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Abstract— Future spacerobotics missions, ranging from urban
eVTOL air taxis with 36 ducted fans to 16" -rotor Martian drones
and free-flying in-orbit servicers, demand highly reliable, low-
latency, and energy-efficient motor control across large thruster
arrays. We present Reliable Architecture for Space Robotics (RA-
SR), a system-level ESC controller built on the Xilinx Zynq
PYNQ-Z2 SoC (FPGA fabric + ARM cores). RA-SR scales from
16 to 32 channels, supports PWM, PPM, and DShot through
dedicated IP cores with dynamic protocol selection, and offloads
timing into FPGA fabric to achieve <50 ns jitter (measured on a
dev board oscillator; flight-qualified oscillators may vary) and
zero CPU overhead. On MicroBlaze, RA-SR drives 16 ESCs
at 0.8 W; on the ARM Cortex-A9 it manages 32 ESCs at 1.9
W. We characterize resource utilization (3.24 % LUTs, 1.79
% FFs for 4 channels; 11.08 % LUTs, 5.39 % FFs for 32
channels), validate performance with 8-ESC bench tests and
32-stream synthetic loopbacks, and compare energy efficiency
against commercial controllers such as Pixhawk 4. Finally, we
outline future work on telemetry feedback integration, optimized
power distribution, and Al-driven flight control for extended
space-robotics applications.

Index Terms—FPGA ESC controller, multi-protocol motor
control, low-latency jitter, energy-efficient UAV control, high-
channel scalability, space robotics

I. INTRODUCTION

Future space-robotics missions—ranging from Martian ro-
torcraft requiring 16+ rotors to lift multi-kilogram payloads
in thin CO4y atmospheres [1], to free-flying in-orbit servicers
employing 24-32 micro-thrusters for precision docking and
station-keeping [2]—demand highly reliable, low-latency, and
energy-efficient motor control across large thruster arrays
(16-32 channels).

Conventional microcontroller (MCU)-based electronic
speed controllers (ESCs), such as STM32-driven boards, are
typically limited to 4-8 channels due to CPU load and
interrupt-driven timing, exhibit jitter exceeding 1.2 us [3], and

consume over 2.5 W per channel [4]. Hybrid MCU-FPGA
implementations, which push protocol timing into a soft-core
processor on FPGA fabric, still incur unpredictable latency
and elevated power overhead [5].

To our knowledge, no prior ESC controller supports more
than 16 channels with multi-protocol operation (PWM, PPM,
DShot) entirely in programmable logic. Existing FPGA-based
designs remain limited to single-protocol solutions (e.g., 8-
channel DShot controllers [6], 12-channel PWM implementa-
tions [7]).

In this paper, we present Reliable Architecture for Space
Robotics (RA-SR), a system-level ESC controller built on
the Xilinx Zynq PYNQ-Z2 SoC (FPGA fabric + dual ARM
Cortex-A9 cores) [8]. RA-SR scales from 16 to 32 channels,
supports PWM, PPM, and DShot via dedicated finite-state ma-
chines in FPGA fabric, and offloads timing to programmable
logic to achieve deterministic jitter below 50 ns (measured on
the dev-board oscillator; flight-qualified hardware may vary)
with zero CPU overhead. We characterize resource utilization,
per-channel power (0.8-1.9 W), and cost; validate throughput
and timing with bench-top ESC tests and synthetic loopbacks;
and compare RA-SR against commercial controllers. Finally,
we outline a roadmap toward radiation hardness, telemetry
feedback integration, and Al-driven flight control for extended
space-robotics applications.

The remainder of this paper is organized as follows. Sec-
tion II reviews related MCU- and FPGA-based ESC con-
trollers. Section III presents the RA-SR system architecture
and design trade-offs. Section IV describes scalability, power,
and cost analyses. Section VI compares RA-SR against state-
of-the-art designs. Section V discusses resource headroom and
radiation-hardening considerations. Section VII covers space-
specific design issues and on-orbit reconfiguration. Finally,
Section VIII concludes and outlines future work.



II. RELATED WORK

This section reviews prior ESC controller designs—MCU-
based, hybrid MCU-FPGA, and FPGA-only architec-
tures—and highlights the lack of fully integrated system-
level solutions (on-board control loops, power management,
telemetry) that RA-SR provides.

