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Abstract—This paper presents the preliminary system architec-
ture and circuit-level design of PowerScope, a proposed portable
instrument that combines a two-channel digital oscilloscope with
a programmable DC power supply. The oscilloscope path uses
protected and selectable-range analog front ends, a dual 14-bit
AD9251 analog-to-digital converter, a planned FPGA capture
stage, and an ESP32-S3 supervisory controller for display and
wireless monitoring. The power path uses a four-cell lithium-ion
battery, battery monitoring and protection, a charger interface,
and an LMS5176-based buck-boost converter targeted at 1-15
V and up to 2 A. The paper reports analytical calculations
for input scaling, ideal anti-alias response, sample throughput,
record memory, converter sizing, and sampling/aliasing behavior.
Draft schematics and design tables are included in monochrome
form. The available project records do not contain completed
Proteus simulations or hardware measurements; calculated val-
ues are therefore distinguished from results requiring validation.
Conflicting bandwidth and sampling-rate baselines, analog-filter
placement, converter current limiting, and several unselected
digital interfaces are identified as open design decisions.

Index Terms—digital oscilloscope, programmable power sup-
ply, analog front end, analog-to-digital converter, buck-boost
converter, battery management, embedded instrumentation

I. INTRODUCTION

Laboratory instruments often separate waveform observa-
tion from adjustable DC power delivery. PowerScope is a
proposed battery-powered unit that combines a dual-channel
oscilloscope, an adjustable DC output, local controls, a display,
and wireless waveform monitoring. Combining these functions
creates shared constraints: the analog acquisition path must
remain within the ADC input limits, the capture interface must
carry both sample streams, and switching power circuitry must
not compromise measurement grounding or safety.

The current design baseline uses a dual 14-bit AD9251
converter [1], an ESP32-S3 supervisory controller [2], and
an LM5176 four-switch buck-boost controller for the pro-
grammable output [3]. The charger draft uses an LTC4015
controller [4]. The AD9251 provides 14-bit CMOS data out-
puts and a data-clock output per channel; its output-driver
supply supports 1.8 V to 3.3 V logic, so the receiving device’s
I/0 bank voltage must be selected before the interface is fixed

[1]. Board layout, decoupling, ground return and exposed-pad
connections remain part of the analog signal-chain design [9].

Reference digitizer designs such as Texas Instruments’
TIDA-01028 use interleaved RF-sampling ADCs, low-phase-
noise clock generation and high-speed serial links at rates
far above the PowerScope target [10]. That design is not
a direct performance comparator. It illustrates that converter
choice, clocking, data capture and board implementation must
be developed as one chain. PowerScope is targeted at 10 MS/s
per channel, not GHz-bandwidth acquisition.

This paper records the system architecture and prelimi-
nary calculations assembled during the PowerScope design
sessions. Its contributions are: (1) a system-level division of
measurement, processing, user-interface, and power functions;
(2) first-pass range scaling and sampling-memory calculations;
(3) an initial buck-boost and battery-management design;
and (4) a traceable list of unresolved checks and planned
verification tasks. The document is a design paper, not a report
of completed simulation or laboratory testing.

II. DESIGN METHOD AND REQUIREMENTS

The design was organized by subsystem. Session notes and
draft schematics were used to extract target operating ranges,
assign functional interfaces, calculate nominal component re-
lationships, and identify checks that cannot be resolved by
hand calculations. Calculated values are labelled as analyti-
cal estimates. Planned simulation cases are not described as
completed tests.

A. System targets

Table I lists the working requirements and the conflicts
retained in the source notes. The earlier notes specify a S MS/s
per-channel sampling target and 1 MHz analog bandwidth,
while later acquisition notes and front-end schematics use 10
MS/s per channel and a 2.5 MHz filter target. The newer values
are used for the calculations in this paper, but the specification
must be frozen before the analog filter and ADC clock are
released.



TABLE I
POWERSCOPE WORKING REQUIREMENTS AND DESIGN STATUS

Function Working target

Basis or unresolved point

Status

Oscilloscope inputs
coupling, nominal £15 V range
Analog front end
ranges

Signal frequency 100 kHz specified waveform maximum

Two BNC channels, 1 M2 target, DC Probe compensation, connector shield, grounding and input protection Draft
ratings remain open.

Selectable +15, £5, +1.5, and +0.5 V Range-divider values are calculated; calibration, protection limits and Draft
overload behavior remain unverified.

Earlier notes state a 1 MHz bandwidth target; the later filter blueprint Conflict

uses 2.5 MHz. These are not yet reconciled.

Sampling and ADC
current baseline

Dual 14-bit AD9251; 10 MS/s/channel Earlier notes also state 5 MS/s/channel. The AD9251-20 data sheet lists Conflict
a 3-20 MS/s conversion range, so 10 MS/s is within the specified range;

the earlier 5 MS/s target remains unresolved.

Capture and memory
samples/channel

Programmable supply 1-15 V, up to 2 A, 30 W maximum

FPGA capture and trigger logic; 50,000 FPGA part, memory technology, I/O-bank voltage, timing closure and Draft
record-transfer protocol are not selected.
LMS5176 synchronous buck-boost; compensation, current thresholds, ther- Draft

mal design and short-circuit cutoff require validation.

Battery system
16.8 V design range
Charger
and 1.0 A CC starting target tests.
User interface

S3 and browser monitoring

Four INR18650-35E cells in 4S1P; 12.0- BQ76920 monitor/protection path, pack fuse, cell taps, charge tempera- Draft
ture policy and cutoff behavior remain unverified.
20 V, 3 A adapter proposal; 16.8 V CV LTC4015 settings and adapter/system-load budget require calculation and Draft

TFT, rotary encoder and buttons; ESP32- Browser commands are limited to oscilloscope settings. PSU enable and Draft
current-limit operation remain local.

B. Subsystem partition

The system is divided into five connected groups: analog
acquisition, digital capture, user interface, battery and rail
distribution, and programmable power output. The analog
and digital sections exchange ADC sample buses and timing
signals. The MCU supervises display, local inputs, wireless
scope settings, and power telemetry. The programmable output
has a separate control path with a default-off enable interlock;
wireless access is not intended to enable or set the power
output.

ITII. OSCILLOSCOPE ACQUISITION DESIGN
A. Analog signal conditioning

Each channel follows a BNC input, current-limiting resis-
tors, a proposed low-capacitance bidirectional TVS clamp,
an input divider, a selectable gain stage, two Sallen—Key
filter sections, a THS4551 fully differential driver, and one
input of the AD9251. The OPAS810 is the proposed amplifier
for the gain and buffer stages [5], and the THS4551 is the
proposed ADC driver [6]. The CHI and CH2 drawings share
the same functional sequence, with separate components and
range selection. The shared ADC is dual-channel; a second
ADC is not intended.

The latest integrated CH1 drawing changes the lower divider
resistor from an earlier 66.5 k{2 draft to 56.2 k2 to preserve
nominal headroom. With three 15.8 k{) series resistors, an
887 k€2 upper resistor, and a 56.2 k() lower resistor, the total
resistance in the divider path is 990.6 k). The nominal ratio

15 56.2

47.4 + 887 4 56.2
Thus, a £15 V peak input produces approximately £0.851 V
at the divided node. The lower input ranges are paired with
nominal voltage gains of 3, 10 and 30. These values are esti-
mates from the component ratios; switch resistance, amplifier

kaiv = = 0.05673. (D)

TABLE I
NOMINAL INPUT SCALING CALCULATIONS

Input range Divider output (Vpk) Gain Output (Vpk)  Status
+15 V 0.851 1 0.851 Calculated
+5V 0.284 3 0.852 Calculated
+1.5V 0.0851 10 0.851 Calculated
+0.5 V 0.0284 30 0.852 Calculated

tolerance, calibration, clipping and protection behavior have
not been tested.

The input-protection network is not a certified protection
interface. Resistor power and pulse ratings, TVS clamping
under the intended transient, leakage, BNC shield bonding,
and board return inductance must be verified. The input must
never be connected directly to mains voltage. The nominal 1
M( input target also requires a probe-compensation design
that is not yet present in the schematic.

B. Anti-alias filter

The current schematic uses two Sallen—Key sections with
a 2.5 MHz natural-frequency target. The first section uses
1.00 k€2 resistors, 58.81 pF and 68.91 pF capacitors, and a
nominal @ = 0.5412. The second uses 500 2 and 1.00 k2
resistors, 32.48 pF and 249.6 pF capacitors, and a nominal
Q = 1.3065. The pair is intended to form a fourth-order
Butterworth response. For an ideal fourth-order Butterworth
low-pass filter,

_ 1
1+ (f/ )Y

At f = f. = 2.5 MHz, the ideal magnitude is approximately
—3.01 dB. At 5 MHz, the ideal attenuation is approximately
24.10 dB. These are mathematical values for the ideal transfer
function, not circuit-simulation measurements.

|H(j2m f)|? )
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Fig. 1. Functional system architecture from the current design notes. Solid arrows show the main power and measurement-data paths. The local control and
telemetry connections are omitted because their wiring remains provisional.

