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Introduction

» The lecture will:

- Architecture evolution over the years

Low power challenges starting on a typical body controller architecture

MCU Low Power Mechanisms to address Low Power challenges

Describe techniques to optimize their usage and concepts to address

the challenges identified

Software configuration example

<&

, Z " freescale "

semiconductor

Freescale and the Freescale logo are trademat
: he p

iconductor, Inc., Reg. U.S. Pat. & Tm. Off.
All other product or service names are the propert; i

d
ir respective owners. © 2011 Freescal le Semicon ductor, Inc.



Architecture Evolution over the Years

P ol frees_cglp ™



1990’s : The Birth of Networking into Cars

=== CAN, VAN or J1850 depending on car makers

Proprietary communication, K-line

The Challenge: Get to some consistency, Reuse
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2000’s : CAN and LIN Standards Dominate

== = Diagnostic CAN The Challenge: Manage the complexity, limited

LIN bandwidth and non-determinism
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2010’s : Hierarchical Networks

s CAN
— . Diagnostic CAN _
AInesTE The Challenge : Overcome the complexity of “super
LIN nodes” through new design methodologies, standard
e MOST software...
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Low Power Challenge — Automotive

» Why has the number of ECUs

Increased?

- Nodes requiring MCU functionality are Entwicklung Steuerger'ate-Anzar' Entwicklung Ruhestrom
replacing passive and mechanical systems Increase in Total LP
throughout the vehicle. number of . current Lz

- Nodes include measurement points, ECU's ..
actuation points, or control.

. Often the vehicle architecture distributes Golf | Golf Il Golf 1l Golf IV Golf V Golf | Golf Il Golflll Golf IV Golf V

3 5 11 18 35 8,3mA 10,5mA16,2mA21,3mA15,4mA
some of the processing to local distributed
nodes.

& e A
Y — amy A
=

Source: J.Leohold, VW, 9th Iterational Automobile Electronics Conference, Jun 05
> AS a CO n Seq u e n Ce . trotz gestiegener Komplexitat ist beim Ruhestrom die Trendwende geschafft
- Global Power budget requirement is either
flat or decreasing then the power allowed per
Electronic Control Unit (ECU) decreases.
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Low Power Challenges
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System Basis Chip

High End Body Computer — Partitioning Example

Debug

JTAG

Nexus
Class 2+/3+

Ethernet
(FEC)

Security
CSE

CAN Tcvr

MC33905

Flexray Tr

4x MC33662

CAN (TX & RX)
GPIO (EN, ...)

4x MC33662

Communication

SPI
GPIO
< INT System Crossbar Master
VReg
MCU VDD PPC™
FMPLL 200z4d )
Aux. VDD XOSC/SXOSC
L Reset - e 4k |-cache
< = | MMU
RTC/API
_ Wake signals o e
B 1 F INTC
LinRX/LinTX/... CROSSBAR SWITCH
< > Memory Protection Unit (MPU)
CanRX/CanTX/...
< >
FlexRay
SCI (TX & RX)
GPIO (EN)

Communications
1/0 System

Lighting Load

Quad eSwitch

(o] L[] ]

High End 32Bits MCU - MPC5645C

PWM

SPI/ GPIO

SPI/ GPIO
INT / ATD

2xMC33972 (2*22In)
Switch interface

Low current load

(] (o (o] [ B [ ] [

MC33879

High/Low side
configurable switch

MC33693
RF interface

MC33926
Motor interface
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-
CMQOS Power & Energy

» Power
- Dynamic Power — MCU Run Current
- Static Power — MCU Stop Current

IDTOTAL — DYNAMIC T PSTATIC

Where Computational Speed

Povnamic =& CV*f

PSTATIC — ISTATICV
Supply Voltage
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MCU Low Power Mechanisms
to address Low Power Challenges
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Power Segmentation — MCU Structure