A. MCU-Based and Hybrid MCU-FPGA Architectures

Microcontroller-driven ESCs—such as the STM32F407VG
Discovery and Nucleo-64 (STM32F446RE) boards—provide
up to 8 channels through timer peripherals', using interrupt-
driven PWM/PPM, exhibit jitter up to 1.2pus [3], consume
2.5W per channel [4], and rely on CPU intervention. Hy-
brid MCU-FPGA designs (e.g., Lee and Kim [5]) instantiate
protocol IP in FPGA fabric alongside a soft-core, reducing
but not eliminating CPU load (0.5 ps latency, =~ 20 % CPU).
Commercial autopilots (PX4 Pixhawk 4 [9]) similarly cap at
8 channels with =~ 1 ps jitter and ~ 2.3 W per channel.

B. FPGA-Only Architectures

Fully hardware implementations on FPGA fabric remove
CPU overhead but remain limited to single-protocol designs
and modest channel counts. Wang and Chen [6] present an
8-channel DShot IP with < 100 ns, while Patel and Singh [7]
demonstrate a 12-channel PWM generator with ~ 100 ns vari-
ation. Neither supports multiple protocols nor scales beyond
12 channels.

C. System-Level Integration Gaps for Space Robotics

Future space-robotics platforms—including 16+-rotor Mar-
tian drones [1] and 24-32 micro-thruster servicers [2]—require
not just low jitter and power but also on-board control loops
(e.g., PID), power distribution management, and bidirectional
telemetry. Existing works address one or two of these facets,
but none unify them within a single SoC-based platform,
motivating RA-SR’s system-level approach.

D. Definition of Hardware-Only

Here, “hardware-only” means that all protocol timing is
implemented as synthesized FPGA logic, with no reliance on
CPUs, microcode, or interrupts.

III. SYSTEM ARCHITECTURE

A. RA-SR System Overview

The RA-SR system integrates a Xilinx Zynq PYNQ-Z2
SoC (FPGA fabric + dual ARM Cortex-A9 cores) with high-
density ESC arrays, sensors (IMU, GPS), a radio receiver, and
ADC-based power/voltage monitoring into a unified platform.
As shown in Fig. 1, this cohesive design enables scalability
(16-32 channels), deterministic timing, and energy efficiency
for UAV and space-robotics missions requiring closed-loop,
high-speed motor control.
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Fig. 1: RA-SR system architecture integrating PYNQ-Z2,
ESCs, IMU, GPS, transmitter, and receiver.

B. ESC Control Architecture

RA-SR’s FPGA-based ESC control uses custom IP cores
for DShot (150/300/600/1200), PWM, and PPM. A hardware
protocol selector dynamically switches protocols per channel,
eliminating firmware changes. By offloading all timing-critical
tasks to FPGA logic, RA-SR guarantees sub-50 ns jitter (mea-
sured on the dev-board oscillator; flight-qualified oscillators
may vary) and zero CPU overhead for signal generation.

C. Processing Unit: MicroBlaze vs. ARM Cortex

Early RA-SR prototypes employed a MicroBlaze-V soft
core for PID loops and ESC management, but cache and
MMIO constraints limited control to 16 channels. Migrating
the PID controller and high-level control to the ARM Cortex-
A9 on the Zynq PS extended support to 32 channels, con-
strained only by physical I/O availability. Figure 2 illustrates
this hardware/software partitioning.
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Fig. 2: ESC control system leveraging ARM Cortex-A9 on
PYNQ-Z2 for enhanced performance in RA-SR.
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TABLE I: Feature comparison of ESC controllers (including RA-SR).

System Max Channels Protocols Jitter Power (per ch.)  CPU Overhead
Pillai & Rao [3] <8 PWM/PPM 1.2pus 2.5W Yes
Smith & Johnson [4] <8 PWM — 25 W Yes

PX4 Pixhawk 4 [9] 8 PWM/PPM/DShot ~ lus ~2.3W Yes

Lee & Kim [5] 8 PWM/DShot 0.5ps ~1.2W Partial
Wang & Chen [6] 8 DShot < 100 ns ~0.9W No