PowerScope — CH1 Integrated Analogue Front End

Draft v0.2 « recreatable Proteus blueprint « fixed input divider + 4 selectable ranges + 2.5 MHz 4th-order Butterworth + THS4551 / AD9251-20

A. Input protection and divider
21 centre  resistor chain ~ P_PROT; D1 is shunt-connected to AGND.

RS1 RS2 RS3 PPROT RtOP VDV

toUlpin3

BNc  158kQ 158k 158kQ

PROPOSED HEADROOM REVISION
R_BOTTOM =56.2 kQ
R_IN=990.6 k2

15 Vpk — 0.851 Vpk

(not 0.997 Vpk)

D1: AQBIIBE-O1ETG"

— acno =

C. Fourth-order Butterworth low-pass
Two unity-gain Sallen-Key sections in cascade. Node labels connect the sections wihout long wires.

68.91pF
LPF1 OUT

RANGE_OUT

B. Selectable range / gain stage
‘SW_RANGE: break before-make, two mechanically ganged poles, four positons.

Range gain map (nominal)

s s e
oy
SW_RANGE SW_RANGE 05V 40kQ/5 50kQ/6 30
o ' et
10k o 10kQ o

AcND — AcnD

OUT RANGE (15 V fullscale) = +0.851 Vpk with the proposed 56.2 kQ divider revision; verify all four positions.

D. Differential ADC driver and AD9251-20

Single-ended-to-diferential target gain = 1 VIV; actual polarity and stability must be checked.

c6

L2 pin 3= + ingut: in 2 =~ Input pin 6 = OUIpUE pin 7 = +2.5V: pin 4 = 25 V.

Single-ended input / feedback network
RGL: FILTER_OUT  US pin 1IN~ =1.00kQ.

U5 — THSA551
DGK-8 pinmap

2496 pF
1IN-2VOCM 3VS+
40UT+ 5 0UT- 6VS-

U6 — AD9251-20
Pin 51 VIN+A - US OUT+ pin 4*
Pin 52 VIN-A - U5 OUT- pin5*
Pin 57 VCM = AVDDI2 - U5 VOCM pin 2

TPDBIN AVDD = 1.8 V; DRVDD = 1.8V (baseline)
Matched 1% esisor: target dferental gain = 1. POpn7 - 925V o 58 RBIAS - 1046 (15%) - AGND
LPFL OUT FILTER OUT
Power and reference connections Interface checks before release
USpin3VS+ = 425V; pn 6VS-= 25V (5V toa), < Nominal u scae: 2 Vpp diferenal,
SK1:10= 25 MHz - Q= 05412 SK2:10=25 MHz + Q= 13065 US in 2VOCM ~ Us i 57 VCM: ackd 100 1 fom VCM 0 AGND. ~Proposed dvider revison targets <0851 Vpk.
U3 pin 3= N2: pin 2 tied 10 Oulput; pin 6 = LPF1_OUT. U4 pin 3 = Na; pin 2 ied 10 output; pin 6 = FILTER_OUT. Place 100 nF + 2.2 F local decoupling at THS4S51 supplies. ~Keep each ADC input wihin s allowed range.
- P Tatse 10, ~Inecta smal posive sn: swap PN labes i sign s reversed.
" . Usp =18V, Do notreat ADC symbokony simation a5 mingioise oo,
Filter-order open item:  THS4551. st o w o timing proot
1
E. Calculated range levels (revised divider) F.C 1 G. Bring-up and open design decisions
Range VoIV pk Gain Rangeouputpk  Expected Reference Value I part Role Use this sequence in Proteus before treating the sheet as released.
215V 0851V 1 0851V OK target b1 AQ3118E-01ETG Low-capaciance bidrectional TVS 1.C the substitute.
5y 0284V 3 oss1v oK targer ot [T Range gai + wo SK bufers 2. Test DC: inputs 0 V and £15 V; record P_PROT, V_DIV, RANGE_OUT, FILTER_OUT.
s15v 00851V 10 0851V oK arget 3. Test each switch range wih a low-ampliude sine firs; veriy gain, cipping and phase.
- s THSISS1 (OGKS) Diferenial ADC diver
Py 0V » Py P 4. AC Sweep 10 kHz-20 MHZ; target ~~3 dB a1 2.5 MHz and ~~24.1 0B at 5 MHz
v AD9251.20 Dual 14 ADC; channel A used
. Verify THS4S51 diferental output and ADC common-modeffll-scale imits.
RLIN = 47.4k + 887K + 56.2 = 990.6 k2 (=1 MO), etk Cansa p, =08 915
K1 05412, 25 MHz gales ~ compensated 1x/10x probe network, OVR indication and hardware-safe range interloc}
Drider gin = 5629906 = 005675 s Qu05412.25 6. Add compensated 1x/10x probe network, OVR indication and hardware-safe range interlock
Proposed R BOTTOM change from 66.5 k2 2 [ R5=500; =1k, C5=32.48p, C6-2496 . 1AGND / a TV ratings
reduces ADC fullscale risk versus the L 8. Filt noles: reconciled.
previous ~0.997 Vpk target. This must be Datasheets: TI OPA810 / THS4551; Analog Devices AD9251; Littelfuse AQ3118E.
checked against final calibrated ranges.
STATUS: engineering tested Py
Start with bounded sources; never connect this input fo mains.

Signal-chain net sequence in this draft: J1 — protection/divider ~ SW_RANGE / U1-U2 — Sallen—Key SK-1/SK-2 — THS4551 — ADI251 channel A
AN idealcalculations are nominal. Verit agains! datasheets, actual models, tlerances, parasiics, fange switching, and analog/dighal rounding before consirucson.

Fig. 2. CHI integrated analog front-end schematic, monochrome conversion of draft v0.2. It combines the proposed input protection and divider, four selectable
ranges, two filter sections, differential driver, and AD9251 channel-A interface. The drawing is an engineering blueprint, not a validated Proteus result or
released hardware schematic.

The filter target depends on a sampling decision. At 10
MS/s, the Nyquist frequency is 5 MHz and the ideal response
has a 2.5 MHz transition region above the proposed cutoff.

At 5 MS/s, the Nyquist frequency is 2.5 MHz, so a 2.5 MHz
cutoff leaves no transition band before Nyquist. The current
2.5 MHz target is therefore consistent only with the later



PowerScope — CH2 Analogue Front End

Companion to CH1 draft v0.3 » mirrored analogue path « Channel B input of shared AD9251-20

A. CH2 input protection and divider

Use a separate J2 input and CH2-only component references; AGND and ADC references are shared nets.

V_DIV2 - U201 pin 3

c R201 R202 R203 ’\;\27\/\ Nominal 50851V a 15V
158k 158kQ 15.8kQ 887kQ

b201
vs

B. CH2 selectable input range / gain
Two OPA810 non-inverting stages. SW_RANGE?2 is a mechanically ganged, break-before-make 2-pole / 4-position selector.

SW_RANGE2 B

RANGE OUT2
1o fiter input

Common ~ U201 pin 2
Thiows via RFAL-4.

