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Agenda

» Al data center and its impact on server power — newer topologies and algorithms
Achieving high efficiency and power density through high performance computation

Multi-level converters — complex Pulse-Width Modulation (PWM) enabled by
Microcontroller

Robotic trends — solutions for SPE, safety, EtherCAT, advanced encoders
Enabling security
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Al data center | Impact on power consumption

Data center power demand
1200 TWh

* Al-powered innovation supercharged B -
— Al applications demand cutting-edge GPUs with higher power needs.
+ Data center evaluation
— Data centers now require up to 100kW per rack to fuel Al workloads (vs. 15 — e
30kW per rack in the past) 200 Twn

* Introducing Modular Hardware System Common Redundant Power =emr
Supply (M-CRPS)
_ EffICIenCy IS everythlng 2014 2016 2018 2020 2022 2024 2026

— Maxmizing power density

— Better transient response

Source: Masanet et al. (2020), Cisco, IEA. Goldman Sachs Research

400 TWh

* Next-gen server power with new topologies and algorithms

279

300 TWh

200 TWh

100 TWh

_Rest of world
(ex-Al)

us Al

US ex-Al

2028 2030

Goldman
Sachs

1600 miillion compute instances

1000 million compute instances

500 million compute instances

Goldman

Loading 100% ‘ 50% 20% 10%
Tltanlum n (>2'5kw) 94% 96% 94% 90% 2015 2016 2017 2018 2019 2020 2021 2022 2023
@ Data center power demand W Estimated total data center workload demand (right axis)
Titanium n (2.5kW 92% 96% 94% 90%
Figure 2-1 Form factors side by side (Front view), from left to right: 185mm by 73.5mm, 185mm by 60mm and rl ( ) Source: Masanet et al. (2020), Cisco, IEA, Goldman Sachs Research
265mm by 73.5mm. The data center power demand for 2023 is an estimate

Source: Open Compute Project M-CRPS

Sachs
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Al data center | power architecture

Server Rack

Overall efficiency (80%)

Gen 1:12Vdc

B = t B~ a

—————— VR (93%) GPU

{11}
"

Transformer (99%) 1 Power Server PSU (02%)
| [ distribution
+ - "
Cabling (98%) | b—d : unit (98%)
L e e e e - =

UPS (96%)

Server Rack

Overall efficiency (~85%)

Up to 22KW per PSU

S0 D28

VR (93%) GPU

Transformer (99%) Power Server PSU (96%)
distribution |l ="

Cabling (98%) unit (98%) 'ﬂ |
|

Gen 1 to Gen 2 evolution
e 12V DC bus to 48V DC bus

— Lower current in bus bar reducing conduction losses.

* Power architecture change

— Removal of online UPS from system and replacement
with digitally controlled battery backup unit (BBU)

— 4 switch buck-boost with smooth transitioning across
operating modes.

— High transient response -> Peak current mode control
algorithm.

— BBU in light load operation -> Burst mode control

* Topology innovation for higher efficiency,
power density and transient response

« Transition / Triangular current / Continuous conduction
mode PFC

» Hybrid hysteresis controlled LLC/Interleaved
* 3phaselLLC
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Server power | PFC

Classic boost PFC with diode bridge 400vDC

rectifier
. AC input EMI PFC power Isolated DC/DC

K Vout
J_ i hT filter stage stage
_|_ J# .|_ []Load n~98%

AC-swit:h PFC (or ‘H-PFC’)

efficiency Implementable with Si MOS PFC“ ,q Aux flyback power h‘ Coﬁgﬁer
improvement W controller stage and controller
— — —_ 0
ﬂ&_‘ n 98 . 3 /0 Active “bridge rectifier” in classic boost

Y PFC

1 ] Implementable with Si MOS n~985%

Vac @Z EM

\

Ll

. . . : — CCMTotem pole “bridgeless” PFC

Higher efficiency improvement itk > — Cannot be realized with Si MOS, WBG devices

