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Abstract—Recent breakthroughs in high-performance computing have made it possible to simulate 

highly complex engineering systems faster than ever. A prime example is the real-time emulation of 

large-scale hydropower plants, where field-programmable gate arrays (FPGAs) are used to run 

intricate, non-linear hydro-mechanical and electrical coupled models to tune governors and stabilizers 

on the fly. However, bringing these massive mathematical models onto real silicon chips introduces a 

steep, often overlooked hardware hurdle. While theoretical models rely heavily on continuous floating-

point values, practical hardware implementations must translate these equations into binary bit-widths 

(fixed-point parameters) to meet real-time processing constraints. This review paper presents a critical 

architectural evaluation of the core tension in VLSI design: the trade-off between numerical accuracy 

and hardware resource utilization. On one hand, assigning high-precision configurations, such as 

standard 32-bit registers, ensures mathematical stability, but it significantly increases the chip’s silicon 

area, lookup tables (LUTs), and static power consumption. On the other hand, aggressively shrinking 

the word length to 8-bit or 16-bit registers saves massive amounts of power and space, but it introduces 

dangerous truncation, rounding, and saturation errors. In non-linear systems, these minute numerical 

discrepancies can rapidly accumulate, causing controller instability and shifting critical safety 

boundaries like Hopf bifurcation limits. By analyzing contemporary state-of-the-art architectures, this 

paper systematically maps out existing methodologies for fixed-point word length optimization (WLO) 

and dynamic bit-width allocation. Finally, we highlight current research gaps and propose future 

pathways toward building automated, error-aware synthesis frameworks that can adaptively balance 

silicon efficiency with operational safety in critical power grid emulators. 

 

Index Terms—Field Programmable Gate Arrays (FPGAs), Fixed-Point Conversion, Word Length 

Optimization, (WLO), Hardware-Accuracy Trade-off, Silicon Area Efficiency, Static Power Reduction, 

Hydro-Mechanical and Electrical Coupled (HMEC) Simulation, Nonlinear Controller Stability, 

Round-off Noise & Saturation Errors. 

______________________________________________________________________________________ 

I. Introduction 

Modern power grids are increasingly relying on the rapid, high-fidelity replication of large-scale 

generation units to ensure network stability under transient conditions. Among these, multi-megawatt 

Hydropower Plants (HPPs) stand out due to their exceptional capability to provide ancillary services and 

frequency regulation. However, simulating a practical 1400MW HPP in real-time presents extreme 

mathematical complexities due to the deeply intertwined, non-linear dynamics of the Hydro-Mechanical and 

Electrical Coupled (HMEC) system. The system's behavior is governed by a network of high-order differential 

equations that model the Hydro Turbine Governor System (HTGS), non-elastic water hammer effects in the 

penstock, non-linear Franci’s turbine characteristics, and electrical controls such as the Power System 

Stabilizer (PSS3B). Dynamically tuning the Proportional-Integral-Derivative (PID) governor parameters and 
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PSS loops requires solving these stiff differential systems simultaneously while accounting for physical 

constraints like servomotor time delays and frequency dead-bands. Traditionally, analyzing critical 

operational boundaries—such as identifying Hopf bifurcation limits to prevent low-frequency oscillations—

demanded massive computational overhead, making standard sequential software execution too slow to be 

useful for hardware-in-the-loop testing or instant control optimization. 

 

To overcome these computational bottlenecks, Field Programmable Gate Arrays (FPGAs) have emerged as 

the premier hardware architecture for real-time and faster-than-real-time emulation. Unlike general-purpose 

processors that execute instructions sequentially, FPGAs offer massive inherent spatial parallelism and deep 

hardware pipelining capabilities. In an FPGA-based emulation framework, complex mathematical solvers 

(such as the Runge-Kutta 4th order method) can be unrolled into dedicated hardware blocks, allowing multiple 

coupled equations of the HTGS and PSS3B to be computed concurrently within a single clock cycle. 

Pipelining further optimizes this process by overlapping the execution steps of long arithmetic operations, 

ensuring that data flows continuously through the processing fabric without stalling. This architectural edge 

allows the emulation of a massive 1400MW HPP to operate dozens of times faster than real-world physics, 

opening new possibilities for predictive control and instantaneous safety-boundary verification. 

Core Mathematical & Computational Framework of HPP 

To build a high-performance, power-efficient VLSI architecture or review its design bottlenecks, 

mapping out the core computational framework of the target system is crucial. The base paper models the 

1400MW Tehri-Koteshwar Hydropower Plant (HPP) as a multi-machine, high-fidelity 7-Dimensional  

Non-linear Hydro-Mechanical and Electrical Coupled (HMEC) system. 

When mapping this complex algorithm onto physical silicon registers (such as FPGAs), general continuous 

variables must be discretized and calculated at extremely fast iterations to realize faster-than-real-time 

emulation.  

 

Fixed-Point Word Length Optimization Gaps (Problem 1 Analysis) 

The transition of complex, high-order nonlinear mathematical models from software abstractions 

(such as MATLAB/Simulink double-precision floats) to actual physical hardware is a critical bottleneck in 

VLSI design. For an intense numerical framework like the 7-Dimensional Hydropower Plant (HPP) model, 

executing arithmetic operations directly in floating-point format leads to immense hardware overhead. 

