg 0_

In this form, sequential time stepping corresponds to performing a forward triangular

solve to this equation, which is usually not directly parallelizable.

We now introduce a coarse grid ®, which is obtained similarly to the fine grid but

with a coarse step
fo— 1y
hk, ’
where the coefficient ks is referred to as coarsening factor. Then the coarse grid
can be defined as

A:

Op={tieR|f=19+iA,fori=0,..., hk.s}.

Analogously to the fine propagator in fine grid, the propagator employed in coarse
grid is referred to as coarse propagator and can be different from the one in fine
grid. To introduce the solution of coarse grid, we denote k. times of successive

application of fine propagator ¢ as ¢*¢, we can rewrite Eq. (4.1) as

1 Xo Xo

_{b’(c 1 X] 1 0
ArX = L =] [T e 4.2

¢t 1) \Xg 0
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It is easy to verify that the solution vector x of Eq. (4.1) at time points x;, fori =
0,...,hk.y, satisfies the solution vector X in Eq. (4.2). Now use the coarse

propagator ¥ to replace ¢, we can get

1 Xo\ [Xo
¥ ] Xi|,]o0

BX = o NEINErN @.3)
v 1)\x¢/ \o

which represents the approximation to the coarse grid. The approximation is per-
formed with the help of classical residual-correction methods [BKK17], which is
the basis of the multigrid algorithm. We give an example from [SDB22] of how
such residual-correction method is applied. The residual at C-points by /-th iteration
R can be defined as

RY =g, — AxXx ", 4.4)

and the coarse grid correction C?) is defined as
c? = BIRD, 4.5)

The coarse grid correction X @ s used to update the states in the coarse grid, i.e.
the C-points, iteratively:
XD = x0 4 c®, (4.6)

Plugging Eq. (4.4) and (4.5) into (4.6), the update rule becomes
X0+ = xO 4 B! gy - 42 X0), @7

which can be viewed as a pre-conditioned stationary iteration. The term A X"
represents the collection of fine-solutions, where each time point can be computed
in parallel, using the results from the preceding coarse solve as initial values. The
(j + 1)-th row of Eq. (4.7), with j = 0,..., K — 1, corresponds to a given C-point,
and may be reformulated by multiplying Eq. (4.7) with B from the left

) _ gy ) gy 4 pefx®
x5 = wx i —wx ) 4 g

It is easy to see that the fine-grid approximation is recovered at the C-points if the
terms ‘I’X}HU and ‘I’X}U converge towards each other as [ grows.
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Figure 4.1: Execution flow-chart of the implemented PinT algorithm in two-levels.
Figure reproduced based on [SDB22] under the CC BY 4.0 license.
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Figure 4.2: Illustration of hybrid models, different models are applied at different
PinT level.

4.2 Improving the Convergence with Parallel-in-Time

Parallel-in-Time with Hybrid Models

Typical selection of time propagator for PinT scheme are the L-stable methods, for
instance implicit Euler or implicit midpoint rule [FS21; SDB22], so that MGRIT
method perform better. It is not difficult to notice this choice in studies of power
system simulation under PinT, where an L-stable methods, or at least an A-stable
methods, are used. For instance, in [Fal+14; FLW 19], Implicit Runge Kutta is used,
in [SDB22], Euler backward, and in [CLD22], implicit trapezoidal rule is used.

In the PinS algorithm introduced in Chap. 3, nonlinear components are explicitly
integrated. Therefore, in the case where coarsening factors are large, the coarse
grid could diverge already from the beginning. To overcome this convergence
issue, we proposed a hybrid modeling technique, so that when we were performing
integration on the coarse grids, a different model, and preferably a reduced-order
model that is easier to converge, is applied. We then investigate three different

model combinations for performing stable integration on the coarse grids:

1. Full-Oder-Full-Order: This is the most straightforward approach, added as
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reference, where the same model and integration method is used across all

levels.

2. Full-Oder-Force-Steady-State: In the coarse grid, we assume the dynamic
model is already in a steady state. Therefore, we can solve the differential
equations as algebraic equations by setting the derivatives of all differentiated
variables to zero. Meanwhile, due to the steady-state assumption, some
models can be further simplified, e. g., for the synchronous generators, the
coupling of rotor speed to dg-axis flux linkage is decoupled since the steady
state speed is 1 (p.u.).

3. Full-Oder-Reduced-Order: Models are replaced by a reduced-order model in
the coarse grids. Take synchronous generators again as an example, there are
models with different orders [Mil10] by neglecting transient dynamics with
different orders. In our case, we reduced the dynamic model into a static

current source model in the coarse grid.

The result of these three approaches is shown in Fig. 4.3. In general, both hybrid
model approaches have shown better convergence than the straightforward Full-
Oder-Full-Order, i.e. using the full-order model at all levels. In Fig. 4.3a, the
Full-Order-Full-Order case already diverged from beginning when the first level
coarsening factor, i.e. CFO, gets large, due to the poor convergence on the coarse
level. However, both hybrid approaches start to show better convergence when
the coarse grid is further away from the fine grid. This might due to the fact that
the steady state models used in the coarse grid are only more accurate after the
dynamics from the fine grid are damped out, therefore, the interval between two
C-points needs to be large enough. Fig. 4.3b gives a more detailed comparison
of two hybrid approaches, it can be notice that the Full-Order-Force-SteadyState
model would go into stagnation when the fine grid step size getting larger, such
effect has also been observed [De +23] in other applications by the parallel-in-time
community. This might due to the fact that the coarse solution is too erroneous so

that fine grid approximation cannot improve convergence anymore.

Buffered Coarsening

In order to increase convergence with multi-level PinT algorithm under aggressive
coarsening, we proposed a technique called buffered coarsening, the trick is to first

use a smaller coarsening factor for the first level of coarse grid, then for the coarser
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Figure 4.3: Comparison of different hybrid model approaches on the coarse level to

improve convergence.
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Figure 4.4: Convergence performance using buffered coarsening, where the coarse
grid first uses a small coarsening factor, and then applying more aggressive coars-
ening

grids more aggressive coarsening can be applied. A benchmark is performed based
on the SciGrid-DE case and shown in Fig. 4.4.

When using buffered coarsening, we could observe that the convergence is improved
compared to simple monotonic coarsening while keeping time points in the coarsest
grid the same. The reason is that when we perform buffered coarsening, the resulting
coarse grids are in fact more close to the fine grid, whereas in the case with increasing
coarsening factor monotonically, especially in the case with aggressive coarsening,
all coarse grids are far away from the fine grid, which deteriorates the quality in the
coarse grids and therefore posing higher challenge to the global convergence.

4.3 Computational Performance Analysis

Theoretical Speedup

Let w be the work needed for computing single time step, total work for the sequential
time stepping is

(4.8)

Wy = wng,

where n;, is the total number of steps, similarly, we can formulate the total work for

performing PinT, take a two-level algorithm for example:

Wy(1) = w- =% 4w-k- 2. cp+kD(1)

¢ ¢
— —
sequential parallelizable (49)
Why

+wkng + kD(1),
cr
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with ¢ be the coarsening factor, n; the total number of steps at finest level, and k
the number of iterations until converge, and D(p) the additional work brought by
PinT algorithm in each iteration, e. g. computing residual, communication, etc. Let
p to be the number of processors for computing the parallel part with p < :—; as
the intervals between consecutive C-points are parallelized, we can formulate the

estimated parallel speedup § p by

= W, Wh
0 = Wolp) ~ wme 4 whn | 5D
cf P P (4.10)
_ cr
l+k-cs/p+D'(p)
where kD (p) -
p Cf
D'(p)=——
Wi

Normally we could expect that kD(p) - c; < wny, therefore, by ignoring D’ (p)

and assuming p takes its maximum, we can find an upper-bound

§p<—L @.11)
l+cf{n3

In a multi-level PinT algorithm like MGRIT, the computation for coarse grid is also
parallelized. Denote the work and speedup for a two-level algorithm as Wf,m and
Sg)), we can formulate the work and speedup for an [ + 2 level algorithm as

W (p) = Wi () + 2 4 kD(p). @.12)
This formulation can also be expanded as

Wy N wkng wknyg
1 (J) (J) (0)
[Tj=0¢ f ]_IJ =0€y Cr

wi(p) =

1
+wkng |- —+kD(p), (4.13)
p
where CJ(:") denotes the coarsening factor at j-th level. In Eq. (4.13), the sequential
part is the first term, we can notice that it is significantly reduced compared to the
sequential part in Eq. (4.9). Assume each level was parallelized by the number of

corresponding C-points, we can estimate the max parallel speedup for multi-level

case by
W

- . (4.14)
w (p)

5,=
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Plugging Eq. (4.13) into Eq. (4.14), simplifying it, and assume that we have the

same number of processors as the parallelizable intervals:

1 )
§ ]_IFG Cr

> = - , (4.15)
4k S (o) - (- ) + kD () Mg ¢ - (wny)!

with p less than the number of parallelizable intervals. If the D(p) term can still be
ignored, it gives

1 )
= r[j:ﬂ ‘s

Sp = - ’
L4k 2 (M=) - (- p)!