RS total = 474 k2 R205 Selected input Pole ARY Pole BRI Total gain
562k
R_IN = 990.6 kQ nominal 15V oa oaQ 1
TVS is for bounded, current-limited tests only. = BV o 20kQ 3
L a5V w01 10k2 10
- 05V a40kQ 50 kQ 30
C. Fourth-order Butterworth low-pass D. THS4551 driver and ADC Channel B
Two unity-gain Sallen-Key sections in cascade, matching the current CH1 draft; filter placement vs. THS4551 remains unresolved. Shared AD9251-20, references, clocks, controls and supplies are not duplicated on this channel sheet.
SK-1+Q=0.5412 « f0 = 2.5 MHz SK-2+Q=1.3065 « f0 = 2.5 MHz U205 — THS4551 U6 — AD9251-20
C214 8891 pF G216 3406 0F FILTER_OUT2 Pin 1IN~ - RG201 from fiter Pin 62 VIN+B -~ U205 OUT+
Y ' lozon single-ended Pin 8 IN+ - RG202 flom AGND Pin 61 VIN-B - U205 OUT-
R213 R214 R215 R216 . .
opasio opasio RF201/ RF202 feedback from outputs| 2V pp difterential ful scale
2 - VOCM pin2 - shared ADC VCM
1.00 kQ 1.00 kQ ca13 500 Q 1.00 kQ (3
508197 w2489F
First-pass single-ended-to-differential network
= = RG201 = RG202 = RF201 = RF202 = 1.00 k0, 1%; veriy common-mode, gain and stabiity in model.
Shared ADC nets
N . VCM pin 57 - both THS4S51 VOCM pins; AVDD = 1.8 V; DRVDD target = 18V refsclockISP are shared.
Filter targets (ideal): o " pisi target eislclockSP are shares
SK-1: R213=R214=1.00 kQ; C213=58.81 pF to AGND; C214=68.91 pF from N21 to U203 output.
SK-2: R215=500 Q; R216=1.00 kQ2; C215=32.48 pF to AGND; C216=249.6 pF from N23 to U204 output. Before release
This reproduces the curment pology. Verify by AC sweep; the final design guide also describes post-FDA fitering. Conlirm output polaiy, VCM, range, and absolute pin imits, Channel B analog pins are 61 (-) and 62 (+).
E. CH2 components, expected scaling and bring-up checklist
Mirror CH1 electrically only after CH1 has been validated; maintain unique references in the complete project.
Ref. Value / function Input range V_DIV2 pk Gain RANGE_OUT pk Proteus verification sequence
2 BNC CH2 input +
» usv 0851 Vk 1 0.851 Vpk 1. Confirm models: AQ3118E, OPA810, THS4551 and AD9251-20.
R201-R203 3 158 kQ series resistors
BV 0284 Vpk 3 0.851 Vpk 2.DC tests at 0 V and +15 V; record P_PROT2 and V_DIV2.
D201 AQ3118E-01ETG, bidirectional TVS
R204/R205 887 kQ / 56.2 kQ divider =5V 0.0851 Vpk 10 0851 vpk 3. Sweep all four range-selector positions at low input first.
U201/U202 OPAB10 range stages; +2.5 V rails 05V 0.0284 Vpk 30 0.851 Vpk 4. AC sweep: 10 kHz-20 MHz; check gain/phase near 2.5 and 5 MHz.
SW_RANGE2 2P4T, break-before-make 5. Confirm THS4551 outputs stay within the AD9251 input range.
U203 /U204 (OPAB10 Sallen-Key buffers
6. Check +/- polarity at pins 62/61 and document model substitutions.
U205 THS4551, shared VCM
v AD9251.20 shared dual ADC 7. Save waveforms, solverfimestep, model versions and test setup.
e ORAFT ot a tested P Never o mains )

Fig. 3. CH2 companion analog front-end blueprint for the shared dual ADC. Input protection, range components, filter stages and differential drive remain

unverified.
Ideal fourth-order Butterworth low-pass, (§5p0RSE,5
0 '
5 MHz, -24.10 dB
o —204 2
z
(]
°
2 —40+
c
o
©
=
—60 1
—80 T T T
104 10° 10° 107

Frequency (Hz)

Fig. 4. Ideal fourth-order Butterworth magnitude response calculated for f. =
2.5 MHz. This plot is analytical, not simulated or measured.

10 MS/s working baseline, and still requires an AC sweep,
phase review, component-model review and confirmation of
the filter placement. The current CHI drawing puts the Sallen—
Key sections before the THS4551, while an earlier design note
described filtering after the differential driver. This topology
difference remains unresolved.

C. ADC and digital capture

The planned ADC is the AD9251 dual 14-bit converter
[1]. Its data sheet lists a 3-20 MS/s conversion range for the
AD9251-20 grade, so the later 10 MS/s baseline is within
the listed conversion-rate limits. This does not resolve the
project-level conflict with the earlier 5 MS/s target, nor does
it establish the noise, dynamic performance or clock-jitter
performance of the eventual board. Each channel provides a
14-bit sample bus and data-clock output to a not-yet-selected
FPGA. The FPGA is intended to handle capture timing,
trigger detection and waveform records. The ESP32-S3 is
a supervisory device for user input, display, scope settings
and wireless monitoring. Directly routing both high-rate ADC
data buses to generic ESP32-S3 GPIO is not the current
architecture because the sustained interface rate is too high
for an unverified software-only capture approach.

The session notes record an earlier alternative based on the
ESP32-S3 LCD/CAM peripheral and DMA. The later inter-
connect blueprint places FPGA capture and record memory
between the ADC and MCU. This paper follows that later
blueprint as the working architecture; the notes do not show
a comparative timing test that establishes the FPGA as the



TABLE III
SAMPLING BASELINE COMPARISON

Item Earlier Current baseline Implication
baseline

Per-channel 5 MS/s 10 MS/s Must be frozen

rate

Nyquist 2.5 MHz 5 MHz Changes alias limit

frequency

Samples at 50/cycle 100/cycle Both exceed 2 sam-

100 kHz ples/cycle

2.5 MHz filter At Nyquist Below Nyquist ~ No transition band

corner for 5 MS/s

Analog band- 1 MHz in earlier 2.5 MHz
width target  notes corner in
design

filter Specification conflict
later

only viable option. A direct-capture implementation should
only be reconsidered after verifying bus timing, DMA rate,
simultaneous channel capture, trigger behavior, record depth
and memory-transfer limits.

For two channels sampled at 10 MS/s and stored at 14 bits
per sample, the raw aggregate flow is

R, =2(107)(14) = 280 x 10° bit/s = 35 MB/s. (3)

If samples are stored in 16-bit words, the write rate is 40
MB/s. A record of 50,000 samples per channel at two bytes
per sample requires 200,000 bytes, or about 195.3 KiB, before
metadata or ping-pong buffering. A 256 KiB buffer is an
initial minimum estimate, not a validated memory selection.
Transferring full records at 30 records/s would require 6
MB/s of payload bandwidth. These figures define interface
requirements; no capture or sustained-transfer measurement
has been produced.

The sample count per signal cycle and the first Nyquist zone
are described by

[s fs
f in, fN B 27
For the 10 MS/s working rate, a 100 kHz input produces 100
samples per cycle and a Nyquist frequency of 5 MHz. A 6
MHz input lies above Nyquist; its sampled values are also
consistent with a negative-frequency 4 MHz sinusoid, so the
apparent alias magnitude is 4 MHz. Under the ideal fourth-
order Butterworth expression used in (3), the attenuation at 6
MHz is approximately 30.4 dB for a 2.5 MHz cutoff. This
value describes the ideal transfer function only. It does not
establish the attenuation or alias rejection of the component-
level circuit.

The session notes contain sampling and aliasing exercises
at 10 MS/s and an ideal fourth-order Butterworth response
analysis. The raw MATLAB scripts and plots were not in-
cluded with the files reviewed. Fig. 6 therefore reconstructs
the examples from the ideal sine-wave sampling equations and
labels them as analytical illustrations, not as a saved MATLAB
result, Proteus trace or measurement.

Ncycle = (4)

IV. PROGRAMMABLE POWER AND BATTERY DESIGN
A. Buck-boost output stage

The proposed output stage uses the LM5176 synchronous
four-switch buck-boost controller [3] to regulate a target range
of 1-15 V from a nominal 12.0-16.8 V battery input. The
design worksheet uses a 350 kHz switching frequency, a 10 pH
inductor, and 100 uF effective ceramic plus 100 uF polymer
output capacitance. The inductor, MOSFETS, capacitors, gate
network and compensation must be finalized from their actual
operating stresses and manufacturer models.

At the maximum output target, P,,; = 15 x 2 =30 W. A
90% efficiency assumption gives P;, ~ 33.3 W, or I;,, = 2.78
A at 12 V. These are sizing calculations, not an efficiency
claim. For the 12 V to 15 V boost operating point, the ideal

duty ratio is 1o
D~1-—=0.20.
15 0.20 (5)

With 10 ¢H and 350 kHz, the first-order ideal inductor ripple

estimate is
Vin D

sw

Al

— 0.686 A,p. 6)

An estimated 3.12 A peak follows from the 2.78 A average
input current plus half the ripple. A 4.5 A minimum saturation-
current target was recorded as an initial sizing allowance, not
a final inductor approval.

B. Output feedback and protection

The proposed voltage monitor uses a 100 k€/22.1 kQ
divider. Its nominal ratio is 0.181, which yields 2.72 V at a 15
V output. The proposed current-monitor path uses a 20 mS2
shunt and an INA240A1 with gain 20. At 2 A, the shunt drop
is 40 mV and its nominal dissipation is 80 mW; the current-
sense output is about 0.80 V with zero reference offset.

A design mismatch remains: the LM5176 average-current
threshold is noted as approximately 50 mV. A 20 m{2 shunt
reaches 50 mV at 2.5 A, not 2 A. The shunt therefore does not
by itself establish a 2 A average current limit. The controller’s
CS/CSG peak-current network and the optional ISNS current-
limit path must be selected and calculated independently.
The secondary comparator and fault latch in the control
schematic are intended to request converter shutdown, but their
thresholds, response time and fail-safe behavior also require
simulation and hardware tests.