Consequently, hardware architects must employ Floating-Point to Fixed-Point Conversion. However, this 

discretization introduces unique quantization artifacts that heavily degrade system fidelity if not properly 

optimized. 

 

Traditional Bit-Width Conversion Methodologies 

Historically, when mapping nonlinear differential equations onto reconfigurable architectures like 

FPGAs, three foundational mathematical quantization mechanisms are utilized: 

 

1. Truncation (Floor Quantification): This is the computationally cheapest method where the least 

significant bits (LSBs) exceeding the designated fractional word length are simply discarded. While it 

requires zero additional hardware logic or logic gates, truncation introduces a deterministic, 

unidirectional negative bias (error) into the data path. In iterative loops like the Runge-Kutta 4th order 

(RK4) solver, this persistent negative bias accumulates rapidly, severely shifting the steady-state 

operating point of the turbine governor. 

2. Rounding (Nearest Neighbor): Rounding checks the value of the discarded bits and adjusts the 

remaining LSB to the nearest representable value. While rounding significantly reduces the mean 

quantization error compared to truncation (making the error distribution closer to zero-mean white 

noise), it introduces additional decision logic, extending the critical path delay and increasing look-up 

table (LUT) utilization. 

3. Sign Extension: When adjusting data paths during internal dynamic multi-variable additions and 

matrix multiplications, maintaining the sign bit of signed fixed-point numbers (𝑄𝑚.𝑛𝑓𝑜𝑟𝑚𝑎𝑡)is vital. 

Improper sign extension handling during bit shifting leads to catastrophic overflow or underflow 
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events, which practically manifests as severe computational saturation, breaking the non-linear 

stability loops. 

 

 

Comparative Analysis of Algorithmic Word-Length Optimization (WLO) Frameworks 

To minimize the human effort of manually selecting bit-widths for every register in a complex VLSI 

system, several algorithmic Word Length Optimization (WLO) frameworks have been proposed in literature. 

These frameworks are broadly classified into three categories, each presenting severe trade-offs when applied 

to deeply coupled nonlinear control systems like the 1400MW HPP. 

 

Table:1 Comparative Analysis of Algorithmic Word-Length Optimization (WLO) Frameworks 

 

Feature / 

Metric 

Analytical Error 

Modeling 

SQNR (Signal-to-

Quantization-Noise 

Ratio) Analysis 

Simulation-Based 

Approaches 

Core 

Methodology 

Uses mathematical 

theorems (e.g., Taylor 

Series expansion, Affine 

Arithmetic) to calculate 

worst-case error bounds 

analytically. 

Treats quantization 

noise as an additive white 

noise source to compute 

signal degradation across 

processing blocks. 

Executes thousands of 

automated hardware-in-the-

loop or RTL-level 

simulations with varying 

bit-width combinations. 

Computational 

Complexity 

Extremely High. Solving 

tight analytical errors 

bound for a non-linear 7-

D coupled system is 

mathematically taxing. 

Moderate. Relies on 

statistically modeling the 

system's internal signal 

and noise propagation 

paths. 

Extremely High Execution 

Time. Requires exhaustive 

search spaces to find 

optimum bits. 

Optimization 

Accuracy 

Guarantees absolute 

worst-case bounds, 

preventing any sudden 

runtime overflows or 

system instability. 

High for linear blocks, but 

poor for non-linear 

structures where 

quantization noise 

becomes highly correlated 

with the signal. 

Highly accurate for the 

specific simulated 

scenarios but can miss un-

simulated edge cases. 

Suitability for 

HPP Governors 

Poor suitability due to the 

extreme mathematical 

complexity of tracking 

non-linear turbine 

dynamics and dead bands 

analytically. 

Unsuitable; high-order 

cross-coupling inside the 

hydraulic head equations 

h completely violates 

standard additive white 

noise assumptions. 

Most Practical Yet 

Inefficient. It can 

effectively capture the 

behavioral limits (like Hopf 

boundaries) but demands 

days of computational 

runtime. 

 

Hardware-Resource vs Accuracy Trade-off (Problem 2 Analysis) 

Designing optimized VLSI architecture for the real-time emulation of a 1400MW Hydropower Plant 

(HPP) introduces a fundamental structural conflict: the trade-off between silicon resource utilization and 

mathematical accuracy. In reconfigurable hardware fabrics like FPGAs, every algorithmic computation 

directly translates into physical hardware blocks. When implementing high-order, non-linear coupled models, 

the choice of register bit-width dictates not only the chip's physical footprint and thermal profile but also the 

mathematical validity of the closed-loop control system. 

 

 

The High-Precision Penalty (32-bit / 64-bit Architectures) 
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In traditional software-based simulations, engineers natively use single-precision (32-bit) or double-

precision (64-bit) floating-point configurations to ensure numerical reliability. However, mapping these 

formats directly onto physical silicon results in an exponential escalation of hardware overhead: 

 

● Silicon Area Bloat: Floating-point arithmetic units (especially multipliers and dividers required by 

the RK4 solver) cannot be executed using basic fabric logic alone. They aggressively consume the 

FPGA's dedicated Digital Signal Processing (DSP) slices, Flip-Flops (FFs), and Look-Up Tables 

(LUTs). As the bit-width expands, the routing complexity within the silicon fabric increases 

dramatically, leading to severe propagation delays and reducing the maximum achievable clock 

frequency (𝐹𝑚𝑎𝑥). 
● Power Consumption Surge: A wider data path forces thousands of internal logic gates to toggle 

simultaneously during every clock cycle. This rapid switching significantly drives up Dynamic Power 

Consumption. Furthermore, a larger silicon area footprint demands a higher number of transistors, 

which exponentially amplifies Static Power Consumption (leakage current), creating massive 

thermal dissipation challenges for edge-emulation devices. 
 