45 4 needed for fast FETs

> ]
p— % =

4E|} 1
Highest efficiency
improvement

>
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Server power | Totem pole PFC digital control (CCM)

. ePWMA
I >
Open Sync D{% Closed Active D{%
A ML
Single + -+ Single - +
Phase [ ’m‘ . R pl;\ie L = R I
AC (1— (d AC — ‘ (
- L +
Closed A:tiverpl Open ”-E;H:..I
HIGH_FREQ_PWM HIGH_FREQ_PWM
A Vac
"
g Lo
; V
| i DBCTLHALFCYCLE]
B H SPWALE
+—! Q4 soft start ! le—»i Q4 soft s | 1 |
Ves Q4 () .f r“ ol DECTLIN_MODE] DECTLOEDS. MODE]
I " y
L3 soft start e lqssuhs\ar( i C2000 Advanced dead band sub module enables
Ve 3 | .
65 Q0 E | ::\H 0 - - W PWM changeover for active and Sync FET
Ves_Q2 [ 1 |1
! ! [} ! [
1 [ n ! N
All switches are aﬂ: 1 ;
ves a1 [ I
| i) generator PVWM
All switches are off
e = over-sampling on current
feedback signal provides a
‘ ‘ more accurate feedback signal
’\ Optional digital filter to reduce noise
PMP23338 - 3.6kW single-phase totem-pole bridgeless PFC reference
R s s design with e-meter functionality
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Server power | DC/DC

400vDC
L

PSFB (with secondary doubler)
. EMI PFC power Isolated
AC input filter stage DC/DC stage Vout

g nN~97.5% ——
[H $ 3

PFC Aux flyback power DC/DC
stage and controller controller

Better
transformer P controller
utilization an — .

+1N~97.5%

........

single clamp

T i 3 phaselLLC
High efficiency for higher %} J=; ;}
power rating > j/j — L n~98%
Ha Hic-tie N~98.5%

| Higher efficiency improvement
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Server power | DC/DC HHC control

Higher load transient response (CRPS — 0.5A/us
to M-CRPS — 2.5A/us)
VMC to current mode control techniques like HHC

L EhH

Veomp
T - t H -
Gate_H DRVH
-
- — + DRVL _
9 . tL=tH _
Vin Vout -

" A T . L

PMP41081 - Single comparator (CLB for complementary PWM)

Resonant capaciter | VCR €2000 > erwmin PMP41006 — Dual comparator (CLB only for SR)
voltage sensing ~ | EPWM1B ' PSS module i
- i

i i ! AQ nodule } e

VR | I | module !
! ‘ i 2} Compare EVT i . i P P i M~ i DRVH

I . Ve ramp | _ AliﬂQlL4424//w eset (>

———————————————————————————— e —— | | || T
I 0 I VI
= I | | . ! N PWML | N DRVL

ecovery Tifne | Output Voltage 4[\ “"} ”””””””””” Syme : g i o piton copy i \’> i

! | L]

Voltage { Syne i |
Deviation, . — Syne
ememme N e Internal DAC prOV|de m
automatic slope PR ‘
: DB

| Output Current compensation i nodule i

Slope = i '~. } } SRA
Slew Rate | I \ 4,_(}_.7

/ Load Step | \ for S } }
/ \ or SR drv | | U s

1 : [I

~ Minimum Load 1 L,,,,,J

CLB provide control flexibility of SR & PWM logic
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Agenda

» Achieving high efficiency and power density through high performance computation
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Inverter /| PFC | multilevel topologies summary

¥ Ve

a1 J i A J: a1
! !
os A J:} a J:} @
e L ~
1 = |

o6 A JE} @ JE} a
gajL - %

iR T-Type 3L ANPC NPC 3L FC3L
TIDA-01606 in 2L TIDA-01606 TIDA-010210 derived from ANPC Flying Capacitor 3L

Benefits » Simple control scheme » Easy control scheme » Good efficiency » Lower cost than ANPC  « Highest efficiency