» Power Domains
« Individually disconnected from Power
- Eliminate leakage from areas that are

turned off P T

. | Notes: |

» Power Domain PDO: e N e
\(le.g | PD = Power Domain |

- Always on & | BOU X Povwer Control it |

. Power | RGM = Reset G—enermi_on Module |

- Wakeup periphery, e.g., CAN sampler, | gating o0 | COL —Clock Gatmg Logie |
RTC, API, etc. L i > Flewsay (VETMedeBatyoat -

| Flexm}-'l | Flexray R_A_\dl

«  Minimum RAM segment
» Power Domain RD1 B e o e |ﬁ¢ e,
. Contains an additional RAM segment e [xosc ] 722 | | Sy

v L J Lo - — — |

. Remainder of the RAM is in the PD1 |P§§pé;r:x||r’§;%al| =

domain
] v RD1
» Power Domain PD1: T FAN Dol

. Contains all cores and the majority of = et

peripherals W |Mflccmiﬂ| . e,
« Can be turned off in STOP or STANDBY = APL Iz\i'ake—up| Reset &|[128KEz| [T6ME= Ipc;U | RGD I sk | [F2EE= |[CAN domain)

RTC || Logic || Wakeup|| IRC IRC | l RAM NTAL | |Sampler
modes .

« Must be turned on in RUN modes
MPC5604B Power Domain Structure
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Managing Clock Distribution

» Power consumption is directly linked to clock signal switching

» Reducing the number of clocked lines directly reduces current consumption

» Several methods are employed to
avoid wasting power in clock edges,

osc system_clk

sz I > piatiorm
for example: - — -
IRC irc_fast_div Clock
16MHz |m Selector ivi1to :
. Clock freeze mode (ME) —}—} Peripheral Set 1

When CPU activity can be temporarily halted,

FMPLL
e.g., while waiting for an Analog-to-Digital | *m_> Peripheral Set 2
(ADC) conversion to complete

Os.cgd —’m—} Peripheral Set 3

Peripheral bus division —==3

Reduced local clock rates, e.g., for ADC and —_—p
communication ports et 3
. _’ divséto osch_clk_div } API/RTC
Clock gating >
Applied wherever possible and at the entry to IRC 128KH2 —> ire_slow_div
each sub-module

} SWT (Watchdog)
oscafcll:'
irc_fast CLKOUT
Selector .
fmplla_cl div
:; 1/2/4/8 CLEE U

MPC5603B Intelligent Clock Tree architecture
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Intelligent Clocking — Typical Clock Sources

» Fast Wake-Up:

Increase the speed at which the device can recover from low power modes and start
execution.

- Reconfiguration and non-timing critical operations can start as soon as a clock is present.
=  main RAM/module registers can be re-initialized whilst the external (accurate) OSC clock is stabilizing

- Very fast Wake-Up requires an on-chip RC oscillator
= e.g., a 16 MHz Internal RC can provide Bus Clock in <5 cycles

Allows near instant operation

> Perlodlc Wake-Up:

- Allows a reliable recovery in low power mode
- Minimizes average current

Clock Source Start-up time Power consumption Accuracy
16 MHz Internal RC Osc. L (<1us) M (<50uA) L (>10%) —
128 KHZ Internal RC Osc. L (<1us) L (<1uA) L (>10%) (V)vztl'(rgt?
32 KHz Ext. Crystal Osc. H (ms) L (<10uA) H (<1%) clock
16 MHz Ext. Crystal Osc. H (ms) H (>100uA) H (<1%)
Internal PLL H (ms) H (>1mA) H (<1%)

..
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Dynamic Voltage Frequency Scaling (DVFS)

» Devices typically do not require full performance all of the time
- Reducing frequency directly reduces power consumption (already discussed)
- But reducing frequency also allows the voltage to be reduced, further reducing power
» Solutions can be via hardware, software or combination of both
- System sophistication increases with DVFS
= Typically PLL allows frequency scaling
- Need to balance savings with complexity:
= Scalable regulator design, with fast switching behaviour