(4.16)

The maximum theoretical parallel speedup for parallel-in-time application can also
be derived using another approach, for which we refer to as PinT margin. For a
two-level algorithm, the PinT margin m; is defined as

m=1-—-—75 @.17)
Recall that the C-grid and F-grid starts from the same initial values, i. e.
WXy = y¥xo,

where Xp = xp. The worst case for PinT is where the number of iterations equals
to the number of C-points, in this case, parallel-in-time execution collapses to
sequential-in-time execution. We could view the process of PinT algorithm as if
the PinT progress is "chasing” the sequential-in-time progress, and the margin m;
shows when the PinT algorithm converges, how much time, in terms of C-points,
is still unfinished in sequential-in-time simulation. Therefore, m, indicates the
portion of simulation result which was gained "for free" compared to conventional
sequential-in-time simulation. The larger value of the margin then indicates higher
effectiveness in applying the PinT over sequential-in-time stepping, and implies
potentially higher gain from optimizing the parallel execution performance than the

cases with lower margins.

)
f *
the change of residual during the iterations, and Fig. 4.5b shows the theoretical

We tested the convergence with various coarsening factor ¢/, Fig. 4.5a shows

maximum speedup S p calculated based on the convergence. We can observe that

the cases with smaller coarsening factor yields relatively larger S p- This may imply
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that smaller coarsening factors lead to better acceleration potential, however, this
implication has two main flaws. First, since C-points and F-points are relatively
close to each other, the accuracy of coarse grid may already suffice, and performing
PinT could only be over-complicating the problem; secondly, there are not much
F-points to be computed between the C-points, therefore, computational efficiency
may be compromised since the solver need to switch between residual computation
and fine propagation frequently. In fact, this is one of the way to fool the mass when
giving parallel-in-time result [G6t+21]. Moreover, in Fig. 4.5b we also illustrated
the effect of the parallel overhead term D (p) affects the theoretical speedup limit, as
the overhead is scaled up by the number of iterations k, we can notice the penalties
for poor convergence on the performance in the case where it took more iterations

to converge.

Performance Estimation

Using the performance model developed in the previous section, we can estimate the

simulation performance under PinT acceleration. The performance model is based
(Y}
f *
to converge k, and number of processors p. In addition, we also need a rough

on parameters such as coarsening factor at each level c¢’;’, number of iterations
estimation of D(p)/w. Since D(p) represents the communication overhead as well
as the additional computation overhead induced by the PinT algorithm, therefore, it
depends on both problem size and number of processors employed. The modeling
of D(p) can be found in previous studies on PinT performance such as [Fal+14]
or in general on parallel computing [Qui0O8], since the scaling overhead due to
communication usually scales O(log(n)). For simplicity, we treat the fraction
between D(p) and w as

Do) =22 4, log(p). @.18)

The value of d,, can be further approximated by performing a test simulation and
comparing the measured performance with the estimated performance. Therefore,
we can obtain an empirical estimation of additional parallelization overhead on the

target platform and problem.

We compare the estimated performance with measurements for the IEEE14 and
the SciGrid-DE case, results are shown in Fig. 4.6. In general, the estimated per-
formance fits with the actual performance. However, there are still a gap between
estimated and actual speedup, which is due to the fact that we simplified the addi-
tional costs D(p). Better estimations can be made by modeling D(p) in a more
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Figure 4.5: Comparison of theoretical maximal PinT speedup for different MGRIT

levels and coarsening factor c}w.
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Figure 4.6: Estimated parallel speedup using the performance model compared with
actual measurement

realistic way, for instance modeling it in the form of @ + 8 - log(p) [Fal+14], with
some assumptions and measurements to infer the value of a and 8, which represents

the computation related and communication related overhead, respectively.

4.4 Implementation of the Combined Parallel-in-Space-Time Solver

In this section, we present a non-intrusive implementation to combine PinT and
PinS algorithms. The PinT solver is taken from the open-source software package
XBraid [XBRAID], which provides an implementation for MGRIT; the PinS solver
uses the implementation from Chap. 3. Special considerations in implementing the
PinS including a data-oriented design, which is not common in traditional power
system simulators, will be discussed in more detail in later chapters. The key reason
for such data-oriented design is that both heterogeneous computing oriented PinS
implementation and PinT algorithm need a flattened architecture for the system
states, so that these states can be easily accessed and propagated. In traditional
object-oriented program design, these data would have been encapsulated in different
objects, for instance the objects that represent the entities owning these data. The
difference of these two program designs is beyond the scope of this section and are

discussed later.
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Figure 4.7: PinTS Implementation

The implementation of the combined PinTS solver is illustrated in Fig. 4.7. Where
PinT processors are executed on CPUs which manages the allocated PinS solvers
on GPUs. Each PinT processor communicates with other processors viamessage-

passing interface (MPI) in order to coordinate the parallel execution.

In addition, to increase the through-put from a single compute node, we also enabled
dynamic scheduling of multiple PinS solvers on the same GPU. This is because each
PinS solver will create its own CUDA context, and the execution is scheduled by the
GPU itself, which usually turns out to be inefficient. To overcome this, one solution
is to apply a dynamic scheduler. In this case, we use the scheduler from NVIDIA by
enabling multi-processing service (NVIDIA-MPS) on the computing nodes. And
we kept this configuration in all later benchmarks.

Combined Parallel-in-Space-Time Performance

Finally, we benchmark the simulation performance under combined PinTS algo-
rithm. The simulations are executed on the supercomputer JURECA at the Jiilich
Supercomuting Center. The supercomputer JURECA has 480 standard compute
nodes, where each node has: 2 AMD EPYC 7742 CPUs, in total 2 x 64 cores per
node with a base frequency of 2.25 GHz; 512 GB memory with base frequency of
3200 MHz, and the network connection uses InfiniBand HDR100 (NVIDIA Mel-
lanox Connect-X6). In addition, it has 192 accelerated compute nodes, which
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Figure 4.8: Benchmark result on dynamic SciGrid-DE system. (a)(c) Solving time
and speedup with PinT, (b)(d) Solving time and speedup with PinTS

has additionally 4 NVIDIA A100 GPU per node with in total 4x 40 GB HBM2e
memory. The compute nodes are diskless, with a network connection of 350 GB/s
to the Jiilich Storage Cluster (JUST). The simulator is compiled with Intel MKL
2024.2.0, OpenMPI 5.0.5, and NVHPC 24.9.

The result can be found in Fig. 4.8, we can gain additional speedup over applying
PinT or PinS alone after around 128 processors. We can notice that this break-even
point needs much more processors compared to applying PinT alone, which was
around 32 processors. This is because the PinS algorithm is executed on GPU
whereas the PinT algorithm is executed on the CPU, it yields higher communication

overhead within each iteration due to slower data transfers between chips.
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4.5 Summary

In this chapter, we introduced the PinT algorithm and the combined PinTS algorithm
to accelerate power system simulation with transient dynamics. In order to increase
convergence under PinT, we employed several approaches. Firstly, we employed
a hybrid modeling technique that dynamically changes the order of the model at
different PinT grids. Secondly, we use buffered coarsening to reduce the number of
iterations needed with the same total coarsening factors. A performance model is de-
rived to estimate the actual PinT performance, which provides an insight on potential
computing resources needed to achieve desired speedup. Finally, we demonstrated
the performance using the combined PinTS approach, showing additional speedup
compared to applying PinT or PinS independently.

Several improvements on methodology and implementations could still be further
investigated. For instance, one could consider combining L-stable method on the
coarse level and still employ cheap integrators on the fine level; moreover, differ-
ent the combined space-time parallel approach suffers from communication delays
since the PinT algorithm is executed on CPU and the PinS algorithm on GPU. An
implementation that extracts SIMD from the PinT algorithm is also possible and
could be further studied.
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Chapter 5

DATA-ORIENTED SIMULATOR DESIGN FOR FLEXIBLE
HARDWARE ACCELERATION AND CO-SIMULATION

In this chapter, we introduce a data-oriented design for power system simulator
which can efficiently combine parallel-in-space and parallel-in-time algorithms,
supporting multi-domain simulations as well as efficient utilization of hardware

accelerators.

From Chap. 3 and Chap. 4, we already introduced the methodology of the PinS as
well as combined PinT and PinS solver, and especially the concept of mapping power
system simulation into heterogeneous computing framework. In this chapter, we go
more into detail about how the design of the simulator could perform execution with

hardware accelerator and cooperate with PinT algorithm efficiently.

Traditional simulation software usually use object-oriented (OO) designs, as a re-
sult of the trend of OO programming languages like Java and C++. Features in
object-oriented design like polymorphism and inheritance has improved modularity
and code reusability, therefore promoting the wide adoption of these languages.
Examples can be found in open-source power system simulation tools, for instance

GridDyn [Kel+15], DPsim [Mir+19], etc.