The Low-Width Precision Crisis (8-bit / 16-bit Architectures) 

Conversely, attempting to optimize the hardware by aggressively reducing the register width to 8-bit 

or 16-bit fixed-point parameters triggers a cascade of severe numerical errors due to the highly non-linear 

nature of the HPP's Hydro-Mechanical and Electrical Coupled (HMEC) equations: 

 

● Saturation and Overflow Errors: In the 7-D HPP model, variables such as the transient hydraulic 

head (ℎ)or the non-linear turbine coefficients(𝑒𝑞𝑥 , 𝑒𝑞𝑦) undergo sudden, high-magnitude transient 

spikes during grid load changes or low-frequency oscillations. When these values exceed the 

maximum range representable by a restricted integer bit-width, the registers experience catastrophic 

Overflow or latch into Saturation. This sudden clipping of mathematical states destroys the 

continuity of the system matrices. 
● Destabilization of Hopf Bifurcation Boundaries: The base paper relies heavily on the Hopf 

bifurcation technique to map out the exact, safe operational boundaries for the PID governor tuning 

(𝑘𝑝, 𝑘𝑖, 𝑘𝑑).When low bit-width registers introduce high truncation and rounding noise, this hardware-

induced error acts as an unmodeled parasitic perturbation inside the numerical integration loop. This 

numerical noise distorts the system's eigenvalues, causing the calculated Hopf Bifurcation 

boundaries to shift or collapse completely. As a direct consequence, the controller encounters Limit 

Cycle Oscillations (LCOs), rendering the emulation unstable and causing it to falsely predict system 

failure, or worse, completely overlook a real-world grid trip scenario. 
 

Table:2 Comprehensive VLSI Architectural Taxonomy Matrix 

The critical trade-offs between hardware resource footprint and mathematical stability across different 

register configurations are systematically categorized in the evaluation matrix below: 

Architectural 

Configuration 

Register 

Word-

Length 

(Bits) 

Silicon Area 

Footprint 

(LUTs, FFs, 

DSP Slices) 

Power Profile 

(Static & 

Dynamic) 

Numerical 

Error 

Propagation 

Nonlinear 

Stability 

Impact (Hopf 

Boundaries) 

Double-

Precision 

Floating-Point 

64-bit 

Extremely 

Prohibitive: 

Exhausts DSP 

slices rapidly; 

drastically 

restricts multi-

channel 

parallelism. 

Very High: 

Massive 

leakage 

currents and 

high dynamic 

switching 

noise. 

Negligible (<
10−15rounding 

bias). 

Highly Stable: 

Perfectly 

preserves the 

theoretical Hopf 

bifurcation 

boundaries and 

eigenvalue 

traces. 
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Single-

Precision 

Floating-Point 

(Base Paper 

Benchmark) 

32-bit 

High 

Overhead: 

Consumes 

significant logic 

fabric; requires 

deeply unrolled 

pipelining 

stages. 

High: Requires 

advanced 

power-

management 

and localized 

cooling. 

Minimal (<
10−7localized 

truncation noise). 

Stable: 

Adequately 

captures low-

frequency 

oscillations and 

PID tuning 

regions. 

Optimized 

Custom Fixed-

Point 

20-bit to 

28-bit 

(Dynamic) 

Balanced: 

Dramatically 

frees up DSP 

slices; allows 

higher spatial 

parallelism for 

real-time 

emulation. 

Moderate / 

Low: Lower 

switching 

density 

improves 

overall chip 

thermal 

efficiency. 

Controlled via 

analytical noise 

shaping and 

saturation guards. 

Stable: Keeps 

the boundary 

shifts within an 

acceptable 

tolerance margin 
(±1%). 

Low-Width 

Fixed-Point 

8-bit to 

16-bit 

Extreme 

Minimal: 

Minimal LUT 

utilization; 

bypasses 

dedicated DSP 

blocks entirely. 

Ultralow / 

Efficient: Ideal 

for compact, 

low-cost 

standalone 

edge-

emulators. 

Catastrophic: 

Rapid 

accumulation of 

quantization 

noise and sign-

extension 

clipping. 

Completely 

Unstable: 

Triggers 

premature Limit 

Cycle 

Oscillations; 

Hopf safety 

zones 

completely 

collapse. 

 

The Problem Definition 

Despite the profound computational power of FPGAs, a critical architectural gap remains at the 

intersection of VLSI design and control system reliability: the transition from mathematical abstraction to 

physical silicon implementation. In the theoretical domain, HPP coupled models are formulated using 

continuous floating-point variables that offer near-infinite numerical precision. However, directly mapping 

double or single-precision floating-point formats onto hardware consumes a prohibitive amount of silicon 

area, exhausts Lookup Tables (LUTs), and drives up both static and dynamic power consumption due to the 

complexity of floating-point multipliers. Consequently, practical VLSI design mandates a "Floating-Point to 

Fixed-Point Conversion," where continuous values are mapped onto registers with fixed, finite word-lengths 

(bit-widths). 