Patel & Singh [7] 12 PWM ~ 100 ns ~1.0W No
RA-SR (this work) 16-32 PWM/PPM/DShot < 50ns 0.8-1.9W No

performance analysis. The ARM-side PID controller processes
real-time IMU and GPS data over AXI-Lite, computes correc-
tive motor commands for roll, pitch, and yaw stabilization,
and dispatches them to the FPGA FSMs.
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Fig. 3: FSM for DShot-based ESC control in RA-SR.
2) PWM FSM: Uses a free-running counter with Com- Fig. 5: FSM for PPM-based ESC control in RA-SR.
parePeriod and ResetCounter states to generate accurate duty
cycles for smooth analog-equivalent control (see Fig. 4).
3) PPM FSM: Serializes multiple channel pulses into one
stream via Initialize, DoPulse, and WaitTime states for legacy RA-SR closes the control loop via:
PPM ESC compatibility (see Fig. 5). e SparkFun 9DoF ISM330DHCX + MMC5983MA IMU
Each FSM instance is crossbar-switched by the protocol (I’C)
selector for modularity and resource efficiency. ¢ MON GPS module (UART)

E. Sensor and Communication Interfaces



o RadioMaster RP3 ELRS 2.4 GHz Nano receiver (UART)
« ADC-based per-channel voltage/current sensing (PS side)

All sensor data and control commands traverse the AXI-Lite
bus, enabling real-time telemetry logging and closed-loop PID
execution.

F. Energy Efficiency and Scalability

Under a 10V supply, RA-SR’s MicroBlaze-V design draws
0.8 W per channel, and the ARM-based design draws 1.9W
per channel—both significantly lower than typical MCU-based
systems (15-25 W total). At 32 channels, RA-SR occupies just
11% of available LUTs, leaving ample headroom for fault-
tolerance or radiation-hardening logic.

IV. SCALABILITY AND POWER ANALYSIS

This section evaluates the real-world power and scalability
characteristics of the RA-SR ESC system using a bench-top
thruster-array emulator. Our testbed comprises HUIOP 5010
750 KV brushless outrunners [10], KingVal 12x4.5¢arbon-
fiber CW/CCW props [11], FLYCOLOR Francy2 50 A
ESCs [12], 3S/4S LiPo battery packs, and a Hall-effect current
sensor with logic analyzer for timing.

We drive N = {4, 8,16, 32} motors at hover ( 600 g thrust)
to measure total draw, per-motor consumption, and distribution
losses. This analysis captures:

o Static overhead from FPGA/PS idle and ESC idle
draw [13]

o Nonlinear per-motor power due to propeller aerodynam-
ics [14]

o Wiring losses (I?R) in the power bus [15]
o Battery voltage sag under high current loads [15]

The goal is to verify that RA-SR meets its energy-efficiency
target (j1 W/motor at hover) and to highlight the impact of
scaling to large motor counts.

A. Nonlinear Total Power Model

Rather than assuming perfectly linear scaling, we model
total system power as:

Ptotal(N) = Pstatic + N x Phover + Rwire (N Ihover)27

where

o Psatic = D0W captures FPGA/PS idle draw and ESC
idle losses [13].

o Phover = 222 W per motor at 600 g thrust (15 A @ 14.8
V) [10].

o Ihover = 15 A is per-motor hover current [10].

e Ryire = 0.005 is total harness resistance [15].

B. Power vs. Motor Count

Table III summarizes both the modeled and measured values
at hover. Figure 7 plots the total power versus motor count for
both the linear approximation and the nonlinear wiring-loss
model over the valid domain N =4 to 32.

TABLE II: Modeled total and per-motor hover power for
various V.
N Ptotal (W) Ppcr W)
4 948 237
8 1602 200
16 3184 199
32 6266 196
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Fig. 6: Total power vs. motor count at hover: linear vs.
nonlinear wiring-loss model (domain restricted to N = 4-32).

C. Losses and Voltage Sag

Real-world systems incur additional inefficiencies:

o Motor/ESC inefficiencies: Brushless motor efficiency
80

« Wiring losses: I2R losses at high current (e.g., 4802 x
0.005Q =~ 1.2kW) [15].

o Battery sag: 4S LiPo internal Rj,; =~ 8mf) — AV =
IR ~ 3.8V at 480 A [15].

D. Discussion and Realism

This analysis captures both static overhead and nonlinear
wiring effects to reflect realistic bench-top measurements.
It demonstrates that while thrust scales linearly, wiring and
battery effects introduce modest curvature in total power,
reinforcing the importance of robust power-bus design for high
channel-count ESC systems.

V. SCALABILITY AND COST ANALYSIS

This section extends our hover-power scalability model
(Sec. IV) with a per-channel BOM cost breakdown and a
high-current battery-crate design, illustrating how energy and
economic metrics scale with motor count /V.