Besides the well-known OO design pattern, the data-oriented (DO) design pattern
has also arisen discussions. In the following sections, we discuss the advantages of
data-oriented design compared to the traditional object-oriented design and explain
why it is suitable for implementing high performance simulators. Recent studies have
also explored the potential of data-oriented simulators for power system simulation.
For instance, in a very recent work [CDD23], Cheng et al. proposed data-oriented
simulator design for cyber-physical systems, focusing the interaction of power system

and communications systems, as well as the simulation of cyber-attacks.

5.1 Data-Oriented Design

Data-oriented design has been widely adopted in game engines, for instance in
popular engines like Unity [UNI25], Unreal Engine [UNR25]. Additionally, there
have been ongoing discussions concerning the application of data-oriented design

patterns in general software development in order to improve runtime efficiencies.
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Nevertheless, most of the opinions reached consensus that data structure is the core
to a program [KP10]. In this work, we will not engage in debates such as whether
which pattern is better [CPP18], instead, we will focus on the advantages of applying

data-oriented design in our specific application case.

In general, there are several main advantages of object-oriented design pattern:

1. Inheritance: The concept of having data classes that represents objects, and
allows definition of sub-classes which can inherit members and methods of
parent classes. This feature could reduce development time and allows more

reuse with the existing code.

2. Polymorphism: Allows different data types or classes to be accessed using
the same interface. This again facilitates code reuse and reduces development

time.

3. Encapsulation: Data and related behaviors are bundled and hidden into a
single class, therefore the access to an object’s data is restricted, providing

higher system security and avoids accidental data corruptions.

These features are generally favorable for the maintenance and development of the
software. However, in computing-intensive programs, they can become obstacles to

performance, a main issue is the allocation of data in the memory.

The memory space available for program is divided into two segments, namely the
heap and the stack memory. The stack allows data to be implemented in a last-in, first
out order, and the allocation is performed linearly in the memory space; whereas
the heap implements a tree-based structure that allows data to be dynamically
allocated and accessed during the runtime, and results in a non-sequential allocation
in memory. Therefore, when a program needs to allocate data dynamically during
the runtime, it will look for free spaces in heap and allocate the data, which will
lead to the data being allocated non-sequentially even though they are sequentially
instantiated. This will cause two main issues: first, if we only need to apply certain
behavior on a small set of data of an object, the processor still needs to fetch the
complete object from the memory, which leads to inefficient usage of cache; second,
if we need to operate on the data from multiple objects, as they are spread in the
memory, it will result in high cache misses, which, in turn, eventually lead to lower

performance.
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Figure 5.2: Comparison of memory layout in data-oriented and object-oriented
design, each cell represents a memory address. Addresses with data allocated are

marked.
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We demonstrate the difference of the OO and DO design pattern via an example
shown in Fig. 5.1. We define three object classes with each of them containing
two parameters and two variables, and own behavior as a member function. In the
OO0 design, data and behavior are encapsulated in each object definitions. The DO
design defines two central classes, namely Parameters and Variables to summarize
all the data from the objects, and implement the behavior functions for each object
separately. The difference of their data allocation in memory is illustrated in Fig. 5.2.
We can notice that the data layout in DO design is more aligned, whereas with OO
design it is more scattered in the memory space. This has demonstrated the core

idea of using a DO design pattern, that is to ensure more efficient data access.

The DO design is also beneficial to parallel execution. As illustrated in the exam-
ple Fig. 5.1, since all data are exposed and stored centrally, operations can be easily
parallelized by the compiler or via implementing parallel constructs explicitly.

Overall, the DO design pattern gives more emphasize on the data rather than on
the code. For computing-intensive tasks, DO design provides potentially higher

performance and easier for optimizations.

5.2 Data-Oriented Design for Heterogeneous Computing Framework

We proposed a DO design so that we can utilize its advantages to increase simulation
performances, moreover, the traditional OO design pattern is still maintained on the
initialization phase, for instance for setting up the data structures, etc. The complete
simulator implementation follows a hybrid design pattern, whereas DO is more

respected in terms of simulation.
Overall, the simulator execution is fit into three steps:
« Initialization: circuit setup and initializing data structure on host and device;
matrix factorization or calculation of matrix inverse
+ Solve: main computation loop, components and networks are solved
« Post-Solve: ending phase, write result and release memory
Since the network can be seen as interconnection of different components such as
lines, generators, the implementation of component objects is the critical part of

the overall structure. Two classes have been implemented to describe each type of

component. The first of these is a component object to represent a single instance
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Figure 5.3: Data-oriented design for execution on heterogeneous architecture

of a component of certain type. The second of these is a meta-component object

representing components of certain type.

The component objects implement methods that can initialize the SystemState object
which includes simulation-related matrices, parameters, variables, etc., this is sim-
ilar to the classes in Fig. 5.1b. Each instance of the component object represents a
physical component in the system, such as a transmission line, a generator, or even an
inductor. Each component object has a link to the meta-component of its type. The
meta-component contains the method for accessing the data in SystemState as well as
the corresponding behavior. The behaviors are the simulation-related functions of
different types of components, such as numerical integration, and are implemented
separately. Moreover, each behavior can be consists of different basic behaviors,
such as transformation (e. g. Park Transform), vector addition, etc. The overall aim

of this approach is twofold: firstly, to increase the reusability of the implemented
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Figure 5.4: Tlustration of the gather-scatter approach for parallel execution on
device.

code, and secondly, to reduce the difficulties in optimizing the performance during

parallel execution.

In addition, a DataAccessor object is implemented to help component objects to
access component-related data stored in SysfemState. The relationship of these
objects are illustrated in Fig. 5.3.

System States

The simulator is designed around the data structure, which in our case is the Sys-
temState class. In order to separate component behaviors from the objects, the
data is structured into two layers: an index layer and a value layer, both using a
generic data type, for example a vector std: : vector from the standard containers
of C++. Therefore, the behaviors are executed following a gather-scatter approach:
all necessary indices are loaded from memory, including the location of parameters,
variables in the data, and the matrix/vector location in MNA where each component
instance should read/write into. The behavior function reads data from these loca-
tions, perform computations, and writes to the relevant locations after computations,

as shown in Fig. 5.4.

The host-side class SystemState consists of several standard containers such as
std: :vector and std: :map, as shown in Fig. 5.5, which are filled by all the com-
ponent objects during the initialization phase. On the device side, the SystemState
data are stored in memory buffers, it is initialized before the simulation and resides
on the device throughout its lifetime. The host-side SystemState contains a pointer
to the memory buffer on GPU where the GPU-side states are allocated, so that it
can operate with this pointer to access the data stored on the GPU and perform read

operations, for example to update the results on the host-side.
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SystemState

time: double
parameters: SystemParameters
variables: State

2N
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compNodelndices : map<int, vector>
compData : map<int, std::vector>
incidenceMatrix : Eigen::Matrix

compNodelndices : map<int, vector>
compData : map<int, vector>

Figure 5.5: Class diagram of SystemState

Behaviors
Simulation-related behaviors are for example numerical integration routines, which
are implemented as separate functions to the components, and whose execution is

controlled by the meta-components.

On the device, these behaviors are implemented as kernel functions that take pointers
to the memory buffers where the SystemState data is allocated. An example of
device-side behavior functions can be found in List. 5.1, which shows a pre-step that
stamps the results into the right-side vector in the network step (MNA), a post-step
that performs integration, as well as helper functions that can only be called by the

device-side kernels.

The OpenCL framework and the flexibility layer were introduced in Chap. 3, where
we exploit the similarity between vendor-specific frameworks and OpenCL so that
the code can be translated into each other. On the host side, the implementation of
flexibility layer relies on abstracting the API of different frameworks; on the device
side, it relies on a set of predefined macros as we want to keep the structure more

flat and the fact that the kernel code is compiled at the runtime.

5.3 Integration with Parallel-in-Time Algorithm
In Chap. 4 we introduced the PinTS method, which computes the solution of a
coarse grid and computes finer grids based on it to accelerate the computation of

global fine grid solution. Implementing PinT in a power system simulator using an
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#include <clcuUtils.h>

// macros defined from host to determine the target
framework

// # USE_CUDA

// # USE_HIP

// # USE_OPENCL

HELPER void transform(REAL#* vars_in, Real* vars_out)
{

// helper function that only called on the device

}

// kernel function
KERNEL void preStep( const GLOBAL REAL* params,
GLOBAL REAL* variables, int* indicies) {
int id = GET_GLOBAL_ID;
REAL params_local [NUM_PARAMS], variables_locall
NUM_VARS];
arrloadn (params, params_local, NUM_PARAMS);
arrloadn(variables, variables_local, NUM_VARS);
writeToComponentOutputVector (variables_local,
paramas_local);

// kernel function
KERNEL void postStep( const GLOBAL REAL* params,
GLOBAL REAL* variables, int* indicies) {
int id = GET_GLOBAL_ID;
REAL params_local [NUM_PARAMS], variables_locall
NUM_VARS];
arrloadn (params, params_local, NUM_PARAMS);
arrloadn(variables, variables_local, NUM_VARS);
integrate(variables_local, paramas_local);
arrstoren(variables_local, variables, NUM_VARS);

Listing 5.1: Illustration of behavior code for kernels
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Figure 5.6: Concept of the Python Interface to the Implemented C++ Simulator

object-oriented design is challenging, because it requires a set of system states to be
selected and exposed to the PinT solver to operate, which conflicts with the design
of object abstractions and encapsulated variables. However, data-oriented design is
naturally suited to this requirement, as the vector of states is naturally exposed and
therefore is directly manipulable. During execution, the state vector can be accessed

and distributed by the parallel-in-time processors.