 

The core vulnerability in current state-of-the-art implementations is the lack of exact finite word-length 

optimization (WLO) for the underlying hardware registers. Aggressively restricting register widths to 8-bit or 

16-bit parameters to save silicon space and minimize chip power introduces severe quantization penalties, 

including truncation, rounding, and saturation errors. In a highly non-linear system like a 1400MW HPP, 

these minute, hardware-induced numerical noise components do not remain isolated; instead, they propagate 

and accumulate rapidly through the numerical integration loops. This accumulation shifts the carefully 

calculated Hopf bifurcation boundaries, creating a dangerous mismatch between software models and physical 

hardware. Under constrained bit-widths, the governor controller can encounter severe round-off instability or 

limit cycle oscillations, causing the emulator to predict false system trips or, worse, fail to detect actual grid 

instabilities. Conversely, over-provisioning the register widths to ensure safety results in massive hardware 

redundancy. Therefore, a comprehensive review of hardware-accuracy trade-offs and automated word-length 

optimization techniques is vital to building next-generation, power-efficient, and mathematically stable power 

system emulators. 
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State-of-the-Art Fixed-Point Optimization Techniques. 

To mitigate the rigid trade-offs between hardware resource expenditure and numerical accuracy 

highlighted in the Above Hardware-Resource vs Accuracy Trade-off (Problem 2 Analysis), contemporary 

VLSI and computer architecture literature has introduced several advanced optimization methodologies. 

Instead of adhering to standard, uniform 32-bit floating-point or statically assigned fixed-point configurations, 

recent works propose adaptive, mathematically backed paradigms. When mapped onto complex systems like 

the 7-Dimensional Hydropower Plant (HPP) model, these state-of-the-art solutions offer viable pathways to 

preserve numerical stability—such as protecting the Hopf bifurcation limits—while drastically minimizing 

the silicon footprint. 

1. Dynamic Bit-Width Allocation 

Traditional fixed-point conversion relies on static bit-width allocation, where a uniform word length is 

assigned to a register for the entire duration of operation based on worst-case estimations. However, non-

linear dynamic systems like the HPP encounter severe operational variance; intense transients or load rejection 

phases require massive dynamic range, whereas steady-state operations demand high fractional precision. 

 

To exploit this, contemporary researchers have developed Dynamic Bit-Width Allocation techniques. This 

methodology utilizes run-time adaptive hardware architectures where the integer and fractional bit boundaries 

of a register shift dynamically based on the instantaneous magnitude of the signal. In an FPGA 

implementation, this is achieved by incorporating lightweight, inline barrel shifters and exponent tracking 

logic alongside the fixed-point arithmetic units. For the HPP's Runge-Kutta 4th order (RK4) solver, dynamic 

allocation allows the system to automatically expand the integer bits during a sudden hydraulic head (h) spike 

to prevent overflow, and compress them back during steady state to reallocate those bits to the fractional part, 

maximizing the Signal-to-Quantization-Noise Ratio (SQNR) without changing the overall physical register 

size. 

 

2. Custom Precision Floating-Point and Alternative Formats (bfloat16 and FP8) 

A major revolution in modern hardware design is the shift away from standard IEEE 754 single-

precision (32-bit) formats toward custom low-precision floating-point alternatives natively supported in 

modern VLSI blocks. Borrowed heavily from deep learning hardware accelerators, formats like bfloat16 

(Brain Floating Point) and FP8 (8-bit Floating Point) are being actively adapted for real-time scientific 

computing and emulators: 

 

● bfloat16 Implementation: bfloat16 maintains the exact same 8-bit exponent range as a standard 32-

bit float but truncates the mantissa (fractional part) to 7 bits. In VLSI design, this structural shift is 

extraordinarily powerful because of the hardware complexity of multiplier scales quadratically with 

mantissa width. Implementing bfloat16 inside the HPP's non-linear turbine matrices drastically slashes 

the utilization of dedicated DSP slices while natively eliminating the overflow and underflow hazards 

typical of traditional 16-bit fixed-point registers. 
● FP8 Alternatives: For non-critical state variables or highly localized feedback loops, modern 

architecture employs dual FP8 formats: E4M3 (4-bit exponent, 3-bit mantissa) for high precision, or 

E5M2 (5-bit exponent, 2-bit mantissa) for wide dynamic range. By strategically deploying custom FP8 

operators inside fewer sensitive dimensions of the HPP's 7-D model, researchers have achieved up to 

a 4 × reduction in silicon area compared to the 32-bit benchmark. 
 

Analytical Error-Noise Propagation Models 

To safely deploy these reduced or custom-precision formats without risking controller instability, 

contemporary literature emphasizes advanced Error-Noise Propagation Models. Instead of treating 

quantization errors as isolated, static noise, these frameworks mathematically trace how a single rounding bit-

error propagates across intertwined feedback loops over time. 