= Peripherals require full scaling capability to ensure seamless switching
= Synchronization handling during DVFS changes

100

80 —

mA 60—
40
L Low Vdd Low Vdd,
20 Run mode Low Freq
Run mode
G 5V, T 25V, T 2.5y,
120MHz 60MHz 120MHz, 60MHz

Note 1: Assumption is that maximum frequency also achievable at lowest
voltage, but this will not always be the case e
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Low Power Modes

» STANDBY - lowest power mode
- Power supply is cut off from most devices
- All clocks disabled
- Longest wakeup time and some Device Modes - Diagram

) . ) USER MODES
reconfiguration required
. Most pins not powered (high impedance) SYSTEMMODES § | Sanee
Recoverable 0
> STOP HW failure | —
SW request s I
i i : . \
- Advanced low-power mode during which the e | | HALT )

clock to the core and the PLL are disabled
- Optionally switch off most peripherals
. State of the output pins is kept
» HALT — disable core clock
- Reduced-activity mode during which the clock

to the core is disabled Non
. Optionally switch off analog peripherals (PLL, I oyerable
flash, main regulator, etc.)
» RUNO-3 ) SWinggered wransiton

- Software execution modes where most
processing activity occurs.

« Allows run-time customization of different clock
& power configurations of the system

<&
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Autonomous Operation

» General theme is to switch on as little as possible:
- CPU is the most power hungry module on an MCU
- Need to switch to OFF when possible
- Put more intelligence into peripherals

» Autonomous peripherals can help achieve this.

- Typical Autonomous peripherals include:
= APl — Autonomous Periodic Interrupt

— Allows device to recover from very low power state at selectable time intervals
RTC — Real Time Clock

— Offers time keeping functionality in very low power states
DMA — Direct Memory Access

— Allows data transfer between peripherals minimizing CPU activity
ADC — Analog Digital Converter

— Continual conversion while running in low power

— Triggers wake-up when signal reaches certain level
LINFlex — Intelligent LIN management, minimizing CPU interrupts
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Low Power System Techniques
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Energy Saving Potential on the System Level

low low

Local, internal optimization of Electronic Control » Smart algorithms (PWM, motor control, and etc.)

Units, actuators & sensors » Loss minimation (DC/DC regulators, LEDs, and etc.)

» Smart activation of peripherals

&
b
m <.
6"' Deactivation of complete sub-busses » Network topology change «32
— B % » Traditional wake-up mechanism wn
~ COW it » Slow reaction times U
;—U- ILI m » Limited SW changes 9.-
@ [A o] @
~ -]
n =
Deactivation of individual ECUs » Flexible wake-up mechanism required Q_J
» Slow reaction times
A B X
I I oW I » SW and HW changes
= Industry standardization
Lc] o] L]
high high
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Electronic Control Unit Low Power Modes

Vbat e Very low system consumption
l *“longer” wake-up time
MC33905
SBC vdd > MCU L
g []
Osc Osc _—,

« SBC LPM VDD OFF, no osc no cyclic wake-up
 MCU off

lsgc = 15 UA

Wake up time: 2-5ms + MCU S/W start

* No MCU oscillator

Vbat « RAM content saved
l « Fast wake-up time
MC33905
vdd | mcu | L
SBC > ]
o e | T

« SBC LPM VDDON with osc
* MCU powered, STDBY mode no osc.
lsge = 40 UA, ly,c,= 30 UA

Vbat « Cyclic w/u allowed
l - “longer” wake-up time
MC33905
SBC vdd , MCU 1

L]

o e |7

 SBC LPM VDDOFF + osc (cyclic wake-up)
* MCU off
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Vbat Faster w/u time
l Impact on cons.
MC33905
SBC vad | Mcu

Jose ose

« SBC LPM VDDON with osc
« MCU powered, HALT mode with osc.
lsge = 40 UA, < 350 UA
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Low Power System Techniques — Using the Silicon