5.4 Python Interface

Python has been one of the most popular programming languages for years. In the
recent rankings, it is still at the top of the languages listed [Cas24]. This scripting
language features clear syntax, and automatic memory management, which leads
to reduced program development time. In addition, Python programs are usually
interpreted without the need for compilation, and the python implementation (or
Python interpreter) is also very portable, so that a python program can be easily
deployed on different platform. As a result, Python is easy to learn and favored in
many fields, including the engineering field.

To increase the usability of the implemented simulator, we implemented a Python
interface using Pybind [25], so that the simulations can be created and executed
from a Python script. The concept is illustrated in Fig. 5.6, after implementing
bindings for related objects and functions, the original program can be compiled
with the bindings together and create a shared library, which can then be imported
into Python scripts and the bindings can be invoked.
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Chapter 6

TOWARDS HIGH PERFORMANCE SIMULATION ON GPU

In Chapter 3, 4, we introduced the parallel algorithms and analyzed their theoretical
speedup, as well as the data- and task-parallel design for efficient execution on
GPU, in Chapter 5 we introduced the data-oriented design to increase the overall
performance of the simulator. In this chapter, we look in more detail at how to

optimize the GPU-based computations in our simulation.

Optimizing the performance of software, and in particular scientific computing
programs, has been studied for decades. Typical tuning techniques such as loop
unrolling, vectorization, etc. can usually be applied to improve code performance.
In addition, to tune the performance over different environments or platforms, the
configuration of these techniques, e. g. loop unroll factor, tile sizes [KKOO03], needs
also to be analyzed and adapted. In order to see how the applied techniques and
its parameters impact the performance, the simplest way is to implement them in
a separate program and run benchmarks for comparison. Of course, this approach
can be very time-consuming and challenging: technical insight, expert knowledge
of the algorithm applied, hardware architecture, etc. are also required in order to
tune the performance more effectively. In the end, this leads to a time-consuming
process and needs to be performed repeatedly for evolving hardware. Obviously,
the ability to tune the performance automatically across diverse platforms would be
highly advantageous.

Historically, there have been two separate pathways to tune the code automatically.
The first way is to improve the compilers so that they can generate high performance
machine code for different platforms [HPP09] with minimal adjustments in the code,
this is the path the compiler community is constantly working. The second way is to
extract the part with the dominant cost, and then eventually produce packaged tools
with highly optimized code by groups of experts. Many linear algebra libraries or
numerical functions are of examples of the second way [CPDO01], e. g. BLAS, FFT,
etc. Since our objective is not to build a compiler, in this work, we aim to see the
extent to which the overall performance can be improved via the second approach,
where we extract and package the computation-intensive routines, and eventually

optimize those routines specifically.
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There exist approaches to build auto-tuners that can perform such optimizations
automatically. Famous examples can be found in BLAS libraries, such as in the
Automatically Tuned Linear Algebra Software (ATLAS) project [CPDO1], where
the automatic empirical optimization of software (AEOS) approach was employed

to automatically tune the performance.

In order to improve the performance of our power system simulation kernels on GPU,
and ideally across multiple platforms, the autotuning framework with the AEOS
approach is employed. As proposed in [MZB24], the fundamental concept of the
tool is to generate the entire numerical integration kernel for specific components,
instead of implementing kernels that invokes BLAS libraries, with the objective of
achieving better performance.

In this chapter, we analyze the techniques to tune our code for GPU execution, and
introduce an automated optimization technique to improve the performance of our

solver on different hardware.

The work in this chapter has been partially presented in [ZMB24] and [MZB24].

6.1 Bottlenecks

Taking the PinS formulation from Chapter 3, we apply the Roofline model [WWP09a]
to identify the performance constraints with respect to different hardware. The model
uses theoretical peak performance to visualize the “ceiling” of the computing hard-
ware, and therefore evaluate the performance of the program execution on them
based on the operational intensity I and achieved performance P. The operational

intensity 7 is defined by

I = — —_—
Q | byte
where W represents the number of total floating-point operations performed, and

w FLOP] , ©.1)

Q the total bytes from read and write operations during the execution. Assuming
explicit Fourth order Runge Kutta (RK4) method is used to integrate nonlinear
components, and Euler Backword (EB) for the linear components, the Work W

needed by each simulation step can be easily calculated by

W= Wcompcmenr + Wpuraﬁe-’izarion + Waetwork (62)
M N
= Z kiWRkil,t' + Z kj WEB,j + Wparu.’le.’izarion + Woetworks (6 3)

i J
where Womponens Te€presents the computation cost of components, Wpa aisetization

additional overhead induced by parallel execution, and W, ¢s,.0rk by solving the linear
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Table 6.1: Operational intensity analysis for basic numerical operations with FP64

Operation W Qr | Ow
Complex multiplication | 6 4.812-8
Complex add/sub 2 4-8(2-8
Sine! >10|8 8
Cosine! >10|8 8

Table 6.2: Operational intensity analysis for main simulation steps

Main simulation functions | internal stages Win) Qri(n) Quwin)
Capacitor / Inductor - = léng =8-6m -2 =8-6m -2
rotatingFrameTransform | > 44n; 0 0
. evaluateDirevative = 518n; 0 0
Synchronous Machine calculateQutput = 101n; 0 0
memoryRW - > 8- 180m; = 8- 17n;
Reduction (sparseBLAS) | - ~2-nnz-2 | ~8-3-nnz+2-8-n,|=2-8-n,
Network - 8nZ+8n, |=2-8-(n+2n,) =2-8-n,

algebraic equations of the network. Similarly, memory traffic Q can be represented

by
M
Qr = Z kchomponenf + Qparaﬂeﬁzuﬁon + Qnei‘work s (64)
i

where each Q... term includes read and write traffic

Q = Qreud + Qwrt’re-

Tab. 6.1 calculates the W and Q for basic numerical operations with FP64, i.e.
double-precision floating-point. The operational intensity of the overall simulation
is then analyzed and listed in Tab. 6.2, where n;. denotes the number of corresponding
component, nnz denotes the number of non-zeros in the incidence matrix, n. the
total number of dynamic branches, and finally n, the number of total simulation

nodes.

For simulating the components, actual W and Q will vary based on different nu-
merical integration methods and implementations, as well as for the reduction step,
actual W and Q also varies for different sparse matrix formats. Therefore, they are
both difficult to estimate, and here we give only rough estimates. In addition, in
sequential simulation the reduction step is not needed since there will be no race

conditions.

!Implementation of basic nonlinear math functions such as trigonometric functions are highly
system-specific, and could eventually be built-in in compiler, for instance in GNU GCC [GMAZ25].
Here is only a rough estimation based on its Taylor series.
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Figure 6.1: Roofline model of the parallel and sequential cases, larger marker
represent larger network sizes. Figure reproduced from [ZMB24] under the CC BY
4.0 license.

The performance P is calculated by

P:E
T

second

FDOP]

where T is the execution time of the program. Finally, the roofline model is built
based on the theoretical analysis of numerical intensity and execution benchmarks as
shown in Fig. 6.1. It can be noticed that the FLOPS achieved via parallel simulation
on GPU already exceeds the theoretical peak FLOPS of the CPU with 4x IEEE118
cases. Moreover, the performance observed with our approach on the A100 GPU
is converging to its memory bandwidth bound when simulating larger networks and
achieving nearly 1 TFLOPS. This has demonstrated the performance and efficiency

of our parallel simulation approach.

We can also notice from Fig. 6.1 that the operational intensity of the simulation
indicates that our problem is memory-bounded. Because the large portion of the
computation involved are linear algebraic operations, which is the outcome when we
want to map computations on GPU efficiently. The memory-bounded characteristic
suggests that if the same simulation algorithm is maintained, improving memory
access efficiencies could lead to a substantial enhancement in performance. In the
following sections, we introduce the approaches that were applied to improve the

overall simulation performance.
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6.2 Resource Contentions and Concurrency Model

In Sect. 3.2 we proposed to use incidence matrix to perform the reduction step.
As introduced in Chapter 3, this is needed to solve the resource contention during
concurrent execution of component computations. Traditional approaches usually
rely on explicit synchronizations or linearization of operations. Early discussions
can be traced back to the 60s where E. W. Dijkstra proposed an algorithm to solve re-
source contentions [Dij65], modern programming languages and parallel execution
libraries also provides APIs for mutual exclusion lock and other synchronization
techniques to resolve resource contentions. A typical lock-based approach is illus-

trated in Fig. 6.2.
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Figure 6.2: Traditional lock-based approach for resource contention. Synchroniza-

tion timeline with critical sections (colored regions) and linearization points. The
dashed arrow shows lock handoff.