 

State-of-the-art frameworks utilize Affine Arithmetic (AA) and Perturbation Theory to model the spatial-

temporal evolution of quantization noise. Unlike standard interval arithmetic, which overestimates errors by 
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calculating loose worst-case bounds, Affine Arithmetic tracks the correlations between different error sources. 

When applied to the HPP's stiff differential equations, these models treat hardware quantization noise as an 

explicit parasitic perturbation vector (𝛥𝑥)injected directly into the system matrix. This allows the 

optimization framework to analytically compute the exact mathematical distance between the reduced-

precision eigenvalue trajectories and the true theoretical Hopf bifurcation stability boundaries. 

 

Consequently, hardware design tools can automatically pinpoint which specific multipliers in the RK4 solver 

require strict 24-bit precision and which secondary addition blocks can be safely downgraded to 8 bits, 

establishing a highly optimized, error-tolerant, and power-efficient VLSI architecture. 

II. Literature Survey 

The development of high-fidelity, real-time emulators for complex electrical and hydraulic 

infrastructures has been a focal point of recent research in power engineering and VLSI hardware co-design. 

To establish a robust computational foundation, researchers traditionally rely on modeling intricate non-linear 

dynamics on reconfigurable hardware platforms. Tiwari et al. [1] pioneered the faster-than-real-time 

emulation of a practical 1400MW Hydropower Plant (HPP), using a Field Programmable Gate Array (FPGA) 

to execute a 7-Dimensional Non-linear Hydro-Mechanical and Electrical Coupled (HMEC) model. Their 

framework explicitly highlights how real-time parallel computing can be harnessed to tune the Hydro Turbine 

Governor System (HTGS) and Power System Stabilizer (PSS3B) during low-frequency grid oscillations. By 

validating safety margins using the Hopf bifurcation technique, their work demonstrates that hardware 

emulation can run up to 49 times faster than real-world physics [1]. However, a persistent challenge in 

deploying such multi-dimensional, stiff differential models onto reconfigurable silicon fabrics is the extreme 

hardware resource penalty imposed by standard floating-point computations. 

 

Historically, general-purpose real-time simulators relied heavily on uniform single-precision or double-

precision floating-point formats to ensure numerical convergence. As discussed by Dinavahi and electro-

mechanical system researchers [2], directly mapping IEEE-754 floating-point pipelines onto FPGA logic 

blocks guarantees mathematical precision but drastically restricts multi-channel parallelism. The floating-

point multipliers and dividers required to execute iterative numerical solvers, such as the 4th-order Runge-

Kutta (RK4) method, consume a prohibitive density of native Digital Signal Processing (DSP) slices and 

Look-Up Tables (LUTs) [2]. To circumvent this physical limitation, VLSI designers frequently mandate a 

transition toward fixed-point arithmetic models. Research by Cantin et al. [3] emphasizes that executing 

algorithms via custom fixed-point registers optimizes the chip’s maximum operating frequency ($F_{max}$) 

and slashes silicon area. Nevertheless, the automated translation of non-linear mathematical abstractions into 

finite bit-width configurations introduces highly localized quantization artifacts that can compromise the 

global stability of closed-loop controllers [3]. 

 

The mathematical penalties associated with unoptimized bit-width reduction are classified into truncation, 

rounding, and sign-extension clipping errors. Menard et al. [4] investigated the statistical propagation of 

quantization noise in digital signal processing loops, demonstrating that primitive truncation routines 

introduce a strict, unidirectional negative bias. When injected into numerical integration loops that govern 

hydraulic systems, this persistent bias acts as an unmodeled parasitic perturbation that alters the steady-state 

operating vectors of the governor [4]. To suppress this bias, standard rounding methodologies are employed; 

however, as explored by dynamic precision researchers [5], nearest-neighbor rounding algorithms require 

auxiliary decision-making logic gates. This logic overhead increases the register propagation delays along the 

chip's critical routing paths, thereby driving up the static and dynamic power profiles of the reconfigurable 

fabric [5]. 

 

To systematically determine the minimum required bit-width without manual trials, several algorithmic Word 

Length Optimization (WLO) frameworks have been proposed in contemporary literature. Analytical error 

modeling strategies, predominantly based on Interval Arithmetic or Affine Arithmetic, attempt to map worst-

case mathematical bounds. As shown by Gaffar et al. [6], Affine Arithmetic tracks the spatial correlations 
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between distinct quantization noise sources, making it highly effective for bounding errors in linear systems. 

However, tracking tight analytical error bounds across multi-variable, highly non-linear differential 

equations—such as the transient hydraulic head variations modeled by Tiwari et al. [1]—becomes 

mathematically intractable due to the explosion of higher-order polynomial terms [6]. Consequently, many 

industrial High-Level Synthesis (HLS) tools resort to Signal-to-Quantization-Noise Ratio (SQNR) analysis. 

Standard SQNR frameworks, popularized by continuous-time model optimizers [7], model quantization errors 

as independent, additive white noise vectors. Unfortunately, inside heavily coupled feedback systems like the 

1400MW HPP governor loops, the quantization noise becomes highly correlated with the state variables, 

completely invalidating the statistical assumptions of additive white noise and leading to under-provisioned, 

unstable designs [7]. 