C. Battery, charger and system rails

The current battery concept is a four-cell INR18650-35E
pack in series (4S1P), with a 16.8 V charge endpoint and a
provisional 12.0 V operating-minimum assumption. The notes
place a BQ76920 battery monitor/protection function beside
a proposed LTC4015 charger interface [8]. The BQ76920
is specified for three to five series cells, so it covers the
proposed 4S count; this does not validate the FET topology
or protection thresholds [8]. The proposed charger source is
an isolated 20 V, 3 A DC adapter, and the initial charge
target is 1.0 A constant-current followed by 16.8 V constant-
voltage control. The charger configuration, cell-tap network,



POWERSCOPE — DIGITAL ACQUISITION, MCU & USER INTERFACE

Interface schematic blueprint v0.1 « net-level diagram plus verified AD9251-20 digital pin map « not a released PCB netlist

[ PIN ASSIGNMENT LIMIT: FPGA part, FPGA I/0-bank voltage, ESP32-S3 module variant, TFT panel and record-bus protocol are not frozen; logical nets are shown without invented GPIO numbers.

A Ul — AD9251-20 DUAL ADC

B U3 — FPGA CAPTURE | TRIGGER | RECORD MEMORY

C U5 — ESP32-S3

AD9251-20

14-bit dual ADC » 10 MSs per channel target

CHANNEL A
DOA...D13A ~ FPGA ADC_A_D[13:0]
DCOA ~ FPGA ADC_A_DCO

ORA -~ FPGA ADC_A_OR

SUPPLIES & REFERENCE
AVDD = 1.8 V (quiet analog rail)

DRVDD = DRVDD_IO, matched to FPGA bank
Expose VCM / REF / RBIAS per datasheet
Local decoupiing and AGND via reviewed layout

FPGA PART TBD

Inputs: both 14-bit ADC buses + separate DCOs
Latch each channel using its specified DCO edge

U4 — RECORD MEMORY

ExtemalinFPGA
memory resource TBD
Capture target: 10 MS/s per channel

> Trigger: selected channel  level  edge Record depth

Circular butfer - preserve pre-trigger - post-rigger 50,000 samples / channel

25,000 pre + 25,000 post

SUPERVISORY MCU

Convert codes using range/probelcaiibraion.
Compute Vpp  Vims / frequency ! period.
Design targer: ~30 display updates’s; up 10 5 browser clents

> RECORD HOST INTERFACE — WIDTH TBD

ADC_CFG_MASTER - CSB, SCLKIDFS, SDIOIDCS
‘OEB, PDWN, SYNC defauls controlledistrapped

DCOB ~ FPGA ADC_B_DCO
ORB - FPGA ADC_B_OR

mark valid eq
CLOCK & CONFIGURATION
Budget 2200 kB per
CHANNEL B CLK+ 1 CLK- - lowjtter diferential clock two-channel 16.bi
D0B...D138 - FPGA ADC_B_D[13:0) 10 MHz nominal clock targetfor 10 MS/s —> container record, plus margin

REC_DATAW-1:0]
REC_CLK/ REC_VALID / REC_READY

REC_START / REC_DONE / REC_SEQI7:0]
REC_OVERFLOW / FRAME_ERROR

‘Confirm transfer ate with selected protocol and pin budget.

‘Select output coding and DCO edge in register setp

CONTROL | STATUS NETS BETWEEN ESP32-S3 AND FPGA

MCU - FPGA: SCOPE_ARM, TRIG_SRC, TRIG_EDGE, TRIG_LEVEL, TIMEBASE, CH1_RANGE, CH2_RANGE
FPGA -~ MCU: CAPTURE_DONE, REC_VALID, REC_SEQ[7:0], REC_OVERFLOW, FPGA_READY

PSU & BATTERY TELEMETRY | CONTROL
V_MON_ADC, I_MON_ADC. PSU_PGOOD, FAULT_L. BMS_OK
PSU_SETPOINT_DAC via MCP4726 / FC

Optional FPGA

2 | LocaLenmeie_reqandiocatresetiogic

U2 — ADC CLOCK SOURCE / DIFFERENTIAL DRIVER (PART TBD)

Output: ADC_CLK_P  ADC_CLK_N 10 UL pins 1/2

Use a clock sourceldriver appropriate to AD9251 input format and jter requirement
Ianout

Keep PSU voltagelcurrent.imit contro local,
Browser is read-only for PSU setings and output enable.

D TFT DISPLAY — PANEL PART TBD E LOCAL USER CONTROLS

F WI-FI | BROWSER / CONTROL BOUNDARIES

SPI TFT CONNECTOR BUS NOTES ROTARY ENCODER

TFT_SCLK « TFT_MOSI+ TFT_CS
TFT_DC + TFT_RST + TFT_BL
TET_VOD / GND per selected moduie.

‘Shared MOSIISCLK only if compatible;
individual CS per P! device.

Check panel logic volage, backight
current, reset level and display driver.

ENC_A/ENC_B/ENC_SW
3V3 pullups (ypical 10 kQ start)
Debounce in hardware o firmware

BUTTONS | STATUS LEDS
BTN_SCOPE  BTN_SINGLE / BTN_HOLD
BTN_PSU_ENABLE / BTN_FAULT_RESET TS
LED_RUN/LED_FAULT/ LED_CHARGE
Map 1 actual module GPIOS afer pin audit

ESP32-53 WIFI BROWSER COMMAND POLICY

Integrated 2.4 GHz Wi£+, no separate radio IC ‘Allowed: scope timebase, vertical scale,

o
Not alowed: PSU voltage, currentimi,
PSU output ONIOFF.

Keep antenna clear of analogue inputs

Display output: Fail-safe policy:

Two-channel waveform, imebaselrange, rigger status, Vpp, Vims, requency, period,

Faultreset must not auto-estar into a persistent fault.

PSU outputs start OFF. Physicalocal control owns PSU enable and imit

Power and signal interfaces:

T FPGA

G CALCULATED CHECKS & PROTEUS TEST PLAN

Data rate: 2 channels x 10 MS's x 14 bits = 280 Mbits (35 MB/s packed; about 40 MBJs if each sample i stored in a 16-bit word).

Record: x2 x 2 channels = 200,000 b full record, ’ 1B as a starting buffer budget
pattern firs: code format, OR flags, SPI config and FPGA capture validy. Verify record count = 50,000/channel.
Then test MCU record handshake, T ! debounce, fai-safe PSU enable, browser client limit and 30-updates’s target.

Limits: Proteus logic models do not prove FPGA timing closure, DDR integrity, ADC SNRIENOB, Wi-Fi RF/EMI, layout signal integrity or thermal behaviour.

AD9251 Rev. C datasheet.

Fig. 5. Digital acquisition, supervisory MCU and user-interface interconnect blueprint. The FPGA family, memory part, FPGA-to-MCU transport, ESP32-S3

module pin map and TFT module are open selections.

(a) 100 kHz input
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(b) Aliasing example
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Fig. 6. Analytical sampling examples at 10 MS/s. (a) A 100 kHz input yields 100 samples per cycle. (b) Samples from a 6 MHz input coincide with a
phase-reversed 4 MHz alias. The figure is calculated from ideal sine-wave equations and is not hardware evidence.

temperature limits, input current limit and fault cutoffs need
to be checked against the cell and controller data sheets before
physical use [4].

The distribution draft separates the protected battery bus

from the regulated 5 V, 3.3 V, 1.8 V ADC analog, digital-1/O
and analog +2.5 V rails. The proposed LMR33630 step-down
regulator is one candidate for low-voltage rails [7]. It proposes
input overvoltage and undervoltage protection before system



AD9251-20 — DIGITAL PIN MAP FOR FPGA INTERFACE

Package pin numbers are datasheet-derived; the FPGA ball/pin assignments remain TBD until the FPGA part is selected.

[ LOGIC SUPPLY RULE: DRVDD (pins 10, 19, 28, 37) must match the FPGA input bank voltage, chosen within AD9251 datasheet limits. ]

g
CHANNEL A OUTPUTS

DOA = LSB; D13A = MSB; capture against DCOA per timing table.

g
CHANNEL B OUTPUTS

DOB = LSB; D138 = MSB; capture against DCOB per timing table.