In recent years, research has shifted to combine lock-free approaches with hardware
support to achieve efficient handling of resource contentions, for instance the studies
in transactional memories [HS12] as well as hardware support by vendors [Chr+10;
Nak+15] which enables hardware-level realization of atomic operations to resolve

resource contentions.

A Lock-Free Approach and Its Algebraic Concurrency Model

Using algebraic models to study the concurrency has also gained interests [WN95].
Besides solving resource contention, it is also applied to other practical domains,
such as in [NT12], where an algebraic model for concurrency is used to routing
of concurrent processes. In this section, we give here a more general formulation

regarding the graph-based thread safety design introduced in Chapter 3.
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Figure 6.3: (a) Threads accessing memory concurrently; (b) Its representation via
graph

Assuming n threads are accessing the elements in a vector with a random manner,

i.e., different threads can access the same elements concurrently, as shown in
Fig. 6.3.

As introduced in Sect. 3.2, the graph based approach treats the threads as edges and

memory locations as vertices, the operation can be formulated as
V' =V+DT (6.5)

where v is the original vector, D is the incidence matrix, T is the vector of data con-
tained in all threads, and V’ the vector holding new data after all modifications. The
operation between V and DT is addition, meaning that every thread is performing

an addition at the accessed location. Each row in V' is
Vi=vi+ Y di-ti, di€{0,1} (6.6)
corresponds to the operations performed by the threads at one address.

Since we try to generalize this approach, we now examine the cases for different
operations in general. Consider a group (S, ®) where @ : V xV — V is a binary
operation representing modifications performed by threads. The modification by
threads on the data can be defined as

vi=v;e @ B), dief{01}, 6.7)
i=1
where €] represents a series of @ operations: (B(t1)) @ (B(2)) @ --- @ (B(1,)),
and B(1;) is a "state machine" defined as

t; if i-th thread contributes
B(1;) = (6.8)

e otherwise



74

where e is the identity element in (S, ®). It selects the threads that are contributing
to the j-th address. Alternatively, the state machine $(;) can be represented by
f,' lf d,‘ = l
d,' O] f; = (69)
e ifdi=0
To determine whether thread’s contribution in the form of & operation can be trans-
formed into the graph representation, the operators must satisfy algebraic properties
to allow the system to be expressed as a linear combination in an additive group.

There are following properties:

Property 1. (S, ®) must form an Abelian group, ensuring commutativity, i. e.:

x®&y=y®a Vx,yeSs, (6.10)

Property 2. There exists a map f : § — A to an additive Abelian group (A, +)
satisfying:

fxey) =f(x)+f(y) Vxyes, (6.11)

fdox)=d-f(x) V¥de{0,1}. (6.12)

We now explain these properties. First, (S, ®) must form an Abelian group, because
modifications performed by threads have to be commutative, otherwise concurrent

modifications will lead to non-deterministic result.

The second property uses homomorphism f to ensure algebraic consistency between
S and A. It translates the @ operation in S to the additive operation + in A, and the
scalar operation © in S to scalar multiplication in A. In this way, we can make sure
that the @ operation can be translated to satisfy the algebraic properties in graph
representations where edge contributions are summed up at the adjacent vertices. It
also ensures that the aggregated thread updates are mapped to a linear combination in
A, enabling matrix-vector computations like D - f(T'). Considering these properties,
we can notice that the original formulation Eq. (6.7) can be transformed into

f(@(dfon)) = > di- f(Ty) 6.13)
i=1 i=1

by applying its homomorphism map f.

We can now analyze the applicability of our approach for conventional operators:
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1. Multiplication: When @ is a multiplication, since multiplicative groups are
Abelian groups, we only need to find a homomorphism to translate (S, x)
into (A, +). For this purpose, one widely used homomorphism is logarithm,
which can be found in various applications such as homomorphism encryp-
tion [Aca+18]. Thread update is formulated as in the case of multiplication

v=v-[]#h (6.14)
Applying f = log we obtain

logV' = log(v - ]_I rf")
i=1

=logv+ Z d;log(t;).
i=1

(6.15)

Which naturally satisfies property 2 and 3. Therefore, when the threads are
multiplying the data concurrently, we can apply log as homomorphism and
apply our lock-free approach.

2. Division: When threads are performing divisions, it will be problematic.

Because (S, +) is not an Abelian group since division is not commutative:
arb#b+a. (6.16)

Therefore, it does not satisfy property 1 and our approach cannot be applied.
However, in a special case where all threads are simply performing division
where their contributions are the denominators, then the operations is equiv-
alent to multiplying a r;l. Therefore, it can be treated as multiplication case

and our approach can apply.

3. Subtraction: Similar to division, (S, —) is also not an Abelian group due to
lack of commutativity:
a-b#b—a. (6.17)

And our approach could only be applied in the case where the subtraction can
be treated as addition, i.e. contribution of all threads can be rewritten as —t;
and added to the vector.
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Figure 6.4: Comparison of execution time for using atomic operation and incidence
matrix with respect to different network size and different degrees

Benchmark
As analyzed before, the lock-free method should be more suitable when the network
is more large and complex, but it is not yet clear with which size or complexity
this method is more preferred over the mutex (mutual exclusion) or atomic opera-
tion [HW90]. Therefore, we benchmark the performance between the two methods
with different graph sizes and complexity. Here, complexity is described using the
average degree of vertices. The trick here to use the average degree is because of
the degree sum formula, where the sum of degree in an undirected graph equals to
2E,i.e., X, d; = 2|E|, therefore, the average degree d,, can be calculated by
2|E|
day = v

as a result, we can easily determine the number of edges of a graph once d,, and

(6.18)

|V| are selected. This simplifies the effort to create our cases.

The benchmark is performed with AMD MI100 GPU, using HIP version 5. 1.2053,
AMD clang version 14.0.0. The result is shown in Fig. 6.4, we can notice that
when the graph size and degree are relatively small, atomic operations are more
efficient, and the lock-free approach is beneficial when the graph is getting larger
and more complex. This fits our expectations, as the lock-free approach introduces

new kernels, thus bringing additional kernel launch overhead.

Limitations and Remarks

The lock-free approach in general gives better scalability when the problem size

is large and more complex operations. The goal is to transform the concurrent
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operation into a linear algebra problem such that it can be parallelized conveniently
and efficiently using conventional BLAS libraries. For smaller problem scales,
the lock-based or atomic-operation-based solution can offer better performance,
since the needed kernels are reduced. Moreover, recent advances in processor
architecture have increasingly incorporated support for simple atomic operations at
the instruction level [Nak+15], alleviating the overhead typically associated with

these operations.

6.3 Automatic Optimization of Numerical Integration Routines

Take the DAE formulation of arbitrary power system component:
F(x,%,u,t) =0, (6.19)

since there exists transformations [KM98] to convert that linear or nonlinear DAE
into strangeness-free form:
x=F'(x,u,t), (6.20)

therefore, we can use a general representation for arbitrary nonlinear DAE of dy-

namic COII]pOI'IeIltS as

x(t) = A(Dx (1) + B(Du(r) + y: (t,x(1), u(1)), (6.21)
y(2) = C(O)x(1) + D(D)u(t) + x, (1, x(1), u (1)), (6.22)

with time-dependant input u € RV, state x € R"x, output y € R">, and potentially
also time-dependent coefficient matrices A € RM*Nx, B € RNxNu € g RMy>Nx
D € RN»*Nu formulated using a state-space formulation, leaving the nonlinearities
Xi» Xy untouched. Assuming explicit integrator is used, the integration can be seen
as a linear operator applied on Eq. (6.20), the explicit integration routine can be
formulated as

Xk+1 =Xk + T (x). (6.23)

obviously, the performance in evaluating I"(x ) is critical to overall performance.
In practice, we can implement a function for evaluating the derivatives x which will

be invoked by the integration routine during execution.

Overall Approach
The overall optimization process consists of a two-levels: the first level considers

the possibility of vectorization inside component kernels and applies mixed matrix
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Algorithm 1 Pseudocode for linear part of component kernels. Nonlinear part can
be added as additional callbacks anywhere.

: PReECALLBACK(L, X, y, u, ...args)

: X« Ax + Bu

: DerivaTivECALLBACK(X, T, X, ¥, U, ...args)

x « INTEGRATE(x, X, 1, step)

: NexTtSTATECALLBACK(Y, X, ¥, U4, ...ar gs)

y« Cx+ Du

OutpurCaLLBACK(T, X, ¥, U, ...args)

SouewR s

Exploration Space Automatic
Reduction - Benchmarking

Work-group layout
Kernel Code Optimization

Low
| Optimized | - Selection - Automatic
Execution Benchmarking

Parameters

Figure 6.5: Illustration of the overall optimization process. Figure reproduced from
[MZB24] under the CC BY 4.0 license.

formats with different matrix storage strategies to increase the computing through-
put; the second level treats the combination of linear and nonlinear parts as a black
box and searches for the optimal configuration of parameters such as the degree of
vectorization, the combination of matrix formats, and the group sizes during parallel
execution on the GPU.