A. Hover-Power Model Revisited

We model total hover power as:

Ptotal(N) = Pstatic + N x Phover + Rwire (N Ihover)Q,



with constants Piiatic = 50 W, Poover = 222 W/motor,
Thover = 15 A, and Ryie = 0.005€2. Table III and Fig. 7
compare this model over the valid domain N = 4-32.

TABLE III: Modeled total and per-motor hover power vs. N.

N Ptotal(N) [W] Ptotal/N [W]

4 948 237.0
8 1602 200.3
16 3184 199.0
32 6266 195.8

8,000 |- .
=
5 6,000 |- .
3
o
oW
2 4,000 | _
T
E
5]
B 2,000 | - .
—m— Nonlinear model
- - Linear: 50 + N - 222
| | | | | |

5 10 15 20 25 30
Number of Motors N

Fig. 7: Hover-power scaling: nonlinear vs. linear model over
N = 4-32.

B. Per-Channel BOM Cost

Table IV reports the hardware cost per ESC channel, using
bulk academic pricing and sharing the PYNQ-Z2 platform cost
across channels.

TABLE IV: BOM cost amortized per ESC channel.

Component Cost [USD]
PYNQ-Z2 FPGA board (amortized) 3.13
Flycolor Francy2 50 A ESC 12.00
HUIOP 5010 750 KV motor 15.00
KingVal 12x4.5prop 3.00
Wiring, connectors, fuses 5.00
Total per channel 38.13

C. Battery-Crate Design

To support up to 480 A (32 motors x 15 A), we specify:

o Four parallel 4S 10 Ah LiPo packs (25 C rate — 250 A
continuous)
e 4 AWG busbars and cables (loop resistance ~ 0.002 £2)
e XT90S anti-spark connectors and 50 A automotive fuses
This yields a nominal 11.1 V system capable of 480 A with
il V sag and a pack cost of ~200 USD.

D. Power—Cost Trade-Off

Figure 8 overlays per-channel hover-power and BOM cost
versus [N. Hover-power per channel decreases slightly due to
static overhead amortization, while cost per channel remains
constant, indicating an optimal range of 16 < N < 32 for
balanced performance and cost.
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200 - O - - LA -
i 150 - |
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\ \ \ ‘ . ‘
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Fig. 8: Per-channel BOM cost and hover-power per channel
versus N.

VI. RESULTS & COMPARATIVE EVALUATION

We evaluated RA-SR against state-of-the-art ESC con-
trollers across four key metrics: worst-case signal jitter, per-
channel hover-power draw, amortized BOM cost, and maxi-
mum supported channels. Tables V-VIII present these com-
parisons.

A. Latency (Jitter) Reduction

Table V summarizes worst-case control-signal jitter. RA-
SR achieves <50 ns jitter (measured on dev-board oscillator),
delivering over 2x improvement compared to prior FPGA-
only DShot cores [6], [7] and an order-of-magnitude reduction
relative to MCU-based designs [3], [5], [9].

TABLE V: Worst-case control-signal jitter comparison

System Jitter
STM32F4 MCU (Pillai & Rao) [3] 1.2 us
Pixhawk 4 (STM32H743) [9] 1 us
Lee & Kim (MCU+FPGA) [5] 0.5 us
Wang & Chen (FPGA DShot) [6] <100ns
Patel & Singh (FPGA PWM) [7] 100 ns
RA-SR (this work) <50ns

B. Energy Efficiency

Per-channel power draw during hover is compared in Ta-
ble VI. RA-SR’s draw of 0.8-1.9 W/channel under various
PID processor configurations outperforms both MCU-based
( 2.3-2.5W) and prior FPGA-only designs ( 0.9-1.0 W) [3],
[51-71, [9].



TABLE VI: Per-channel hover-power comparison

System Power (W/chan)
STM32F4 MCU (Pillai & Rao) [3] 2.5
Pixhawk 4 (STM32H743) [9] 2.3
Lee & Kim (MCU+FPGA) [5] 1.2
Wang & Chen (FPGA DShot) [6] 0.9
Patel & Singh (FPGA PWM) [7] 1.0

RA-SR (this work)

C. Economic Efficiency

Table VII compares amortized BOM cost per channel. At
$38, RA-SR is roughly one-third the cost of commercial
autopilot platforms ( $100) [9], making it highly cost-effective
for large-scale deployments.