Pin signal FPGA logical net Pin signal FPGA logical net
27 DOA ADC_A_D[0] 6 Do ADC_B_DI0]
29 D1A ADC_A_DI[1] 7 D18 ADC_B_D{1]
30 D2A ADC_A_D[2] 8 p28 ADC_B_D(2]
31 D3A ADC_A_D[3] 9 D38 ADC_B_D[3]
32 D4A ADC_A_D[4] 1 DaB ADC_B_D{4]
33 DSA ADC_A_DI5] 12 DsB ADC_B_D[s]
34 D6A ADC_A_D[6] 13 D68 ADC_B_D[6]
35 D7A ADC_A_D[7) 14 o78 ADC_B_D[7]
36 D8A ADC_A_D[8] 15 p8B ADC_B_D[g]
38 D9A ADC_A_D[9)] 16 D98 ADC_B_D[9]
39 D10A ADC_A_D[10] 17 D108 ADC_B_D[10]
40 D11A ADC_A_D[11] 18 p118 ADC_B_DI11]
41 D12A ADC_A_D[12] 20 D128 ADC_B_D[12]
a2 D13A ADC_A_D[13] 21 D138 ADC_B_D[13]
24 DCOA ADC_A_DCO 23 Dcos ADC_B_DCO
a3 ORA ADC_A_OR 22 ORB ADC_B_OR

CLOCK | CONFIG | CONTROL PINS

12 CLK+, CLK~ ADC_CLK_PIN; differential clock

3 SYNC FPGA syncicontrol or documented static state
a splo/Dcs ADC_SPI_SDIO or DCS strap; dual function
a5 SCLKIDFS ADC_SPI_SCLK or DFS strap; dual function
a6 csB ADC_SPI_CSB, active low

a7 oEB ADC_OEB; low enables outputs

a8 PDWN ADC_PDWN; low = normal operation
10,19,28,37 DRVDD DRVDD_IO; match FPGA I/O bank

[ Exposed paddie Solder to PCB AGND per datasheet

PIN | ELECTRICAL CHECKS BEFORE PROTEUS

1. AVDD = 1.8V nominal; DRVDD supported range per datasheet (1.8-3.3 V nominal family).

2. Keep D0..D13 and each DCO close together; load and series damping after layout review.

3. Choose one ADC SP! host only; never connect two active SPI masters to CSB/SCLK/SDIO.
4.1f FPGA bank voltage does not match DRVDD, select a level translator after part selection.

5. The AD9251-20 is a 14-bit, dual-channel part; this is one ADC feeding two FPGA buses.

6. Use the DCO edge/data-delay requirements in the datasheet; do not infer timing from drawing.

7.1{ FPGA is unavailable in Proteus, use behavioural digital-patter sources 10 test data capture logic only.

Source: Analog Devices AD9251 Rev. C datasheet, Figure 5 / Table 8 (pin configuration and functions).

Fig. 7. AD9251-to-FPGA signal mapping reference used in the design notes. It is a logical pin-map aid, not a selected FPGA pin assignment or proof of

setup/hold timing.

loads. The FPGA 1/0 bank voltage is still not selected, so the
AD9251 digital-driver supply and any level translation cannot
be frozen. The exact relationships among BNC shield, analog
ground, digital ground, power ground and chassis also remain
open.

V. PRELIMINARY RESULTS AND ENGINEERING REVIEW

The outputs obtained so far are analytical estimates and draft
interconnection diagrams. Table IV summarizes the numerical
results that can be reproduced from the current component
values. No oscilloscope waveform, AC-sweep data, converter
transient trace, efficiency result, battery charging profile or
hardware measurement was available in the records reviewed
for this paper.

A. Verification status

The subsystem schematics provide a build sequence for
later Proteus work, but they are not native, tested Proteus
projects. In particular, the exact device models for the ADC,
differential driver, protection devices, buck-boost controller,
battery charger and regulators may not be available in the
installed simulator. A symbol or simplified behavioral model

cannot establish ADC noise, differential linearity, sample-
clock timing, controller loop stability, switching loss, bat-
tery safety, PCB parasitics, electromagnetic compatibility or
thermal performance. The PCB stage must later verify return
paths, decoupling placement and the AD9251 exposed-pad
connection using the selected package and manufacturer layout
guidance [9].

Table V separates current evidence from the tests still
required. The planned AC sweep spans 10 kHz to 20 MHz to
inspect the filter transfer function and phase. Front-end DC and
transient cases should begin with small, current-limited inputs,
then approach the defined ranges. PSU testing should begin
with a light resistive load and a limited low-voltage source
after the compensation and hardware current-limit networks
are completed.

B. Unresolved design decisions

Five decisions should be closed before the design is treated
as a single stable baseline. First, select either 5 or 10 MS/s
per channel and reconcile the 1 MHz and 2.5 MHz bandwidth
targets. Second, fix the anti-alias filter location: the integrated
CH1 blueprint places the Sallen—Key sections before the
THS4551, while an earlier architecture note describes a filter



PowerScope — Programmable PSU Buck-Boost Stage
Engineering draft v0.1 « 4S Li-ion 12-16.8 V + LM5176 synchronous 4-switch topology * 1-15 V / 2 A output target
itch

buck-b

A. Fi t power train
Use the exact LM5176 topology: two hal-bridges and one inductor between SW1 and SW2. Gate ines are labelled by controler pin function

B. LM5176 controller and timing network
Use HTSSOP-28 package pin numbers from the Ti datasheet

PSU_ouT+
VIN_BAT 12-16.8 V VOUT RAW RSH1 Gate outputs. u1
}"_ Pin 27 HORVL ~ QHL =] LM5176
joma, 1 P 25 LORVI - QUL HTSSOP-28
QHL  f== Horva Gin27) QH2  f==HoRf2 i 19) i pin 19 HORV2 - QH2
5018540058 u 518540058 Kebin + N N Symchvonous 4-swich contoler
BAT 1041 Kevin - Pin-level (
Pin / function Connection  status
TE0
>4 ——cini——ciN2  sw1 a5 Attt sW2 — coun1 coutz 1ENUVLO PSU ENABL
T 68 UFTYEVAT F ts2 45 A tamger T 100 yF eff. ceramicT— 100 uF polymer 2vin 3visws aar
4 mo0E 9314010 AGND
== LoRV (i 25) == worfz (n 21) som1 AGND to disatie requency dihering
6RTISYNC RTs - 30k
7510P€ /855 C_SLOPE =220 pF+,C. 55 = 100 0F* 10 AGND.
—— ponr—"rornz= ErranD —roro scow

10AGND/ 22 PGND. ‘Arrange analogue and power retums per datasheet

Critical component-selection notes.

* QHU/QLIQH2IQL2: isa60V, y ps gate charge, switching

L1 =10 uH s the thesis baseline; choose Isat 4.5 A (prefer margin after ripple, transient and temperature review).

COUT is 100 F effective ceramic + 100 uF polymer per the design guide; actual MLCC nominal value must allow DC-bias derating,
“RSHLis itis not by itselt a verified 2 A hardware imit

1, input i

d thermal rise.

116B/12vOSNS
131SNS-/ 14 1SNS+
155G 116CS
176000

+DAC; VOSNS = VOUT RAW.
Average CC path unvesoved; 60 notfoat n final crcult
Lowside R CS and RC fite 1 be fnaized

‘Open-dran staus; pullup fo 3V3 via 10 kD i used
SW2 and BOOT - SW1
cveesiye L

23vecizeBas wm output

*C_SLOPE | C_SS are Ti-example starting values only; recalculate at 350 kHz.

C. Programmable voltage setpoint and output telemetry

 use an external o

analog FB setpoint.
rom PSU_OUT+

Loop compensation and current it network ave not fnalzed

D. Design calculations and frozen baseline

Parameter Calculation / value Design note

U2 MCP4726
12bit KC DAC
VoD =33V
VOUT = VDAC

Nominal output command map

VOUT =29.12 - 17.7 x VDAC
VDAC=0800V - 1496 V
VDAC=1589V ~ 100V
33V DACLSB =0.806 mV
AVOUT = 14.3mV 1 DAC code

[ DAgn':% [ Jes nooe
(]

R FBB
10k
ESP32-53 SDAISCL

4740 pullups 03V3 (nominal: caltvate in frmware)

—acn0

Voltage monitor
R_VTOP = 100 kQ 1o PSU_OUT+
R_VBOT = 22.1 k2 10 AGND
15V - 2715V at V_MON
1V - 0.181VatV_MON

Current monitor
RSH1 = 20 mQ; INAZ40AL G = 20

Output target 1-15V.0-24 trom PowerScope guide

Masimum output power 15Vx2A=30W worst.case output point

Input current (assumed 1-90%) 0W/(090x12V)=278A 012V pack minimum

R resisor @ 350 kHz (350K - 190 ns) 126 pF = 22.99 k2 choose 23,040, 1%

Boost rippe at 12V 15V

Peak current estmate INS2.78 A ILpke2.78 + 068672 = 312 A margin n sat needed

2A - 40 mV across shunt
2A - ~080V at|_MON
REF1 = REF2 = AGND; VS = 3V3

Ketin traces required

Important current-limit distinction

wzn

Voltage monior raio 22.1K/(100+22.10-0.181 15v - 2715V

Output current shunt 2AX20m@=40mV; P FR=008W choose 20.25 W, Kehin

E. Component and datasheet register

Ret Value / part Datasheet basis Role / status

vt LMS176, HTSSOP-28. TILMS176 datasheet, Rev. D Controller; 4-switch buck boost

&= )

F. Proteus bring-up sequence and release blockers

Begin with a bounded source
120-168V.