» System solutions to achieve low power are based on several key principles:

Device Modes - Diagram

Reduce average power
= Sleep as much as possible
= Minimize RUN execution
= Match speed against requirements

Only power what is needed
= Only switch on silicon portions

= Completely power gate unused
portions in many power modes

Only clock what is required
= Clock gating
= Clock tree management
= Peripheral grouping

MPC5603B Intelligent Clock Tree architecture

Employ intelligent autonomous Design autonomous peripherals
operation = e.g. DMA, RTC, API, ADC, LINFlex

A
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Example: Body Controller Module Typical Scenario

—>
|<50ms 50ms 700ms
» MCU Mode: STANDBY MCU Mode: RUN MCU Mode: RUN
+ 8K RAM » + Exec. from RAM » + Exec. from RAM
+ API/RTC (128K clock) - +IRC 16 MHz » + XTAL for IRC trimming
+ Wake-up lines - +Po||in_g of ~24 digital +5 - +IRC 16 MHz
analog inputs + Polling of ~24 digital + 5
analog inputs
» Duration: ~667 ms » Duration: ~200 ps
+ SPI: 1x16 @ 500 Kbps
+ LIN: 3 msg at 20 kbps
» Duration: 32 ms
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Managing Communication Wake-Ups

High speed CAN

WAKE-UP SIGNAL FRAME SYMCH BREAK
P ——— m by slave task . by master task
4 —d e Frpre]| — | = BUS SLEEH
L | | 1 1 H - i Tyuzic wake-up
delimiter
A : A :
I[mA ! I[mA !
[mAl ! » SBC detects a wake up (mA] !
S signal (3 dominant signals) 1E
$ » Triggers a wake-up |2
2 1|3
%) procedure. 9
m Il
n H2
HW (fixed consumption) \_} HW (fixed consumption) \_»
: t[ms] ! t[ms]
A ! A
I[ImA] ' IImA] !
: » MCU Wakes up from :
! an SBC signal. !
1 0 ] 0
| (8] 1 o
1 [%] 1 2
| = ! o
HW (fixed consumption) \_} HW (fixed consumption)

MCU behavior to process communication wake-up t[ms] MCU behavior to process communication wake-up t[ms]
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Monitoring Fast Analog Signals

Proposed solution:

» Scenario: » Use approach: STANDBY — RUN —
« Measure 3 ‘fast’ analog inputs and check values STANDBY — RUN

(e.g., ‘fast’ temperature sensors) . _
- read the state of 5 port inputs and check values > Utilize STANDBY and retain 8K of RAM

- Only continue full power-up if values breech pre- | . Utilize an API (Application Programming
defined conditions Interface) to wake-up periodically every 10ms
» Timing and absolute accuracy of initial and transition into RUN

measurements is not critical
» ADC function is active for approximately 9 us (3 us
per conversion) in every 10 ms

» Clock the API with the on-chip 128 KHz IRC
(very low power Internal RC ocsillator)

» Use a 16 MHz IRC for fast execution,
accurate enough for this example application

» Execute limited code from RAM at 16 MHz

s | o3mA bus speed
18mA } Run Current range

Analog input 15 ¢

1 Standby Current Standby Current
(8KRAM, 32KHIRC, API) (8KRAM, 32KHIRC, API)
40uA FlB ' 51 |5 Fl| 5
5 7 k2 T B % 1 @
w
- L}
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Monitoring Slow Analog Signals

Proposed solution:

» Scenario: » This solution is identical as previous one,
« Measure 3 analog inputs and check values (for except the STOP state will be used instead of
example, ‘slow’ temperature sensors) STANDBY during the ‘sensor stabilization’
« Sensors are not instantly available for reading period

« Sensor settling time: 2 ms !  STANDEY 1 RUN 1 STOP
» Timing and absolute accuracy of initial « USe approach. — —

measurements is not critical — STANDBY — RUN
» ADC function is active for approximately 9 us (3 us | . Return to STANDBY unless pre-defined

per conversion) in every 10 ms conditions are exceeded
25_1 23mA
20 } Run Current range
Analog input ig —+ t 18mA