2 switches only * Q3/Q4 see ¥ V¢ « All switches see Y2 V¢  All switches see %2 Vo  * Only 4 HF FETs (& 1Cap)

* 2PWM * Better EMI than 2L * Better EMI than 2L * Better EMI than 2L * frippLe = 2 X fowm

* fripeLe = fowm * frippLe = fowm * frippLe = fowm * Smallest magnetics
* 4 PWM * Lowest EMI

Challenges * Q1/Q2 see full Ve * Q1/Q2 see full Ve * More complex control  Lower efficiency than « Initial charging of flying

» High EMI for higher foyy  © 4 PWM scheme ANPC capacitor

» Passives are biggest » Shutdown sequencing * More complex control » Shutdown sequencing

critical » Shutdown sequencing critical
* 6 PWM critical
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ANPC 3L | HV failure protection

—
Q5 || o

=
Q6 | o
—

4 Q1
|_

[
—

Outer switches (Q1/Q4) to turn off before inner switches (Q2/Q3)

Fault protection logic is required during normal operation at crossover and at all shutdown
conditions

Software algorithm causes too much delay to provide in-time protection

Additionally, run-time implementation of the above in software imposes CPU bandwidth
challenges in single MCU solution

Use of external hardware circuits, like FPGA or CPLD increases system and
development cost

FETs
State

o
=
is]
[x]
o]
[
2
B
o
(v
o
[«

Hazardous

[ e | [ [ [ | [ | | |
A A bl D T e B e [ ) e ) [ ]
A T D e ) [ Rl [ g o ]
[ b [ o e A A e =1 =]
AT bl e o e [ ) Lo ) [ [
EEAEAEA A == =] (=] =]

Ref: APPLICATION NOTE UnitedSiC_AN0023 — March 2021, Revision 3
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Advanced PWM module on C2000 & AM26x

Shadow 2

| XAQUAL2 |

Active (CPmpun Xear| _pviiear )
Analog C Digital C

Shadow 1

[VR_PRD.shdw ] [ AQUAL.shdw
| TMR_PRD.active | | AQUAL.active

Minimum Dead-B4nd and lllegal

CMPA.shdw
CMPA .active

Shadow1

CMPC.shdw
CMPC.active

|

CMPB.shdw Submodule |
CMPB.active L J \

CMPD.shdw
CMPD.active

Combo Logi

1
1
Submodule 1
1
1

r ( |

™ Trp Dloce Minimum lllegal =

Action Emulation
Qualifier Dead-Band Module (DE) Dead-Band Gombo | 1
Submodule MINDE ogic !
Submodule ( ) (IcL) :
1
1

DE
soC Monitor
Trigger

Logic

(Cinput X-BAR }—>,
(CMPSSnTRIPH]—»
(s —| (R
delay Minimum llegal
counter Dead-Band Combo
Across Any Across Any
Module Module
MINDB XBAR (ICL XBAR)

lllegal Combo Logic
Based on the truth table, output of EPWMA/EPWMB
are configured high or low

<REG LS EPWMA —» EPWMB

EPWMxA I I

Minimum Delay
>

—

>
EPWMxB

Programmable delay (DelayA and Delay B in
sysclk cycles) is added to ensure there is always
a minimum amount of delay between outputs

PWMA

PWMB

Input 1 m Input3 Output
0 0 0 1

0 1 1

- o o o
o o ~ =
- o S}

o o o o o -
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Agenda

« Achieving High efficiency, high power density through high
performance compute
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Power conversion| high performance computing

Increased power semiconductor switching
frequency
* Reduced LC filter component sizes -
Compact system footprint and Lower cost.

* Enables use of ceramic capacitors instead of
electrolytic — Better reliability and lifetime.

» Faster transient response — Better regulation
to load and line parameter variations.

Increasing computation requirements

—

Higher control loop frequency (500Khz)
Advanced control algorithms

Multiple power stages and communication all with
one CPU.