QHIQH2IQLIQL
u

60V N-MOSFET: confirm thermalimodel

10 M, Isat trget 245 A Inducior vendor datasheet TBO DCR and saturaton attemperature required

E] Check controller model availability

Startwith 5V 0.1 Aload then increase gradually. Record VIN, VOUT, SWI/SW2, inductor current, and starup.

COUTICOUT2 100 4 efecive ceramic + 100 polymer Capacior MPN T8O Alow MLCC DG bias deratng @ Lowrisk power-stage tests

R_FBTR_FBBIR_DACIT7kQ/10k2/ 1040 Calculated provisional values Varable FB injecton: loop check

RVTOPR_VBOT _100x0/2214Q PowerScope baseine Output votiage telemetry to MCU
C_SSIC_SLOPE___ 100nF /220 pF* 1 example sart valves Recalculate and verity for 350 kHz
MOSFETs, DAC. ampiter
Offcal data:
Microchip: wwl
Signalpower flow 45 pack output terminals
STATUS: i t project or Final ion and protection

1V,5V. 12Vand 15

Current and voltage telemetry
Checkv_»

)

[ Do not release to hardware unti these are resalved:

AlAand2A

detault-OFF thermal checks,

Fig. 8. Preliminary LM5176 power-converter schematic. The 1-15 V, 2 A output is a design target. Compensation, thermal behavior, switching waveforms

and current-limit thresholds have not been validated.

TABLE IV
CALCULATED VALUES FROM THE CURRENT DESIGN BASELINE

Calculation Inputs

Calculated value Evidence

Input divider ratio
Range matching

Ideal filter

Aggregate ADC payload
Record storage
Full-record delivery
Maximum PSU output

PSU input estimate

Boost inductor ripple
Current shunt

47.4 k< series, 887 k€2 upper, 56.2 k2 lower
+5, +1.5, £0.5 V ranges

Fourth-order Butterworth, f. = 2.5 MHz

Two channels, 10 MS/s, 14 bits

Two channels, 50,000 samples/channel, 16-bit storage
200,000 bytes per record, 30 records/s

15V,2 A

30 W output, assumed 90% efficiency, 12 V input

12 V to 15 V; 10 pH; 350 kHz
20 mQ2 at 2 A

kain = 0.05673; £15 V becomes £0.851 Vpk Analytical
Nominal gain settings 3, 10, 30; about 0.851 Vpk Analytical
after scaling

—3.01 dB at 2.5 MHz; —24.10 dB at 5 MHz
280 Mbit/s, equivalent to 35 MB/s packed
200,000 bytes per record, about 195.3 KiB

6 MB/s payload, before protocol overhead

30 W

Analytical
Analytical
Analytical
Analytical
Target arith-
metic
Assumption-
based

Ideal duty ratio 0.20; Al ~ 0.686 A pp Analytical
40 mV drop, 80 mW dissipation, 0.80 V after gain Analytical
20

33.3 W input; 2.78 A average input current

after the differential driver. Third, redesign and verify both
average and cycle-by-cycle current limiting so the 2 A target
is not inferred from a telemetry shunt alone. Fourth, select
the FPGA, memory, module pin map and digital voltage

levels. Fifth, complete the battery protection, charge policy,
grounding and enclosure safety design. These items are not
resolved by the figures in this paper.



POWERSCOPE — PSU CONTROL & PROTECTION

ESP32-S3 supervisory interface to LM5176 « draft schematic blueprint v0.1 « values requiring verification are explicitly marked

[ IMPORTANT: LM5176 remains an analog I buck-boost its CSICSG cycle-by-cycle current limit must be designed separately.

A SETPOINT COMMAND & LM5176 FEEDBACK

B OUTPUT TELEMETRY & ADC-SAFE MONITOR NODES

Ul ESP32-S3
Local controls only
SDA/SCL + ENABLE_REQ
ADC: V_MON, I_MON, PGOOD

U2 MCP4726 R_DAC =10 kQ U7 LM5176
12:bit KC DAC VDAC injection FB pin 11

VDD = 3v3 into FB_NODE EN/UVLO pin 1

VDAC bounded in firmware PROVISIONAL PGOOD pin 17

Proposed FB summing network (from the PSU draft)

R_FBT =177 kQ: PSU_OUT+ sense ~ FB_NODE

R_FBB = 10 k: FB_NODE —~ AGND * R_DAC = 10 kQ: VDAC — FB_NODE
Assuming FB = 0.8 V: VOUT = 29.12 - 17.7 x VDAC

15 V target: VDAC = 0.80 V | 1V target: VDAC = 1.59 V

e

VOLTAGE MONITOR CURRENT MONITOR

PSU_OUT+  R_VT 100 kQ - V_MON_RAW R_SH1 = 20 mQ, Kelvin sensed at output
V_MON_RAW - R_VB 22.1kQ ~ AGND U3 INA240AL: IN+ = converter side; IN- = terminal side.
RATIO = 22.1/122.1 = 0.1810 Gain = 20 VIV, REFU/REF2 = AGND

15V - 272V |16V ~ 2.90 V 2A ~ 40 mV shunt — approx. 0.80 V1_MON

ADC branches (telemetry only)
V_MON_RAW - 1kQ series ~ V_MON_ADC - 100 nF to AGND ~ ESP32-53 ADC

1_MON_RAW - 1kQ series ~ |_MON_ADC - 10nF o AGND - ESP32-S3 ADC

Keep comparator sense connections on RAW nodes; do not put the ADC RC delay in the protection path.
Never exceed ESP32-S3 pin limits; validate clampiprotection and ADC range in the final circuit.

C HARDWARE THRESHOLDS — FAULT LATCH

D PROTEUS TEST POINTS & CHECKS

THRESHOLD DIVIDERS (3V3) U4 TI TLV3202 (dual comparator) UsA U6 SN74LVC2G02 Test point list
OCP: 31,6 k2 top 10 kQ bottom A IN+ = |_MON_RAW; IN- = REF_OCP SN74LVC1G32 Cross-coupled NOR SR latch TP1FB_NODE TP2 V_MON_RAW TP3 | MON_RAW
REF_OCP =33 % 10/416=0.793V OUT1 = OCP_TRIP (high above threshold) orz ANY_FAULT sets Q_FAULT=1 TP4 REF_OCP TP5 REF_OVP TP6 OCP_TRIP
Nominal trip = 0.793/0.4 = 198 A 8:IN+ = V_MON_RAW; IN- = REF_OVP ANY_FAULT = RESET_FAULT clears only TP7 OVP_TRIP TP8 FAULT_OK TP9 EN_CMD

OUT2 = OVP_TRIP (high above threshold) OCP_TRIP OR after cause is removed TP10 PGOOD TP11 PSU_OUT+ TP12 BAT_PROTECTED
OVP: 13.7 kQ top / 100 kQ bottom VCC = 3V3; GND = AGND oVP_TRIP FAULT_OK = NOT Q_FAULT
REF_OVP =2.902V -~ VOUT =160V

[ ——

RESET | STARTUP BIAS

SW_RESET: momentary +3V3 puise to RESET_FAULT
C_RST = 100 nF from +3V3 to RESET_FAULT; R_RST = 100 kQ to AGND
This RC is a schematic starter; prefer a reset supervisor in hardware.

U7 TI SN74LVC1G11 — 3-INPUT AND

Verification sequence

A=LOCAL_ENABLE_REQ (ESP32 GPIO, pulled down 100 k) 1. Power only 3V3 logic; verify ENABLE_REQ is low a reset.
B = FAULT_OK (from latch) C = BMS_OK (faultstatus interface) 2. Set|_MON=0.70 V — no trip; then 0.85 V — OCP trip/latch.
Y = EN_CMD:; require al thiee HIGH o enable the converter 3, SetV_ MON_RAW=2.75 V ~ o OVP then 300V ~ OVP .

4. Check FAULT_OK goes low and LM5176 ENJUVLO falls below 0.4 V.

LMS5176 INTERLOCK CONNECTION

U7Y ~ R_EN_SER 1kQ ~ LM5176 EN/UVLO pin 1; R_EN_PD = 100 k from EN/UVLO to AGND.

PGOOD pin 17 -+ 10 kQ pull-up to 3V3 ~ ESP32 input (status only; do not gate EN with PGOOD)

LM5176 CSICSG pins 16/15 retain the separately calculated primary cycle-by-cycle current-limit network.
Firmware must latch fault status and require a deliberate LOCAL re-arm; browser clients must not enable the PSU.

5. Remove fault; verify latched shutdown persists until RESET_FAULT.
6. Check PGOOD input level and each logic node is 0-3.3 V.