To perform vectorization inside component kernels, we take the discretized ODE
of the components and separate them into linear and nonlinear contributions. The
computation of the model’s linear part is based on matrix-vector multiplication
(mv) operations. A first optimization level can already be achieved by applying
vectorization on the mv operations. Moreover, since the mv operation is limited by
memory transfer speed, applying sparse matrix formats boosts the performance when
the associated matrices are sparse [BGO8]. The nonlinear part includes any other
operations that are not or difficult to be treated as linear algebraic. By combining the
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two optimization levels, our implementation provides a framework that automatically
benchmarks different parameters and selects the best-performing one. Furthermore,
we also introduce an algorithm in Sect. 6.3 to reduce the exploration space during
automatic benchmarking by constraining the possible parameters.

The nonlinear part includes any other operations that are not or difficult to be treated
as linear algebraic. By combining the two optimization levels, our implemen-
tation provides a framework that automatically benchmarks different parameters
and selects the best-performing one. Furthermore, we also introduce an algorithm
in Sect. 6.3 to reduce the exploration space during automatic benchmarking by

constraining the possible parameters.

Vectorization

Efficient vectorization requires a regular structure in computations to be efficient. A
typical example of such a regular structure is linear algebra operations. In fact, GPUs
are mostly designed and optimized for these operations, and automatic vectorization

can be easily achieved by processing each dimension with a different thread.

Automatic vectorization is difficult to apply to power system components, as they
mostly contain nonlinearities. Usually, after discretization, a large portion of the
required computations can be formulated into linear algebra operations with a small
nonlinear part remaining. Therefore, processing a vast part of the nonlinear com-

ponent in parallel is possible, whilst a residual part is computed sequentially.

To perform vectorization inside component kernels, the ODE of the components are

reformulated similarly to a state-space representation as

x(1) = A(0)x(1) + B(r)u(1) + xx(1,x(1), u(1) (6.24)
y(1) = C(@O)x(1) + D(@)u(t) + xy (1, x(1), u(1)). (6.25)

with time-dependant input u € RVs, state x € RV, output y € R>, component
matrices A € RV B ¢ RV>Nu € e RVM*Mx D € RM»*Mu and nonlinearities
X: and y,. Fig. 6.6 visualizes the interactions of the linear contributions in a
block diagram. Effectively, this splits the component computation into linear and
nonlinear contributions, where the linear contribution can be seen as a state space
model.
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Figure 6.6: Block diagram of the model described by Eq. (6.24) and Eq. (6.25) when
setting the nonlinearities y; = y, = 0. Figure reproduced from [MZB24] under the
CC BY 4.0 license.

Memory Access Optimization

The main computation of the linear part of components is matrix-vector multiplica-
tion which is largely limited by the bandwidth of the device [Gou+09]. By reducing
the amount of data that has to be transferred, the overall computation can be accel-
erated. Moreover, reducing memory requirements allows storing more components

in memory, thereby enabling the simulation of larger systems.

A multitude of different sparse formats have been explored in the past with various
kernel implementations [SK12; DFMO05; BGO08; Gre+16; Nau+10]. All formats
have in common that they try to minimize the number of stored zero elements. The
main difference is the method used to store the positions of the remaining non-zero
elements. Each format performs differently depending on the sparsity pattern of the
matrix and the architecture of the GPU.

Of course, the nonzero structure of the component matrices can vary vastly, although
they are for the same component. Thus, each matrix can have its own format in
our implemented kernels. Moreover, we also convert matrices that are zero or the

identity matrix to a scalar, so that they do not necessarily to be stored as matrices.

When considering matrix storage, except utilizing different sparse formats like
ELLPACK format (ELL) [KOY 89], Compressed sparse row (CSR) [LV 15], Coordinate
list (COQ), etc., we proposed following strategies to store the matrices of multiple
component instances. Nevertheless, new sparse formats and strategies can be easily

integrated.

Block-Diagonal storage: The state space equations are decoupled; therefore, the
equations for all component instances can be combined into one. This results in
block diagonal coefficient matrices that can be efficiently stored using sparse formats.

Each thread can then compute the required rows of the matrix-vector multiplication.
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Concatenated storage: Not all formats can be stored efficiently in a block diagonal
form. For example, storing a block diagonal matrix in a dense format is inefficient.
Moreover, some other formats also perform better, or even require (e. g., COO), to
store instance individually. In this case, the matrices for each instance are encoded
into certain matrix format (dense or sparse format) and then concatenated into one

buffer, an additional buffer is used to locate the individual instances.

Pattern storage: The nonzero pattern of the component matrices is usually de-
termined by the algebraic description of the component’s behavior, implying that
it suffices to store this pattern once and reuse it for all instances of that compo-
nent. By just storing the pattern, and allowing instances to have different values,
this reduces memory transfers significantly as only the values of the component
matrices are transferred, not the pattern. The downside of this approach is that the
component must have a known and fixed nonzero pattern that can be determined

during optimization and remains fixed in simulation, but it is usually the case.

Exploration space reduction and optimization

The linear part is vectorized, allowing multiple threads executing the same mv
operation. Normally, one thread is assigned to process each row, however, when
there are still resource available, i.e., if there are more threads available than the
number of rows, then multiple threads process each row simultaneously. In this

case, the element-wise products in each row are summed using a binary reduction.

To quantify the constraint for exploration space reduction, we first limit the number
of threads per row to be a power of two. Then we introduce the number of rows per
thread N, and the number of threads per row during vectorized mv execution N,, as

shown in Fig. 6.7 as

{l’

=2 1032 N...N J

with N,, rows per matrix, a group size of N,, and N; components per group.
Furthermore, the maximal number of threads per row Nv for a matrix with N,

columns is
va = Zl—Nn-l_
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Figure 6.7: Illustration of two of the vectorization parameters N, and N, on the
matrix-vector multiplication (mv). When more than one thread work on the same
row, a parallel binary reduction is used to collect the sum for each row. Figure
reproduced from [MZB24] under the CC BY 4.0 license.

The optimization for component kernels have six degrees of freedom. The matrix
format choice for the component matrices introduces four parameters. In addition,
a kernel should be built for a certain group size N, on the GPU, i. e., the number of
SIMT threads working in sync. Finally, the number of instances processed by one
group N; must be selected.

By design, the device limits the group size Ny to 1 < N, < }\73 with the upper limit
group size N, - Furthermore, the group size should be a multiple of two for efficient
scheduling. For example, the NVIDIA A100 supports group sizes of up to 1024
threads, resulting in just 10 efficiently usable group sizes. Also, we assume that
1 < Nj < N, —i.e., each thread computes at most one component — to stay within
the regime of thin threads for better work distribution and less memory consumption

[Kli+11].

Our goal is to minimize idle time among threads, as this can increase computation
times. Thus, we maximize the number of components per group N; so that the work
performed per thread stays constant. Effectively, this should remove inefficient

parameter sets. In practice, we loop over all N; for a given group size N, and only
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benchmark those where N; + 1 results in a different N, or N,..

With these prerequisites, we can define a function f
f ' (N Ny Ng) = {(Ng, N))} (6.26)

with N,, rows and N,, columns of the considered matrix that maps the external
parameters given by the matrix dimensions and the GPU to a set of parameters ful-
filling the above-mentioned constraints. As four matrices describe each component,
the set of suitable parameters % is given by

P= ) fOND.NDN). 6.27)
xe{A,B.C.D}

For the parameter selection, we split the optimization into a coarse optimization
that benchmarks one part at a time and a fine-grained optimization to select the best
combination of parameters as shown in Fig. 6.8. This two-step process significantly

lowers the required optimization time.

(A (B[O D) ) )

t

!

Benchmark lowest s

7dys

Figure 6.8: Visualization of the optimization flow. The first phase benchmarks each
part isolated. The second part then combines the results to predict runtimes for
combinations and benchmarks the ones with the lowest predicted runtimes. Figure
reproduced from [MZB24] under the CC BY 4.0 license.

Coarse Optimization: For the coarse optimization, we benchmark each component
of Alg. 1 individually to try out each format for each matrix. Assume F is the
matrix format, and x identifies the matrix, then the runtime for the matrix-vector
multiplication is rf,‘) and depends on the total number of instances N;, as well as the
group size Ny, and the number of components per group N;. We determine this by
running a benchmark, as runtime prediction is generally a hard problem [CSV 10;
GWC13; Lee+04]. The same benchmark is performed only with the nonlinearities

to get trx) and rU),
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Fine Optimization: In general, the optimization goal is to minimize the kernel’s
runtime. This can be estimated by assuming the runtime ¢ of the combined kernel

consists of the runtimes of the parts benchmarked in the coarse optimization as
1=t 4 1B 4 (O 44D 4 10 4 100), (6.28)

Using this, we find the parameter configurations expected to perform best. Neverthe-
less, this is only an approximation, as some other influences from the combination
may change the runtime slightly. Moreover, predicting runtimes on GPU is generally
difficult, imprecise, or computationally expensive. Therefore, we benchmark some

of the predicted configurations and select the one with the lowest runtime.

Performance Evaluation

We evaluate our approach using three representative components with different mod-
els — in particular, we consider a distributed generator (DG) inverter, an electrolyzer,
and a synchronous machine. The time integration of Eq. (6.24) uses the explicit
Euler method; however, an implementation for RK-4 also exists. The correctness
of our kernels for all matrix formats, group sizes, and components per group was

verified with negligible computation errors.