Meeting safety regulations
evolving standards.

Additional
products.

from continuously

feature enhancements in existing

14
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F29x | New gen DSP meet increased compute need

Can Execute 1 to 8 Instructions In Parallel (up

to 8x higher throughput per cycle vs C28 DSP operati Control functi General Purpose
- g gnhp . P 34 - ) operations ontrol functions Safety & Security Al e

Multiple Parallel Functional Units (2x

comparators, 2x logical, 3x adders, 2x iy LGy
multipliers,...) . A
Specialized Operations Targeting Real-Time e T
COI’ltI’O| (Tl’lgonometrlc, |V|U|tI-PhaSG VeCtOI’ DFT Harmonic Compensators
Translation) C29x >7x better than M7 C29x >3.5x better than M7 Integrated MPU + C29x is 5x better than

. P : T Compute FFT which can be running multiple PID loops Fully Isolated & Protected M7 when performing
New Operatlon_s '_I'o Mlnlmlze Dlsco_ntlnwtles & used fordiagnostic features Lo siring comparison.
Accelerate Decision Making Code (if-then- in Motor & Arc fault Used in Motor Drive for Protection Mechanisms | + For CAN communication
else, switch) ST [ E ST S e FUC T L] HTE In Hardware to Minimize based code max cycles
Can Perform 8/16/32/64-bit Dual Reads & eioerins S oreentetioe? MIPS Impact 44% better than M7

i i i 256 w512 m1024
Writes In A Single Cycle (6x higher throughput v " . ) cry  singepd - cru EMIN 5 MAX
vs C28) GRS ASTRIOP I
All Registers Save/Restored automatically On i g% 3 . e 2
Real-Time Interrupt In 10 Cycles (vs 40 cycles 88§ §*I & I A B i 3 22 Ro g¥
for C28) e u L . - n I -— . - I -
c29 C28 ARM-M7 C29  C28 ARM-M7 C29 €28 ARM-M7 C29  C28 ARM-m7

Hardware Interrupt Prioritization Requires No
Software Overhead (on C28 it is managed by
Software)

15
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F29x | Vienna rectifier benchmark example

H DC output ~ Fuse
hree Iih12.03" .
Phase AC H _‘_
Input
Fuse .Lcm2 Ldm . ?
_M’__’m T }BMP.U :.
T I :
N e o ]— .
: o _ .; . - Vi Bl CPU Utilization F2837xD / F29/
LI LI LIl 1L z 200MHz | 200MHz
-|_I_-|Ecm3 T_T,_-l;cmz ___Tcamz < 7_? H ‘ R
T . . 3 : . H “control ISR” @ 50 kHz CPU @ 20% CPU @ 10%
3 camy b Busn J__ -+ Compensators, ADC (estimated)
N - : and PWM drivers,
7 SFRA
Vivanan o +  Feedforward Elements
in the control loop
: » Frequency response
: analyzer (Optional)
V puske 1 i .+ Max .+ Max
Vv : achievable achievable
i control control loop
' loop frequency
: : frequency 600K Hz
s i . : 300KHz (estimated)
Vrms -
Trms <,‘:- Mea‘;?a:‘:r;em 1OKHZ E
€2000 Microcontroller Frms g2 CPU @ 4% :
T SineAnalyzer and Datalog 16
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Agenda

* Robotic trends — Solutions for SPE, Safety, Ether CAT, Advanced
encoders
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Motor control | trend for robotics

+ AGV/AMR

— Multi-axis motor control with one
MCU

— One MCU drive 2-4 motors

* Humanoid Robot

— Up to 8 motors
assembly

— Requires very small form factor
— One MCU for multiple motors

— Higher efficiency requirement for
body temperature limit

in hand

+ Collaborative Robotics (Cobot)
— Small form-factor MCU with
safety and multi-protocol support