Do not short the output. Use a currentimited bench source and
resistive load for any eventual hardware testing.

DESIGN LIMITATIONS

+ INA240A1 is a monitor path (400 kHz bandwidth, ~9.6 s setting); it is not the primary fast short-circuit limiter.

+LM5176 cycle-by-cycle CSICSG network and any 2 A average-current loop must be calculated for the selected MOSFET/inductor topoiogy.
i

« FB-D)

« Al signal names are logical nets; exact package

Fig. 9. PSU setpoint, telemetry and fault-control schematic. Hardware current limiting still depends on a correctly designed LM5176 current-sense network;

clamp, startup, DAC reset behaviour and OVP interaction.
\d logic-gate pin be checked \d Proteus models.

PowerScope + PSU ControlProtection « Draft v0.1

the MCU and fault comparator do not replace the controller’s peak-current protection.

TABLE V
EVIDENCE STATUS AND NEXT VERIFICATION STEPS

Item Current evidence Required check Status

CHI1/CH2 DC transfer Nominal divider/gain calculations and draft Simulate 0 V and bounded positive/negative inputs; record every Not run
schematics range, internal node voltage, clipping and recovery

Analog filter Ideal transfer function only AC sweep 10 kHz—20 MHz; verify 2.5 MHz gain, 5 MHz attenu- Not run

ation, phase and peaking with actual models

ADC interface AD9251 logical pin map and throughput Choose FPGA, I/O bank and memory; verify DCO timing, bus Not run
calculation capture, record length and sample ordering

PSU regulation First-pass component values and ideal cal- Verify loop compensation, 1/5/12/15 V setpoints, line/load changes, Not run
culations ripple, startup and shutdown

PSU protection Draft comparator/latch logic; shunt mis- Verify 2 A shutdown, peak current limit, OVP/OCP thresholds, Not run
match identified latch reset and default-off behavior

Battery and charger 4S1P architecture and charger settings pro- Validate cell taps, BMS MOSFET path, fuse, temperatures, CC/CV Not run
posed transition, input current limit and fault cutoff

System rails Proposed buck/LDO rails and input protec- Test 12.0-16.8 V input range, startup sequence, load steps, rail Not run
tion accuracy and regulator temperature

Hardware prototype No bench data in reviewed records PCB inspection, safe low-voltage bring-up, calibrated measure- Not run

ments, thermal review and fault tests

VI. CONCLUSION

a preliminary buck-boost output stage, battery and charger

This paper consolidates the present PowerScope design into interfaces, system rail distribution, and a proposed control
an IEEE conference-style manuscript. The project now has a  and protection path. Hand calculations establish nominal range
documented functional architecture, draft analog front ends scaling, ideal filter response, sample throughput, record storage
for both oscilloscope channels, a dual-ADC capture plan, and first-pass converter loading. The work remains at the



PowerScope — 4S Battery Pack and BMS Interface

Engineering draft v0.2 + 4S1P INR18650-35E * BQ76920 20-TSSOP « cell taps, monitoring, and low-side protection path

A. 4S1P lithium-ion cell stack B. BQ76920 cell monitor and filter interface

Each cell s one INR18650-35€:; series taps B0-84 are separate sense points.
B4 =CELL STACK +

Candidate exact variant: BQ7692003PW (3.3 V REGOUT option); verify order codelmoel.

C. Pack protection and current path

Low-side back-to-back N-MOSFET arrangement shown as a design option.

BO/CELL- N
u1 Protected positive
B0 CELL1 81 CELL2 B2 CELL3 B3 CELL4 BQ76920 / BQ7692003PW B4 - F1 - PACK+
INR18650.35E INR18650-35€ INR1B650.35E INR18650-35€ 20-TSSOP « FC monitor  protection P s commn 0 load and charger
36V nomnal 36V nominal 36V nomnal 36V nominal ves (12) DSG (1) Fuse raing TBD from fulloadicurent
vea (13) CHG (2)
PACK_CELL- = B0 ves (14) VvSS (3)
SDA (4)
vez (15) SCL (5) Current sense | controller interface
®) ee DSG (P 1)
(b0 15): 80 side of RSH
Vel (16) T51(6) SRP (i 18): 80 side of RSH_BMS
B0 veo (17) CcAPL() SR (pin 19): PACK- sideof st
SRP (18) REGOUT (8) SOAISCUALERT: hast itertace
Design pack limits AN REGSRC (9) oo Logic ground /isolation needs review
Nominal pack: 4 x 360V = 144V BAT (10) —)
Charge endpoint 4 x 420V = 16.8V (project baselne) ALERT (20) NC @)
Pack capacity remains the single-cell capaciy in 4S1P.
Satety note 45 tap mapping — follow Ti datasheet Table 9-2
Use matched, A VC1-VCO: cell : VC2-VC1 = el 2: VC3-VC2 = coll 3 VCA-VC3 = cel4; VCS-VCA = sht.
pen e . [ ]
D. Cell-input filter and support network E. Connectors, nets and validation plan
2 series. 1C pin):
Ref. Value / part Connection / design instruction Ret. Pins /et Role Notes
Rvco wa 80 - veopn17 o 84,63,82,51.80
RvCL 100 81 - vCipnis
1 pAcK PACK+, PACK- ger
vz 100 52 - vezpn s
vy a Frv— 1.wosT SOA. SCL. ALERT, VCC. GND
Rves 1002 84 - Veipin13 JINTC NTC_BMS. Pack temperature
) 00/ drectshort VCS pin 12 ~ VG4 pi 13 (45 configuraton)
1cHe CHG.INv, CHG_IN- Tou: L
ceo-ccs 14 each per T topooy
RBATF 100 @ provisonal 541 pack 09 0 BAT pin 0. implement D_BAT and C_BAT exact as 1 Figure 9-1 TS 0814 ol tap test ponts Measure each cel aferental, ot juststack ol
0_sar 104148 candidate) ‘Conventiona PN dode fom to.celinput oward BAT supply node,orenaton per T figure
¢ L ) w 10p- Pt I pply ation per T! fige ey SRN-SRP
C_oar 104 provsonal BAT power
Proteus build sequence
.ot 10 CAP1pn7HaVSS
o -
_REGOUT 1w REGOUT i 810 VSS: required even f REGOUT not used as il
[B wie. short VC5- asTl
NTC oS w@sc TS1pin 6 with the
FC 33Viogic SDA pin 4, SCL pin 5; i Figure 9-1.

Important application constraints.

«Tirequires BAT power wiing,
«The host may st

Relerence: TI BQ76950 datasheet Rev. |, Sectons 6, 9.17-9.18 and Fig. 9-1.

[ OEEE

Fig. 10. 4S battery monitoring and protection draft. Cell monitoring, switching devices, fuse coordination, balance behavior, temperature

cutoff behavior are unvalidated.

design and integration stage. No successful Proteus run or
hardware measurement is reported. The next engineering work
is to freeze the rate and bandwidth requirements, close the
current-limit and grounding designs, select the unassigned dig-
ital components, and capture reproducible simulations before
hardware construction.

sensing and pack



PowerScope — LTC4015 4S Charger Interface

Engineering draft v0.2 » 20 V external buck-charger input « 4S Li-ion fixed 4.2 Vicell » BQ76920 remains the cell-level protection monitor

A. Charger input and synchronous buck power train
L ;input above 4 x 42 V plus heads

3_CHG_IN

20V DC isolated
3 A adapter candidate

VIN_CHG
VIN (in 35)

u1 External buck stage
LTC4015

38-QFN controller

QH_CHG (high side)
QL_CHG (low side)
SW_CHG ~ L_CHG
COUT_CHG / local return

ViNpin35
TG pin 24/8G pin 25

ExactFET, L CINCOUT

B. Calculated cell-count / chemistry settings and charge target

Parameter

Value / setting

Battery 4S1P Samsung INR18650-35€

Design note:

Pack capacty equals one cell 4 ool in seres

‘Chemisty selector

CHEM1 = H, CHEMO = H

Fixed Lidon, 4.2 Vicel per LTCAO1S table

‘Ceflcount sector

CELLS2= L. CELLS1= L. CELLS0=Z

4 colls per LTC4015 Table: open = three-state Z

‘Charge votage

4xazv-168V,

Matches PowerScope guide charge endpoint

Adap VIN2VBAT +02V: select 20V

LTCA01S internal constain, practical margin required

CIN1 —— cIN2
Im ISP 1000F SWpin23/BOOST pin 25
— cHo. cHG_GND
Power-stage values not yet released
e inductor,
«The LTIADI 12
8.