Simulations in this section are compiled and executed on a server with two AMD
EPYC 7H12 CPUs (2.6 GHz base clock frequency, 64 cores each, hyper-threading
disabled); 256 GB DDR4 main memory; one Nvidia A100-40 GB GPU with 40 GB
HBM?2 global memory, and one AMD MI100 GPU with 32 GB global memory.

To evaluate the performance of the optimized kernels, we prepare two alternative

implementations to compare:

Library implementation: Previous works on power system simulation with GPU
show that component computations can be transformed and aggregated into a uni-
fied kernel. Moreover, general purpose numerical solver libraries [Abh+18; Bal+21]
will usually also aggregate all differential equations and solve simultaneously, e. g.,
by calculating the Jacobian, and computed with the help of a BLAS library. An
example of this is the SUNDIALS library with GPU acceleration [Bal+21]. The
benefit of using general solvers is that the user, or modeller, needs less concern
regarding computational performance, since the computations are relying on other
linear algebra libraries. However, this poses difficulty in implementing new models
or power system specific models that are essentially an algorithm, e. g., specific
controllers, automation systems, etc. Therefore, to represent the computation re-

sulted from this approach, the linear part of the considered component models are
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Component 1
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Figure 6.9: Illustration of the library implementation to represent computations in
generic solvers, e. g. in [Bal+21]. Figure reproduced from [MZB24] under the CC
BY 4.0 license.

aggregated into a single state-space representation, where the coefficient matrices of
each component are placed along the diagonal of the aggregated coefficient matrix,
as shown in Fig. 6.9. The numerical integration will then be processed by a vendor-
supplied sparse BLAS library — so that the many off-diagonal zeros do not affect the
computation — such as cuSparse or hipSparse. These libraries are highly optimized
as they are utilized in many simulation environments. It needs to be pointed out that

for simplicity, the nonlinear part of each model is ignored for this implementation.

In addition, to ensure a fair comparison, since the tested sparse libraries only support
fixed sparse matrix format throughout the computation, prior to each benchmark,
we tested among different matrix formats to find the most performant format for

each library and use it in that benchmark.

Baseline implementation: We take the kernel implementations with the formulation
in Sect. 6.3, i. e., the reformulation into a linear and nonlinear part, without applying

any optimization. The group size and components per group are set to N, = 32 and
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Nj = 32, respectively. Such group size matches the recommended default group

size on the considered devices, as it matches the SIMT width of one compute unit.

This is a versatile configuration that should work well in many cases.

The kernels for the baseline implementation as well as the optimized code uses
OpenCL C; library implementations only need to invoke the related API calls from

the host, which is implemented in C++ in our case.

Benchmarked Component Models

Distributed generation inverter: We take the DG inverter introduced in [PPGO7];
it is modeled by an averaged inverter model with a grid following control and
neglects the switching dynamics. The kernel is also implemented in our previous
work [Zha+22b]. Such model depth is already sufficient for a majority of test
cases [De +22] involving power electronics. The controller and circuit representation
of the inverter model is shown in Fig. 6.10. The input three-phase AC signal to
the controllers is first transformed into the dg domain via a Park transform. The
controller can be divided into three main parts: a phase-locked loop (PLL) tracks
the system’s angular frequency; an average power calculation block that calculates
the current output power, and two PI controllers that track reference power set points

by controlling the output voltage of the converter.

Controllers AC filter
Controlled
! Voltage Source ‘
Power Current ; )
Controller »| Controller —lvs_dq
) F 'g-dg dq

Average Power | Ve-dg Ig-dg
Calculation | abc

"r—dgL
pL |21 T N

Ve Ig

Park Transform

Figure 6.10: Distributed generation inverter model [PPG07; Zha+22b]. Figure
reproduced from [MZB24] under the CC BY 4.0 license.

The converter controllers, excluding the Park transform block, can be formulated
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Figure 6.11: Electrolyzer with three-phase interleaved buck converter [Zha+22a;
AE20]. Figure reproduced from [MZB24] under the CC BY 4.0 license.

via the following state-space formulation:

% = Ax + B(x)u, (6.29)
y=Cx + Du, (6.30)

where the B matrix is dependent on the state x. This is due to the average power
calculation block that performs multiplications over states (v._g4, and ip_g4) to

calculate the power, thus introducing non-linearity in the state-space representation.

Electrolyzer: We use the electrolyzer model in [Zha+22a], where the electrolyzer is
considered to be connected with a three-phase interleaved buck converter. The elec-
trolyzer is modeled with Randles-Warburg (RW) cell model, and the buck converter
uses the generalized state-space average model introduced in [AE20]. The reason
for selecting an electrolyzer model for the benchmark is twofold: first, electrolyzers
are gaining more attention due to the increasing interest in hydrogen; second, the
main computational load in this model we selected is the interleaved buck con-
verter, therefore, it could be used to partly represent the computational tasks when

simulating a power-electronics-based system with switching dynamics.

Synchronous Machine: We take the machine model in [KBL94] with saturation
ignored, and its dq0-axis equivalent circuits are shown in Fig. 2.3. Similar to the

previous inverter model, the machine is modeled in the dg frame as well. The
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machine model also introduces non-linearity due to the coupling of d— and g—axis

and between electromagnetic and mechanical equations. The overall equation set

can be represented by:
¥ = f(¥,w,,U), (6.31)
o, = f(wy), (6.32)
o, = f(¥,1,w,), (6.33)
0=g(¥,1). (6.34)

Where W is a 7 x 1 vector of flux linkage; U, I are vectors of stator and rotor
voltages and currents with the same length, respectively. w, is the mechanical

angular frequency of the rotor.

We benchmarked our optimized component kernels against the library and the
baseline implementation by performing numerical integration with a simple Euler
forward method. The measured execution time for different component types and
different component counts are shown in Fig. 6.12, including a benchmark of simu-
lating a combination with three types of components together with an equal number
of each type. The speedup of our optimized kernels to the library implementation is
between 1.3 and 6.7 times and to the baselines by up to 10.2 times, which shows that

the optimized kernels outperform the compared implementations by some margin.

Compared with the library implementation, the customized component kernels,
i.e. the baseline and optimized, have a reduced number of kernel launches, as
our kernels perform the whole computation in a single kernel launch although with
part of computations being computed sequentially, i.e. nonlinear contributions,
whereas the library implementation requires separated launches e. g. for updating
the states and outputs. This results in better cache coherence and less overhead in
our implementations. Nevertheless, the library implementation still outperforms the

baselines when the problem size is large enough.

In all test cases of the library implementation, the NVIDIA A100 outperformed
the AMD MI100. It can be attributed to the better optimization with the cuSparse
library than the hipSparse library. However, it needs to be noted that the A100
GPU has higher memory bandwidth, therefore, it gains more advantage in the linear
algebra related benchmarks which are mainly memory-bounded operations.

Finally, we performed a roofline analysis [WWPO09b] with the optimized kernels.
This relates the computational intensity, given by the FLOP per byte transferred,
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Figure 6.12: Execution time for performing numerical integration with different
component models and component counts, with simulating each type of component
along or with all types combined. Figure reproduced from [MZB24] under the CC
BY 4.0 license.

to the achievable performance. The plot is shown in Fig. 6.13 and shows that
especially high component counts lead to efficient utilization of the hardware and
close to the peak performance. The devices are likely not fully utilized for lower
component counts. This is because runtime overheads, such as scheduling time,
become a significant factor compared to light computational load, leading to a large
gap between peak and actual performance.
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Figure 6.13: Performance of the optimized kernels in a roofline plot to relate kernel

performance to peak performance. The size of the dots relates to the number of
components. Figure reproduced from [MZB24] under the CC BY 4.0 license.
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Memory Consumption

Reformulation of the components inevitably leads to increased memory consump-
tion, which could be a limiting factor for very large systems. We tracked the
required buffer sizes needed for each component to perform numerical integration
and compared them between the optimized and library implementation, as shown in
Fig. 6.14. The electrolyzer model consumes the most memory per component since
it has a more detailed converter model considering switching dynamics; the DG
inverter considers only controller dynamics and therefore needs less memory but
is still larger than the synchronous machine. Results show that our optimizer finds
different matrix format combinations for different problem sizes: when the com-
ponent count is small, the GPU memory bandwidth is usually not saturated, hence
leading our optimization to choose more performant formats, including dense, re-
gardless of memory usage, and the increasing memory usage clearly shows that
dense format was used in some cases. With the growing component count, the GPU
memory bandwidth is eventually saturated, therefore, the optimizer tends to find

format combinations that provide better compression on the matrices.
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Figure 6.14: Memory consumption per component on the NVIDIA A100 GPU of
different component models, for our and the library implementation. The lower
limit is calculated by considering the minimum number of parameters required for
each component. Figure reproduced from [MZB24] under the CC BY 4.0 license.
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6.4 Summary

In this section, we analyzed the potential performance bottleneck of the parallel-in-
space approach and proposed methods to further optimize its performance. More-
over, a more general formulation with an algebraic concurrency model is given to

the graph-based thread safety design introduced previously in Chapter 3.