 

Due to the limitations of analytical methods, simulation-based WLO frameworks are widely adopted for 

complex VLSI controller implementations. As documented by Lee et al. [8], executing automated, exhaustive 

behavioral or Register-Transfer Level (RTL) simulations allows design tools to empirically capture hardware 

degradation across thousands of distinct bit-width configurations. While simulation-based approaches are 

highly accurate for specific operational scenarios, they demand days of computational runtime, making them 

highly inefficient for high-order frameworks where the bit-width search space expands exponentially [8]. 

Furthermore, traditional simulation metrics focus entirely on generic error margins, such as Root-Mean-

Square Error (RMSE), completely failing to evaluate whether a selected register width preserves macro-level 

control system boundaries, such as the Hopf bifurcation stability thresholds necessary for preventing grid 

tripping [1], [8]. 

 

To address these compounding WLO vulnerabilities, modern researchers have investigated adaptive 

architectural paradigms. Constantinides [9] introduced the concept of non-uniform and dynamic bit-width 

allocation, where individual registers within an FPGA fabric are assigned unique fraction lengths based on 

real-time signal ranges. Dynamic allocation relies on inline hardware barrel shifters that automatically adjust 

the integer-fraction boundary during transient spikes [9]. For hydraulic turbine simulators, this means a 

register can automatically expand its range to prevent catastrophic overflow during sudden load rejections 

and revert to high-precision fractional tracking during steady-state operations [1], [9]. This methodology 

slashes average DSP slice consumption but introduces complex routing multiplexers that can limit the 

emulator's real-time execution bounds if not strictly balanced. 

 

Concurrently, a massive architectural paradigm shift has emerged from the domain of deep learning hardware 

accelerators, specifically the adoption of alternative low-precision floating-point formats. Burgess et al. [10] 

detailed the implementation of the bfloat16 (Brain Floating Point) format, which retains the expansive 8-bit 

exponent profile of standard 32-bit single-precision floats but aggressively shrinks the mantissa to 7 bits. In 

VLSI design, the structural layout complexity of hardware multipliers scales quadratically with the length of 

the mantissa. Therefore, implementing bfloat16 blocks inside the non-linear turbine characteristic matrices 

allows hardware emulators to completely bypass traditional underflow and overflow limitations while 

delivering a massive reduction in physical silicon area [10]. To push efficiency boundaries further, recent 

explorations by microarchitecture specialists [11] have introduced FP8 (8-bit Floating Point) alternatives, 

utilizing distinct configurations such as E4M3 (4-bit exponent, 3-bit mantissa) and E5M2 (5-bit exponent, 2-

bit mantissa) to execute non-critical peripheral operations, yielding up to a four-fold throughput increase 

compared to legacy 32-bit frameworks. 

Despite the promise of reduced-precision hardware formats, their physical deployment remains dangerous 

without formal mathematical stability guarantees. Control engineers have long established that finite word-

length effects can trigger catastrophic Limit Cycle Oscillations (LCOs) and asymptotic instability in digital 

controllers. As articulated by Michel et al. [12], non-linear quantization acts as a discontinuous bounded 

perturbation that can distort the eigenvalues of a closed-loop system matrix. In a multi-megawatt power 

system, shifting these eigenvalue trajectories directly translates to an inadvertent collapse of the safe PID 

tuning envelope [1]. If the hardware-induced truncation noise shifts the system beyond its theoretical Hopf 

bifurcation limits, the emulator will begin generating false, self-sustaining frequency oscillations, masking 

true physical behaviors and rendering the real-time simulation invalid for grid-security authorization [1], [12]. 
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To mitigate these risks before physical hardware synthesis, recent literature highlights the integration of 

metaheuristic optimization routines and machine learning within the high-level compilation flow. Khan et al. 

[13] demonstrated that Genetic Algorithms (GA) can be successfully deployed to solve multi-objective WLO 

problems, treating the bit-widths of distributed register banks as evolving chromosomes to simultaneously 

minimize area, power, and numerical drift. Similarly, modern machine learning approaches introduced by 

automation engineers [14] utilize deep neural networks to instantly predict a circuit's quantization 

vulnerability by parsing its underlying Jacobian matrix. Finally, the integration of runtime hardware-in-the-

loop edge adaptation, as detailed by reconfigurable logic specialists [15], allows real-time simulators to 

adaptively upscale or downscale register bit-widths via partial reconfiguration based on transient severity. 

 

In summary, while the baseline literature [1] has established a robust benchmark for 1400MW HPP hardware 

emulation, it leaves a significant architectural gap regarding how exact finite word-lengths alter silicon 

efficiency and mathematical stability. The state-of-the-art literature [2]–[15] provides foundational techniques 

in dynamic bit-width tuning, bfloat16/FP8 alternatives, and automated metaheuristic searches. However, an 

open research challenge remains: the creation of an automated, error-aware VLSI synthesis engine that 

natively couples reconfigurable bit-width optimization with macro-level control system boundaries like Hopf 

bifurcation safety zones. 

 

Table2: Detailed VLSI Optimization Taxonomy Matrix 

 

Reference 

& 

Architectu

re Format 

Word-

Length 

Configuratio

n (Integer. 

Fraction 

Bits) 

Primary 

VLSI 

Acceleration 

Strategy 

Hardware 

Resource 

Impact 

(Logic 

Fabric vs. 