Sensor stabilization

Standby Current

STOP Current / (8KRAM, 32KHIRC, API)
= =) =
B ° 20| e 1 °
_5) —5) —5, 7] » '5) )
< >le > |« > 7929us
”1

2 7
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Code Example — Peripherals Enabled in LPM / RUN Mode

i Freescale CodeWarrior, - [ME.c]
File Edit Wiew Search Project Window Help B

L B=N EBEhsliEaEmE

zlxl b i} - M- - o' - Path: | D:\Profiles\REE3114My DocumentshDev\S oftwareMCUs\MPCEEISBYMPCEE07E_SPP1035_CL_DemolightingksrcAME ¢

MPG5607B_S5PP1035_CL_DemoLighting.mc|
— L@ LT Hit A< BunPCO will be use to disable all peripherals in 'high' power modes

|'ID<>

. ME RUNPC[0] B RUN3=0:
| % intemal FLASK ~lBy B 5 ME.RUNPC[0] . B.RUN2=0
. ME.RUNPC[0].B.RUN1=0
Fies | Link Orcer | Targets | ME.RUNEC[0].E.RUN0=0:
HE.RUNPC[O0].B.DRUH=1: << all peripherals on in DRUN to execute Peripherals setup
13 File Code  Data | gg.gggggg .ggéggzg-
_%rse:incﬁ:;xt 13.?;: 53;; : < RBunPC1 will be use to enable peripherals in 'high' power mnode
P a0 T . ME.RUNPC[1].E.RUN3=1;
il man. ¢ WE RUNPC[1] E RUHZ=1
-l ME.c 0. ME.RUNPC[1] .E.RUN1=1
@ sile 372 20 . ME.RUNPC[1].B.RUNO=1:
-0 inte.c 90 20 ME.RUNPC[1].B.DRUH=1; <« all peripherals on in DRUH to execute Peripherals setup
-8 CMU.c 470 0 . ME.RUNPC[1].B.SAFE=0;
- CTU.c 9% 0. ME.RUNPC[1].E.TEST=0
- ADC.c 924 40 .
B eMios.c 1RE2 B0+ <+ LPPCO will be use to disable all peripherals in low powsr node
B DMAc a14 40 . ME.LPPC[0].E. STANDEY0=0;
B D5Plc 200 0. ME.TPPC[0] B STOPD=0:
B CGMc 104 40 . ME.LPPC[0].B HALTO=0:
B ComerLightDriver.c 130 170 . <« LPPC1 will be use to enable all peripherals in power node
B RTCARLe - 270 50 . ME.LPPC[1].B. STANDEY0=1;
A finfies_uart o 278 160 . fE TEPCHT B RATTO-L
@8 ivor_branch_table.c 254 0« . . ’
| Exceptions.c 24 20 #/Peripherals node cfg #/DBG_F:1|LP_CFG: 3 |RUN_CFG:3
@l Intclntenupts.c 2444348 . ME.PCTL[0].R =DBGn|LEPCO|RUNECO; e
- HyperTem.c 126 40 . ME PCTL[1] R =DEGn|TFFCO|RINECO:
=13 Header Files i 0. ME.PCTL[2].R =DEGmn|LFPCO|RUNECO:  ~/
@ ExGlobalh 0 I ME.PCTL[3].R =DBGmn|LFPCO|RUNECO;
@ Defines.h il 0. ME.PCTL[4].R =DBGn|LPPCO|RUNPCL;  ~/~/DSPIO
B Globalh 0 0 ME.PCTL[5].R =DBGn|LPPCO|RUNPCO;  ~/~/DSPI1
E typedefs h 0 0 ME.PCTL[6].R =DEGn|LFFCO|RUNECO;  ~//DSPI2
B MPCSE07E_shMuse_010... 0 0 HE.PCTL[?7].E =DEGn|LFPCO|RUHPCO; #sDSPT3
ity ME.PCTL[8].R =DEGn|LFFCO|RUNECO;  ~//DSPI4 2 2