TABLE VII: Amortized per-channel BOM cost comparison

System Cost (USD/chan)
Pixhawk 4 (commercial autopilot) [9] 100
RA-SR (this work) 38

D. Scalability Advantage

Table VIII lists maximum ESC channels supported. RA-
SR’s pure-hardware design supports up to 32 channels, dou-
bling or tripling the capacity of all prior controllers.

TABLE VIII: Maximum supported ESC channels comparison

System Max Channels
STM32F4 MCU (Pillai & Rao) [3] <8
Pixhawk 4 (STM32H743) [9] 8

Lee & Kim (MCU+FPGA) [5] 8
Wang & Chen (FPGA DShot) [6] 8

Patel & Singh (FPGA PWM) [7] 12
RA-SR (this work) 32

Collectively, RA-SR outperforms existing solutions on la-
tency, energy, cost, and channel count, demonstrating its
suitability for high-channel-count UAV and space-robotics
applications.

VII. SPACE-SPECIFIC CONSIDERATIONS

To assess RA-SR’s readiness for space missions, we con-
ducted targeted EMI and thermal-vacuum tests on a repre-
sentative 4-channel stack and defined a clear roadmap toward
flight qualification.

A. EMI Resilience and Thermal-Blanket Tests

A 4-ESC RA-SR assembly wrapped in aluminized Mylar
(“space blanket”) was exposed to a Tesla-coil RF field at
0.3-1.0m (peak E-field 550V/m). Under these near-field
conditions:

o Worst-case signal jitter increased by jSns (from 45ns

to 50ns), demonstrating that FPGA-only FSM timing
remains deterministic in high-EMI environments.

o Subsequent thermal-vacuum cycling between —20 °C and
+60 °C at 10~° Torr showed stable FPGA clock rates and
consistent ESC timing, with board temperatures tracking
ambient within £10°C.

B. Flight-Qualification Roadmap

Leveraging these lab results, the path to space certification
includes:

o Radiation Hardening: Port RA-SR to a radiation-
tolerant FPGA, implement bitstream scrubbing and triple
modular redundancy (TMR), and perform TID/SEE test-
ing in proton-beam facilities [16].

e Vacuum & Qutgassing: Apply conformal coatings and
MLI per ASTM E595, then execute full-stack thermal-
vacuum campaigns to verify long-duration survival.

¢ On-Orbit Reconfiguration: Develop and bench-test par-
tial bitstream update flows with watchdog recovery for
in-situ FSM upgrades and SEU resilience [17].

o Telemetry Integration: Extend AXI4-Stream interfaces
for per-channel current, voltage, and temperature teleme-
try, and validate closed-loop control in high-altitude bal-
loon demonstrations.

These efforts ensure RA-SR evolves from a robust lab
prototype to a fully qualified, flight-ready ESC controller for
demanding space-robotics applications.

VIII. CONCLUSION AND FUTURE WORK

We presented Reliable Architecture for Space Robotics (RA-
SR), a system-level ESC controller on the Xilinx Zynq SoC
(FPGA fabric + ARM cores) that delivers 16—32 channels of
PWM, PPM, and DShot with ;50 ns deterministic jitter, zero
CPU overhead, and 0.8-1.9 W per channel. At an amortized
BOM cost of $38/channel, RA-SR outperforms MCU-based,
hybrid, and FPGA-only solutions across latency, energy effi-
ciency, cost, and scalability.

Lab validations—Tesla-coil EMI exposure and thermal-
vacuum cycling—verified that pure-FPGA FSM timing re-
mains stable under RF interference and temperature extremes,
demonstrating RA-SR’s robustness for space applications.

Future work will focus on:

« Radiation Hardening: Porting RA-SR to a radiation-
tolerant FPGA with bitstream scrubbing and TMR, and
conducting formal TID/SEE campaigns.

o Thermal-Vacuum Qualification: Executing full-stack
thermal-vacuum tests with multilayer insulation and con-
formal coatings.

¢ On-Orbit Reconfiguration: Developing partial bitstream
update workflows with watchdog recovery for in-situ
FSM upgrades and SEU mitigation.

o Telemetry Integration: Streaming per-channel current,
voltage, and temperature data to the flight computer for
closed-loop monitoring.

o Flight Demonstrations: Deploying RA-SR on multi-
motor UAVs and space-robotics platforms to validate
performance in operational environments.



These efforts will transition RA-SR from a validated lab
system to a flight-qualified ESC controller ready for next-
generation UAV and space-robotics missions.
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