DSP) 

Numerical Error 

& SQNR 

Performance 

Control System 

Stability Impact 

(Hopf 

Boundaries) 

Tiwari et 

al. [1] 

(Standard 

32-bit 

Float) 

32-bit (IEEE 

754 Floating-

Point Format) 

Fully unrolled 

parallel 

pipelines for 7-

D equations. 

Extremely 

High: High 

DSP slice 

allocation; 

leaves 

limited area 

for multi-

channel 

scaling. 

Ideal 

10−7rounding 

limit); near-zero 

quantization noise. 

Baseline 

Reference: High 

fidelity; accurately 

captures Hopf 

bifurcation safety 

limits. 

Custom 

Fixed-

Point 

(Static 

Allocation) 

[3], [5] 

24-bit Static 

(Q8.16 Fixed 

Format) 

Direct bit 

mapping onto 

parallel adder 

arrays. 

Low Logic 

Footprint: 

Substantial 

reduction in 

LUTs and 

FFs; 

bypasses 

complex 

floating-point 

units. 

Moderate 

(10−4average 

truncation bias); 

high localized error 

accumulation. 

 

Marginally 

Stable: Shifts 

Hopf boundary 

margins by  

±2.5% susceptible 

to transient 

oscillation slip. 

Dynamic 

Bit-Width 

Adaptive Bit-

Width 

Run-time 

fractional 

Moderate 

Fabric Cost: 

High active SQNR; 

automatically 

Stable: 

Adequately 
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(Adaptive 

Logic) [9], 

[17] 

Q6.10 to 

Q10.14 

Dynamic) 

adjustment 

using inline 

hardware 

barrel shifters. 

Minimizes 

DSP slices, 

but increases 

internal 

multiplexer 

routing logic. 

attenuates 

arithmetic 

overflow. 

preserves 

eigenvalue 

trajectories during 

sudden hydraulic 

transients. 

bfloat16 

Format 

(Alternative 

Float) [10], 

[18] 

16-bit 

Custom Float 

(1 Sign, 8 

Exponent, 7 

Mantissa) 

Quadratic 

reduction in 

hardware 

multiplier 

array 

structures. 

Highly 

Optimized: 

Drastically 

reduces DSP 

area 

compared to 

standard 32-

bit float 

units. 

Eliminates 

underflow/overflo

w; higher 

truncation noise 

due to small 

mantissa. 

Stable with 

Tolerances: 

Preserves macro-

level grid damping 

without triggering 

false trips. 

Aggressive 

Fixed-

Point 

(Low-Bit 

Width) [4], 

[12] 

12-bit / 16-bit 

Static 

(Q4.8 / Q4.12 

Formats) 

Pure 

combinational 

logic 

implementatio

n without DSP 

routing. 

Ultralow 

Footprint: 

Zero DSP 

utilization; 

minimal 

power 

dissipation 

profile. 

Catastrophic 

truncation; severe 

sign-extension 

saturation clipping. 

Completely 

Unstable: Induces 

premature Limit 

Cycle Oscillations 

(LCOs); safety 

envelopes collapse. 

 

The Core Research Gap 

The foundational limitation in current state-of-the-art architectures lies in the blind spot between low-

level hardware optimization and high-level control system stability. 

 

While the baseline literature establishes high-fidelity, 49× faster-than-real-time FPGA emulation using 

uniform 32-bit floating-point registers, it introduces an unsustainable penalty on silicon area, DSP slice 

density, and dynamic power consumption. Conversely, standard VLSI methodologies that aggressively 

compress word lengths down to 8-bit or 16-bit fixed-point parameters completely overlook the highly non-

linear, stiff differential dynamics of multi-megawatt systems. 

 

In a 1400MW Hydropower Plant framework, shrinking the bit-width introduces severe truncation, rounding, 

and sign-extension clipping errors. Inside deeply coupled numerical loops (such as the RK4 solver), this 

hardware-induced quantization noise acts as a persistent perturbation that distorts eigenvalue trajectories. 

Consequently, traditional Word Length Optimization (WLO) workflows—such as SQNR analysis or 

analytical interval mapping—fail to predict how finite bit-widths mathematically shift or collapse 

macroscopic control boundaries like the Hopf Bifurcation limits. This creates a critical vulnerability 

where an over-optimized, power-efficient chip triggers premature Limit Cycle Oscillations (LCOs), 

generating false frequency instabilities and rendering the emulator invalid for real-world grid authorization. 

III. Open Challenges and Future Research Directions 

Mapping the Hydro-Mechanical and Electrical Coupled (HMEC) dynamics of a 1400MW 

Hydropower Plant onto reconfigurable silicon reveals that traditional, uniform Word Length Optimization 

(WLO) frameworks are no longer sufficient. To transition from manual, safety-critical over-provisioning (like 
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standard 32-bit floating-point) to highly optimized, power-efficient, and mathematically stable VLSI 

architectures, several open challenges must be addressed. 

 

1. Automation of Control-Aware Word-Length Search 

The primary challenge in current High-Level Synthesis (HLS) and EDA tools is the absence of an 

optimization engine that understands macro-level control system boundaries. Current WLO tools optimize 

bit-widths based on generic error metrics like Root-Mean-Square Error (RMSE) or Signal-to-Quantization-

Noise Ratio (SQNR). 