— < 9x9 mm package required to
fit into O / C shape PCB on
motor assembly end

Mobile Robot Controller

Functional
safety

Mobile Robot Battery

® 12 to 48V DC link

Mobile Robot Power
Distribution

Mobile Robot Navigation

e Path/Trajectory
Planning

e SLAM Algorithm

® Goal Determination

—

Regenerative braking

e Power Connection
e Internal Interface
e Encoder Interface

Mobile Robot Battery Charger

|

Mobile Robot Perception

o Odometry Estimator
e Occupancy Mapping
e Visual Recognition
® Sensor Fusion

® Collision Avoidance

Camera

Functional
safety

Brake
Resistor

I
I

I

I

I

I

Functional }
safety }

I

I

I

I

I

I

|

Functional

LIDAR/RADAR

Functional
safety

olding Brake

Robot Motor Drive

Functional
safety

e Current Control I
e Speed Control

Functional
safety Motor

e Motion Control
® Position Control
e Speed Control

Robot Motor Drive

e Current Control
e Speed Control

Control

Robot Motor Drive

e Current Control I
e Speed Control j

Functional

safety Motor

Functional

Control

Functional
safety Motor

Control

Robot Motor Drive

I e Current Control
e Speed Control

\o

Functional

or safety Motor
Wireless Connectivity HMI module
e LCD display
® Diagnostics o Audi P y anal
udio warning signal i
® Cloud Connections 3 X 9 g Functional
® Visual warning signal safety

i

TMS320F28P650DK

C2000™ 32-bit MCU, 2x C28x+CLA CPU, Lock Step, 1.28-MB flash, 16-b ADC, HRPWM, EtherCAT, CAN-FD, AES

AM2634

Quad-core Arm® Cortex®-R5F MCU up to 400 MHz with real-time control and security

18
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https://www.ti.com/product/TMS320F28P650DK
https://www.ti.com/product/AM2634

Robotics | trend for functional safety

Complex safety landscape
+ AGV/AMR in warehouse: ISO 3691-4
* Industrial robot / Cobot: ISO 10218

» Customer needs to understand their system level safety
structure

Trend: higher and higher requirement on functional safety

« Safety on system level needs to build to a reasonable level
with price / safety balance

* Increasing complexity and capability in MCU driving state of
art safety solution to be more and more complex

Tl doing system level safety argumentation

» TI offers certified safety concept for systems up to CAT 3 and
PLd with TUV SUD

» Help customer on how to take TI MCU and documentation to
get safety assessment

———SBC(PMIC/ENDRV,0TE)———

e project

ngcwm )
MIC/ENDRY, OTE

| Subsystem 2 : Safe Brake Control
SBC(VS x2)

LoGIc SBC:

NS W——

|subsystem 3 : Safe power stage

BusVoltage(VdcBus) / Phase
Current/OVP

ADC/ .
CmPss/ —
GPIO

Subsystem 5 : Safe encoder

https://www.ti.com/lit/wp/sprad98/sprad98.pdf
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https://www.ti.com/lit/wp/sprad98/sprad98.pdf

Motor control | trend for absolute encoder

* Higher data rate

DATA- —| Power

. 8- ble,
— More features in Encoder and need to send more data - single snekded GGk i
beyond position ( vibration (Al), temperature, torque, etc.) up Application
. . . . Un Communication
— Higher bandwidth and lower latency / jitter requirement =
+ Less cabling —
M12, 8-pin Connector

— Enables 2 cable encoder interface with power & data on 1 subD-15 |

uProcessor

. . _
twisted pair —C=H
— 100BASE-T1L, Hiperface DSL, EnDat 3.0, BiSS Line
|
. AC motor EnDat 2.2 B e e e e e
Added Safety position encoder Servo drive
— Allows built-in redundancy with 2 encoder data on one
interface 712y
— Functional safety: black-channel communication o g
y <i— v
. DSL+ 2-wire i
Device Technology Encoders supported 2 A sl
DSL_EN [ TR g?: g
AM26X PRU - ICSS / QEP .« T Format - ENDAT 2.1/2.2/3.0 ™ o ga =
«  Nikon /A Format «  Hiperface DSL 2R
- BiSS-C . BIiSS-Line R3 » T
- ssl TN i
2000 CLB/QEP . QEP - EnDAT 2.1/2.2 — =