‘Chosen charge current

10 provisional

Near 1.02 A cellcyce i current therma vakdation needed

R_SNSB =31.6 mQ
~1.01 A target by 32 mVR

3_BMS_CHARGE
0 fused PACK and PACK-

R 10A=32ma

Choose 31.6 mQ, preicts about 101 A nominal

R_SNSB dssipation

PR =101 x 00316 = 002 W,

Use 20.25 W with low TCR and sutable Kehin fayout

Themistor

NTC 10 k0 at 25°C (candiate)

oput curent it

'RSNS! and CLPICLN network TED

‘Setfor adapter capabilty and any system oad sharing

Datasheet rules

C. LTC4015 pin-level wiring table (38-QFN top view)

Use creating the Py
Pin / function Connection Purpose / review
1ceust GNo/L ool selector
2ceus GNo /L cel selector
38CeLLS) opENIZ ool selector
36 CHEMO rvec /s e Liion 4.2 Vicel
37 cHEmL TveC i1 fxed Liion 42 Vicel
s VIN CHG 20V local ceramic bypass; OVP proecton T8D
3ovCC 33V logic C logic i, reference o host
ascLissoa Host FC pullups (o DVCC: ground elatonsivp must be fialzed
6 SWBALERT Hostintermupt open-dran pulp 1o DVCC

v

D. Battery/charger connections and Proteus test plan

Interface Nets

JcHeN VIN_CHG+, VIN_CHG-

Connection / constraint

‘Separate 20V DC adapter input; use isolated low-voliage supply only

1 PACK PACK=, PACK—

EMS - Charger P+, P, NTC, FAULT /ENABLE.

Chost ‘SDAISCUSMBALERT

NTC_BMS vs NTC_CHG ‘Separate thermistor networks

7SGND/ 14 GND /39 EP

charger rew / PCB ground

‘exposed pad to ground piane per datasheet

sUvCLFB.

Input curent it oop.

dnidericurrentfmit confi TBD.

9vC/10RT

contol/ mer programming

implement values per LTCA01 datasheet procedure.

11NTC 12 NTCBIAS

battery thermistor

NTC 100 @25°C canddate.

18 BATSENS

19CsN/20C5P

Batery votage sense

R_SNSB3L6m

Sense PACK+ relaive to charger retum

battery charge current sense pair

15 CSPMS | 16 CCREFM / 17 CCREFP

21mPPT/13EQ

‘cunent eference network

‘GND / disabled f not sed

per charger datasheet. notflly caculated

confim allowed unused-pin sate

222p5vCC

235W/247G /25 800ST /268G

local capactor

external synchronous buck siage

‘decouple per datasheet

MOSFETinductor design pending

‘System whie charging S¥S power-path output

PToteus validation Steps

E] Use 20V input, 12-16.8 V stack, 1.0 A target and o system load. Capture CC-10-CV transition.

@ cell OVIUV, charger oss,

27 DRVCC 1 28 INTVCC

29 OUTFET 130 SYSMS /31 5vS

aivertogic supply

power-path management

‘decouple follow datasheet application circut

‘system operating while charging remains unresoved

E] 1

32.CLN/33CLP 134 INFET

inpust current sense  ront-end FET

RSS! and input path requice inal design

E] sobve

Without an LTCA015 model,

[ ————————————

Fig. 11. Proposed LTC4015 48 charger interface. The 16.8 V endpoint and 1.0 A charge target are preliminary settings; no charge-cycle result is

available.



POWERSCOPE | SYSTEM POWER DISTRIBUTION & PROTECTION

Design draft Rev A | 4S Li-ion: 12.0-16.8 V | based on project rail names and manufacturer starter circuits

BATTERY INPUT & REVERSE / UV | OV PROTECTION
Inputis the BMS protected discharge port

BRANCH DISTRIBUTION

Use named nets; keep charger output separate

Ji F1 Q1/Q2 BAT_PROTECTED F2 LM5176 converter VIN branch
BMS OUT T5 A* 1| 60VN-FETs* 12-16.8 V nom. T4 A* Existing PSU sheet -> PSU_OUT+/-
U1: LTC4365 - not in the p path) F3 SYS_RAW+
VIN sense = after F1; VOUT sense = BAT_PROTECTED; GATE -> QLIQ2 T2 A% Fused input for U2 / U3 buck rails

UV:2.21 MQ/ 100 kQ -> ~11.55 V; OV: 3.40 MQ / 100 kQ > ~17.50 V

CHARGER INTERFACE
Existing LTC4015 / BMS sheet

LTC4015
4s ccicv

BMS-approved

charge path

No direct charger-to-BAT_PROTECTED wire.
Follow the selected BMS charge/discharge MOSFET topology.

FAULT -> SYS_3V3 pullup / ESP32-S3 status. DTVS1 SMBJ18A across protected bus/PWR_OV*

POWER RAIL GENERATION | Connection values are in the CSV and manufacturer datasheets

U2: 5V SYSTEM BUCK
TILMR33630 | 400 kHz example

IN: SYS_RAW+/ F3

CIN: 10 yF / 35 V + 220 nF

L1: 8.0 pH; Isat target >=4.5 A

CBOOT: 100 nF; CVCC: 1 pF

COUT: 4 x 22 yF / 10 V X7R

RFBT 100 kQ; RFBB 24.9 kQ; CFF open

U3: 3.3 VDIGITAL BUCK
TILMR33630 | 400 kHz example

IN: SYS_RAW+ | F3

CIN: 10 yF / 35 V + 220 nF

L2: 6.8 jH; Isat target >=4 A

CBOOT: 100 nF; CVCC: 1 pF

COUT: 4 x 22 yF / 10 V X7R

RFBT 100 kQ; RFBB 43.2 kQ; CFF open

[ OUT: SYS_5V | IC rating 3 A, rail budget TBD

LOW-NOISE ADC SUPPLY RAILS
U4: TPS7A2018
300 A LDO

IN=SYS_3v3

CIN/COUT = 1 iF starter
OUT = AVDD_1v8

Dedicated ADC analog supply

] [ OUT: SYS_3v3 | ESP32-53/ digital logic

U5: TLV75518

500 mA LDO
IN=SYS_3v3
CINICOUT = 1 yF starter
OUT = DRVDD_IO_1v8*
FPGA bank must match

OUT: AVDD_1V8 ]

[ OUT: DRVDD_IO (1.8 V option) ]

U6: POSITIVE ANALOG RAIL
TI TPS7A2025
IN: SYS 3v3

1 uF input / output capacitors.
OUT = ANA_POS_2V5
300 mA device rating; load TBD.

U7: NEGATIVE ANALOG RAIL

TI TPS63700 inverting converter

L3.4.7 uH; D2 SLO3 per T circuit
CIN 10 4F; COUT 4 x 4.7 yF
COMP 4.7 nF; VREF 220 nF

R2 150 kQ; R3 309 kQ; R4 100 kQ
CFF 10 pF; OUT = ANA_NEG_2V5

RAIL LOAD MAP & GROUNDING

SYS_5V -> selected peripherals / TFT backlight / U7 input
SYS_3V3 -> ESP32-53, control logic, TFT logic and FC/SPI pull-ups

AVDD_1V8 -> AD9251 analog supply; DRVDD_IO -> AD9251 output driver and matching FPGA VCCO
ANA_POS_2V5 / ANA_NEG_2V5 -> OPAB10 stages from earlier front-end draft

PSU_OUT+/- remains separate; do not bond to system ground without the grounding/isolation review

CRITICAL NOTES /| RELEASE GATES

Draft values must be reviewed against the actual load budget, chosen packages, layout and datasheets.
1. F1 TSA, F2 T4A and F3 T2A are provisional. Validate battery continuous-discharge rating, connector/wire sizes, branch current, fuse time-current curves and all simultaneous loads.

2.LTC4365 comparators are nominally 0.500 V: UV = 0.5 x (1 + 2.21 MQ / 100 kQ) = 11.55 V; OV = 0.5 x (1 + 3.40 MQ / 100 kQ) = 17.50 V.

4.TPS63700 R3 = R2 x [VOUT]| / VREF = 150 kQ x 2.5/ 1.213 V = 309 kQ. Follow the exact Tl feedback and diode schematic; verify load capability at -2.5 V.

5. AD9251 uses 1.8 V AVDD and supports 1.8-3.3 V DRVDD. Set DRVDD_IO to the chosen FPGA VCCO voltage; this draft shows 1.8 V only as a candidate.

3. LMR33630 values follow TI 400 kHz examples. Recheck effective capacitance under DC bias, inductor saturation / heating, current budget, EN / PG connections, layout and stability.

6. Do not arbitrarily bond PSU_OUT-, BNC shells, AGND and DGND. The project guide leaves grounding/isolation unresolved; use the AD9251 continuous-ground guidance with partitioned current paths. No mains on BNC inputs.

Fig. 12. System power distribution and input-protection blueprint. Fuse values, external MOSFETs, converter models, power budgets and grounding are

provisional.
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