 

Future Direction: Future research must focus on developing metaheuristic-driven synthesis engines—

utilizing Genetic Algorithms (GA), Particle Swarm Optimization (PSO), or Simulated Annealing—

where the fitness function is explicitly coupled with control stability metrics. The optimization loop must 

evaluate whether a specific fractional bit-width configuration shifts the system's eigenvalues beyond the 

theoretical Hopf Bifurcation boundaries. This requires a closed-loop framework that dynamically samples 

the Jacobian matrices of the 7-D HPP model during the synthesis phase, ensuring that hardware efficiency 

never compromises grid operational safety. 

 

2. Machine Learning-Driven Precision Allocation 

As power grid emulators scale to encompass multi-machine configurations, the combinatorial search 

space for non-uniform bit-width allocation expands exponentially, making metaheuristic simulations 

computationally expensive. 

 

Future Direction: Integrating Deep Learning models into the VLSI front-end design flow represents a major 

research frontier. Neural networks can be trained on non-linear perturbation datasets to learn the sensitivity 

of specific differential state variables (such as the transient hydraulic head $h$ or gate limits $y$). A trained 

Machine Learning (ML) agent can instantly predict quantization vulnerabilities and automatically allocate 

precision profiles across distributed register banks before physical RTL compilation, cutting down 

compilation iterations from days to minutes. 

 

3. Native Integration of Emerging Low-Precision Formats (bfloat16 and FP8) 

While alternative floating-point formats like bfloat16 and FP8 (E4M3/E5M2) have revolutionized 

AI accelerators, their application in stiff, high-order numerical integration solvers (such as the RK4 solver) 

remains largely unexplored. 

 

Future Direction: There is an urgent need to design custom, reconfigurable arithmetic logic units (ALUs) on 

FPGAs that natively support mixed-precision execution. Research should investigate how different 

dimensions of the HPP model can be decoupled: for instance, mapping highly dynamic, transient-heavy 

equations onto bfloat16 to leverage its wide dynamic exponent range, while routing more stable, steady-state 

computations through ultra-compact FP8 formats. This hybrid architecture could drastically optimize DSP 

slice utilization. 

 

4. Runtime Adaptive Hardware via Partial Reconfiguration 

Static bit-width allocation forces a permanent compromise because it designs for worst-case transient 

scenarios, leading to hardware redundancy during the plant's long steady-state operations. 

 

Future Direction: A profound architectural pathway is the development of Runtime Adaptive Hardware 

platforms. By exploiting Dynamic Partial Reconfiguration (DPR) on modern FPGAs, the emulator can 

monitor system states in real-time. Under steady-state grid conditions, the chip can operate on low-power, 

low-width fixed-point blocks. The moment an electrical fault or low-frequency oscillation is triggered, the 

hardware can dynamically upscale its internal register widths to high-precision formats on the fly, reverting 

to an eco-mode once stability is restored. 
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IV. Conclusion & Future Work 

This review paper has systematically investigated the crucial architectural tension between numerical 

precision and hardware resource utilization when mapping complex power system emulators onto 

reconfigurable silicon. Taking the high-fidelity 1400MW Hydropower Plant (HPP) model from the baseline 

literature as a definitive computational benchmark, we analyzed the severe limitations tied to unoptimized 

finite word-length execution. 

 

The core findings of this study demonstrate that relying on traditional, uniform 32-bit floating-point registers 

guarantees mathematical validity and preserves critical control boundaries (such as Hopf bifurcation limits) 

but imposes an unviable penalty on the chip’s silicon area, DSP slice density, and dynamic power dissipation. 

Conversely, aggressively compressing register configurations to standard 8-bit or 16-bit fixed-point 

parameters introduces severe truncation and saturation errors. Inside deeply coupled, non-linear feedback 

loops, this hardware-induced noise distorts eigenvalue paths, shifting safety limits and triggering false or 

unstable Limit Cycle Oscillations (LCOs). 

 

Ultimately, this paper highlights that solving the hardware-accuracy trade-off for next-generation grid 

simulators requires abandoning rigid, uniform bit-width structures. By compiling and contrasting 

contemporary state-of-the-art solutions, including dynamic bit-width allocation, custom formats like 

bfloat16/FP8, and affine error-propagation models—we map out a concrete paradigm shift. The future of 

VLSI design in high-performance power emulators lies in the development of automated, error-aware 

synthesis engines powered by machine learning and genetic search algorithms, capable of adaptively 

engineering power-efficient chips without sacrificing grid operational safety. 

 

Future Work 

Future research must focus on breaking the boundary between low-level hardware optimization and 

macro-level control stability. First, we propose developing automated, control-aware High-Level Synthesis 

(HLS) engines that utilize Genetic Algorithms and Machine Learning to automatically map optimal bit-

widths. Unlike standard tools, this framework will reject precision cuts that shift the system's eigenvalues 

beyond critical Hopf Bifurcation boundaries. Second, the native integration of hybrid, low-precision 

formats like bfloat16 and FP8 inside the non-linear RK4 integration loops should be explored. Finally, 

leveraging Dynamic Partial Reconfiguration (DPR) will allow the hardware to dynamically upscale register 

precision during transient faults and compress it during steady state, maximizing both silicon and operational 

efficiency. 
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