CLB - Configurable logic block

ICSS - Industrial communication sub system

Technical White Paper: “Safe Torque Off — A Functional Safety Concept Using AM64x With PRU — Programmable real time unit 20
" i ified by TUV.SUD on 6-Dec-2021
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Single twisted pair Ether-CAT in Servo / Robot and

AMR/AGV

* Higher bandwidth requirement

» Added functional safety

» Lower latency / jitter
* No Royalty / higher speed (CAN FD - SPE)
* 100Mbps is sweat spot today

» EtherCAT P supplies power and communication in a single
hybrid cable

» Ether CAT over single twisted pair
» EtherCAT G -> ICSS-G can support 1000Mbps Ether CAT)
* ICSS on AM261x and EtherCAT IP in F28P65x

Robot CTRL Drive

MAC MAC | MAC

SPE SPE
PHY PHY
cabling o

connector connector connector

Daisy chain

Robot CTRL Drive

cabling

connector connector

Point to point

next

drive

F28P65x NMR
Package: 9x9mm

DP83TC812R PHY devices
for 2x ECAT Ports
(Back side PCB)

’A; wart ) 2 ~.:‘ CE S
" .-

Industrial SPE Phoenix
Connectors: Compact design
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Agenda

« Enabling security
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Security requirement | trend

* Risk of cyberattacks
* Lose of customer firmware IP.
* New standards to be followed — example is European Cyber resilience act (CRA)

Industrial products are now requiring

* Secure boot. Enabler — 255Feature AMfﬁx F2(Qx
« Debug security. S i o0 7 >
 Secure firmware update. ey | - -
» Authentication of genuine firmware. e e 7 7
« Encryption/decryption of 1o i . .
communication. o A ERIE ST T 4 :
provisiening security Device ID and Keys| Booting keys (MPK/SMPK, KEK, MEK/SMEK) oTP Secure Flash

» Hardware protection against side

________________ oo e s s | ~
channel attached. P Eone e z g
+ Advance algorithms(post-quantum Tumegeecuon soemumemoy R = 7 -
cryptography) for protection against O R SecureBoot | o > Z
quantum computers. e Foudion o = - :
+ Security accelerators to reduce the wemyandion  accowaon T e - -
computation time for security b senuy | e e . z

features.
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F29x HSM | Hardware Security Manager

System Control, Clocking & Safety

HSM [owme | [ |
| RTC | | Watchdog |
| ple’d | | ESM |
Arm® Cortex®-M4
RTDMA Security
cPU e 1PC Mailb
| HSM Interconnect |
Resources shared with Host SRAM, ROM Flash Subsystem
| LDA SRAM | | SRAM | | 512KB Flash |
ErpEe | Secure RAM | | Secure Storage |
nnnnnn
CES SIS Flash Controller &
TRNG, SM3, SM4
HOM Read Interface
Firewall Firewall le—
HSM to SoC Bridge
C29 Host
| Reset Control |<—><—>| ssu |
Application CPUs
| Flash Controller |<—>4—>| Application Flash |

EVITA-Full compliant HSM with dedicated CPU, RAM, ROM
and Flash memory

Two 256KB Flash banks with FOTA (A/B swap) support and
rollback control/anti-rollback protection

Secure storage of keys, certificates and user secrets
Secure factory provisioning of keys and code

Secure boot support for Root-of-Trust

Secure debug with challenge-response authentication
Device lifecycle management

Cryptographic accelerators — AES, RSA, ECC, SHA-2, TRNG,
SMx

Protection against DPA and fault injection attacks

IPC communication with C29 host CPUs

24
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Thank you!
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