This work provides an approach to automatically accelerate the numeric integration
of component models for power system simulations on GPU. Our approach auto-
matically exploits the data parallelism of the GPU by introducing vectorization and
different matrix storage strategy with mixed matrix formats into the component com-
putation. The approach can be flexibly applied to kernels for any new components,

or be applied to existing compatible implementations to improve performance.

We demonstrated that our approach outperforms the aggregated model approach
based on sparse linear algebra libraries with a speedup between 1.3 and 6.7 times, and
up to 10 times compared to the unoptimized baseline implementation, demonstrating

the effectiveness of our optimizations.

With the growing size and complexity of the power system, or when specific study
cases require detail modelling, component models can be more complex. Therefore,
memory bandwidth and, in some cases, memory volume will become a limiting
factor. The memory footprint shown in Sect. 6.3 suggests that our approach could

increase the efficiency in memory utilization for component computations.

Nevertheless, it needs to be pointed out that the optimization procedure takes a few
minutes per component since it depends on many automatically executed bench-
marks, and need to be re-executed for different problem sizes, indicating further

improvements needed, . g., on the optimization algorithm.

We plan to consider different explicit and implicit integration schemes other than
the explicit Euler and RK-4 schemes. Moreover, one may consider the vectorization
potential of the nonlinearities to achieve even better performance. Including more
specialized matrix formats for the component matrices may increase performance
further.
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Chapter 7

CONCLUSIONS

This thesis presents new methods to apply parallel-in-space to accelerate power
system simulations. We show that using GPU with our PinS method could achieve
orders of magnitude speedup compared to a highly efficient simulator based on C++,
and the combination of PinT and PinS opens up further performance potential after
the spatial parallelization is saturated. The main findings of this dissertation are

summarized as follows:

1. Can we map power system simulation onto hardware accelerators efficiently?
In this work, we exploited parallelisms at different phases and different levels
during the simulation, such that the simulation could be executed efficiently on
the GPU. The performance achieved on GPU has also demonstrated real-time
and faster-than-real-time capability for large test cases.

2. Will GPU outperform other hardware in terms of power system simulation?
With the analyses based on the roofline model presented in Chap. 6, and
results shown in Chap. 3, we show that with the state-of-the-art commer-
cial hardware, it should be theoretically impossible for a multi-core CPU to
achieve the same performance using the same parallel-in-space algorithm.
However, we need to point out that the advantage of GPU relies not only on
the large number of processing elements, but also heavily on its high memory
bandwidth. Current trend in high performance computing architecture also
sees the merging of different processor, for instance CPU and GPU into single
integrated chip [Tek+21], and there are already commercial processors that
closely combining both, for instance the NVIDIA GH superchip [NVI2424].

3. In Chap. 4 we proposed the combined space-time parallel approached based
on the PinS algorithm in Chap. 3 and the parallel-in-time method MGRIT.
Result shows additional speedup by applying a non-intrusive MGRIT imple-
mentation XBraid and execute with the PinS implementation heterogeneously,
i.e. executed both on CPU and GPU.

4. In addition to the research in parallel simulation methods for power system

simulation, this work also investigated on the realization of such algorithms
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with a suitable simulator design. In Chap. 5, we demonstrated the imple-
mentation of our parallel-in-space simulator using data-oriented design. The
simulator shows flexibility in integrating different parallelization methods as
well as different execution hardware. However, it is difficult to compare di-
rectly the performance of two design patterns, and such comparison would
be beyond the scope of this work. Nevertheless, as the hardware accelerators
like GPU is becoming more dominant in computing hardware, we believe that

such design would be more popular in the future simulator implementations.

5. The performance of simulations executed on the hardware accelerators like
GPU can be tuned automatically with our approach proposed in Chap. 6. The
approach automatically tunes the kernels that are going to be executed on the
GPU with the help of AEOS. The tuner demonstrated effective performance
improvements on component kernels compared to implementation based on
standard GPU libraries.
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Chapter 8

OUTLOOK

In this work, the hardware accelerator employed for the parallel-in-space approach
was GPU. The rising of field programmable gate arrays (FPGA) processors is also
attracting interests and there are recent literature investigating these reconfigurable
devices. The benefit of FPGA is that it can reconfigure hardware circuits on chip to
realize the computations programmed, therefore potentially achieve low latency with
massively parallel execution. In our paper [Zha+22b], we already demonstrated that
the implemented kernels can also be synthesized on the FPGAs, however, the result
is not comparable to GPUs as these kernels did not utilize the device efficiently.
More research could be conducted in synthesizing high-performance kernels or
even the entire simulation engines so that it can be executed on FPGAs efficiently.
As we see the trend where CPUs and GPUs are integrating, future trend also
sees the FPGA chips being integrated into other processors such as CPU [PAT25].
Therefore, algorithms that utilize different heterogenous architecture could be further
investigated, especially on the emerging processors such as CPU with integrated
FPGA, super-chip based on CPU and GPU.

Moreover, on the methodology perspective, the PinS method relies on explicit
integration of nonlinear components. More investigation could be conducted on
applying explicit stiff-stable methods to minimize divergence caused by nonlinear
components. The possibility of extracting parallelism under fully implicit schemes,
for instance with the SDC method [Spel8], can also be studied.

Combining parallel-in-space with parallel-in-time needs specific implementation
of parallel-in-time. The approach introduced in Chap. 4 employs heterogeneous
computing design. Due to the large overhead, it is only suitable for large cases with
long simulation duration. Future work could also be focused on implementing PinT
algorithm that can be executed with PinS on the same hardware natively. Moreover,
more investigation could be conducted on other space-time parallel algorithm such

as PFASST and perform comparisons with their performances.

In Chap. 6, we proposed automatic optimization of explicit numerical integration
routines. In the future, it is worth studying the effect on implicit or hybrid numerical
routines. Moreover, we could further benchmark the approach for other physical
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systems, for instance applying it in a general purpose ODE solver.

Beyond researches in accelerating a single simulation, we could also investigate
methods to simulate multiple scenarios efficiently. For instance, extending the
simulation framework for many-scenario simulations proposed in [Zha+21]. Future
works could see potentials in the interaction with power system components that
causes discrete events, for instance protection systems, as well as system behaviors
during interaction with these systems, for example under voltage load shedding
(UVLS) and under frequency load shedding (UFLS).
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A.1 Optimization Results
Table A.1: Optimization result for Nvidia A 100-40GB GPU

Appendix A
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Component #Comp- Group #Comp- Matrix format with storage strategy

onents size onents
per
group
512 16 2 CDia* CDia* Dense- ELL*
cat
2048 32 32 Dense- Dense- Dense- Dense-
Inverter
cat cat cat cat
8192 128 32 ELL* ELL* CDia* ELL*
32768 128 64 ELL* ELL* ELL* ELL*
131072 64 40 ELL* ELL* ELL* ELL*
524288 32 20 ELL* ELL* ELL* ELL*
512 128 14 CDia* Dia* ELL* -
2048 256 28 CDia* CDia* ELL* -
SyncMachine 8192 256 28 CDia* Dia* CDia* -
32768 128 64 ELL* ELL* ELL* -
131072 64 32 ELL* Dia- CSR* -
BD
524288 128 64 ELL* CDia* ELL* -
512 256 12 ELL- Dense- CSR* -
BD cat
Electrolyzer 128 6 Dia* ELL- CSR- -
BD BD
8192 128 12 ELL- ELL- CSR- -
BD BD BD
32768 256 48 CSR- ELL- CSR- -
BD BD BD
131072 64 6 CSR- CDia* CSR* -
BD
524288 256 48 CSR- CSR- CSR* -
BD BD

*: pattern storage

-cat: concatenated storage
-BD: block diagonal storage



Table A.2: Optimization result for AMD MI100 GPU
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Component #Comp- Group #Comp- Matrix format with storage strategy

onents size onents
per
group

A B C D
512 32 4 ELL* ELL* ELL* ELL*
2048 256 32 ELL* ELL* ELL* ELL*
Inverter 8192 256 32 ELL* ELL* CSR* ELL*
32768 256 96 ELL* ELL* ELL* ELL*
131072 128 48 ELL* ELL* ELL* ELL*
524288 128 32 ELL* ELL* ELL* CSR*

512 64 7 CDia* Dia* ELL* -

2048 64 7 CDia* ELL* ELL* -

SyncMachine 8192 256 28 ELL* Dia* ELL* -

32768 256 96 ELL* Dia* ELL* -

131072 128 28 ELL* CSR* ELL* -

524288 256 28 CSR* CDia* ELL* -

512 64 3 ELL* Dense- CSR* -

cat

Electrolyzer 2048 128 6 ELL* ELL* CSR* -

8192 256 12 ELL* CSR* CSR* -

32768 256 12 ELL* CSR* CSR* -

131072 256 12 ELL* CSR* CSR* -

524288 128 3 CSR* ELL* CSR* -

*: pattern storage
-cat: concatenated storage

-BD: block diagonal storage
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