st B ME ECTI[5] R Dbcn|TPECD | RINPCD.  //DaoTs » Each peripheral can be enable/disable per mode
plions. b o 0« ME PCTL[10].R =DEGn|LFFCO|RUNFCO: v
B ComerLightDriverh o 0. ME.PCTL[11]1.R =DEGn|LPECO|RUNPCO: v R
E :r’:‘tli'"m"“m”‘ g g : ME.PCTL[12].R =DEGn|LFECO|RUNFCO: - LINFle=f (done at |n|t)
ME.PCTL[13].R =DBGn|LPPCO|RUNPCO;  ~/LINFlexd
-8 eMiosh 0 0 ME.PCTL[14].R =DEGn|LFFCO|RUNECO; a
B AcCh o o E BCTTLT8] 'R Dicw|LPECD |RINECD, 7 » Auto trun off on selected Peripheral when MODE
EDMA.h 0 0. ME.PCTL[16].R =DEGn|LFECO|RUNPCO;  ~/FlexCANO ” d d
ME.h 0 I ME.PCTL[17].R =DEGn|LFECO|RUNFCO;  ~/FlexCANL H H
B CTU.h il 0. ME PCTL[18] R =DEGn|TFECH|RUNFCO:  ~/FlexCANZ are calle urin run“me
i o ME.PCTL[19].R =DEGn|LPECO|RUNFCO:  ~/FlexCAN3 g
MUk 0 0. ME.PCTL[20].R =DBEGn|LEPECO|RUNECO:  ~/FlexCAN4
EDSpLh a 0. ME.PCTL[21].R =DEGn|LFECO|RUNFCO;  ~~FlexCANS
@ RTCAPLR 0 0. ME.PCTL[22].R =DBGn|LPPCO|RUNECO;  ~//
B GHA 0 0. ME.PCTL[223].R =DEGn|LPFCO|RUNECL;  ~/DMA_CH_MUX
B lnfles, ot h 0 0. ME.PCTL[24].R =DEGn|LFFCO|RUNECO; .~/
ek _Lart. WE.PCTL[25].R =DBGn|LEPCO |RUNPCO; 7
& HyperTemb a 0 ME.PCTL[26].R =DEGn|LPECO|RUNPCO: ./
-EQ5tatup Codz 88 a0 - ME PCTL[27].F =DEGn|LEECO|RUNECO: .~
B __ppe_eabi irit.c 178 12« WE.PCTL[28].F =DBGn|LEPCO|RUNECO:  »
B MPC5EOTE_Hwinit.c 174 U ME.PCTL[29].R =DEGn|LFPCO|RUNECO:  //
8 MPC5Swx_init_debug.c nia  nla ME.PCTL[30].R =DBGmn|LFPCO|RUNECO;
- MPCSSwe_init.c 18 g ME.PCTL[31].R =DBGn|LPPCO|RUNECO;  ~//
=1 E Lk Files il i ME.PCTL[32].R =DEGn|LFFCO|RUNECL;  /~ADCO
@ MPC56078_DEBUG. It hia nta HE.PCTL[33].R =DEGn|LFPCO|RUNPCTL; S sADCT
™ s T, T ME.PCTL[34].F =DEGn|LFFCO|RUNECOD;  //
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Low Power Challenges

Automotive market demands for low power are increasing:
More body nodes are appearing in every new generation of cars
Each body node has more functionality and features

More functionality demands more from the silicon:

« Smaller geometries to meet increasing demands
« Smaller technology drives the power curve

MCU Low Power Mechanisms System Low Power Techniques
Are there to make it easy Power up fast
Software support Standby as much as possible

Intelligent use of available resources

Attention to power Is needed

from the beginning of system design
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