m L9988

Datasheet

Automotive 12 V Li-lon battery management system solution

Features

. AEC-Q100 grade 1 qualified

. Full ISO26262 compliant, ASIL-D systems ready
. [4 V+28 V] Power supply operating range

. Voltage measurement:

- 15-bit sigma delta ADC with programmable filter time with cutoff down to
30 Hz

- Measures 4 single cell voltage, with over/under voltage detection and
balance timeout protection

- Measures stack voltage, with over/under voltage detection and

Product status link plausibility check vs. sum of cells

L9988 - Full 0+5 V measurement range, with total error < 2 mV in the
[1.8 V+4.5 V] range with -40°C < T;< +105°C

. Current measurement:

- 20-bit current sense ADC for battery current measurement (range +

1500 A), with overcurrent protection
- Total error < 0.23% for £200 A, considering 100 pQ RgyynT typical value
SUSTAINABLE (no spread contribution)
- 20-bit Coulomb counting ADC for SoC estimation

- Total error < 3.9% for £100 mA in STANDBY MODE, considering 100 pQ
RsHunT typical value (no spread contribution)

./l

- Continuously short-circuit detection

. Passive cell balancing: max 200 mA, supporting time-continuous and PWM
modes, with synchronized odd-even channels balance
. 4 analog inputs measure pack temperature via NTCs, with OT/UT detection; 2

GPIOs are available

. Ultralow power consumption of 190 pA in STANDBY MODE and 50 pA in
SLEEP MODE

. Integrated PMIC with configurable regulators:
- Boost preregulator to support system full operation at low battery level
- VcoRre regulator for MCU supply [1.125 V=5 V]
- V¢ regulator for MCU ADCs supply [3.3 V/5 V]
- Fixed 5 V regulator for external CAN power supply
- VysTgY regulator for external RTC supply [3.3 V/5 V]
- Fixed 5 V VyTRer regulator to bias external NTCs
. Integrated dual high-side Vgg predriver:
- Drive 2 independent groups back-to-back MOSFETs.

- Switch OFF MOSFETSs in case of SC during NORMAL and STANDBY
MODE.

. Standard 4-wire, 4 MHz, 40-bit SPI interface for device configuration and
diagnostics data read-out

. Watchdogs: Configurable double watchdog (Q&A WD and time windowed WD)
. Real-time clock: selectable timer from 1 s to 180 days

. Configurable wake-up monitoring OV/UV/OT/OVC/SC

. Hardware wake-up module: IGN level triggered and WAKE edge triggered

DS15145 - Rev 1 - August 2026

her information, contact your local STMicroelectronics sales office.


https://www.st.com/en/product/L9988?ecmp=tt9470_gl_link_feb2019&rt=ds&id=DS15145

ﬁ L9988

. Embedded NVM for configuration parameters storage and runtime configuration integrity check
. Hot plug robustness
Application

. 12 V vehicle starter and backup battery

Figure 1. Typical application circuit

Ls9ss

The L9988 is a multicell battery stack monitor that measures up to four series-connected battery cells with a total
measurement error of less than 2 mV. The IC has one battery stack current measurement channel, which can
support synchronous current and voltage measurement, performing Coulomb counting for SoC estimation. The
L9988 includes both timed and PWM-based odd-even passive balancing for each cell. Four analog inputs for
external NTC thermistor connection and two general-purpose 1/O are available. The L9988 can be powered
directly from the battery stack. Programmable voltage regulators can supply all the system components, including
the MCU, CAN and NTCs. The IC also integrates a dual predriver for driving two independent groups of circuit
breaker (CB) back-to-back MOSFETs to manage battery pack connection. IC configuration and information
exchange with the MCU is performed via 4 MHz, 40-bit SPI. Relevant configurations stored in the internal NVM
allow quick wake-up without reprogramming the IC. The L9988 has dedicated alert output pins to indicate fault
state that makes the system more robust. A comprehensive set of safety mechanisms has been implemented to
achieve ASIL-D targets.
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L9988

,’ Block diagram

1 Block diagram

Figure 2. Block diagram
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2 Pin description
pt
Figure 3. Pinout
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Table 1. Pin description

CSAN1 Current sense amplifier negative differential input

2 CSAP1 Current sense amplifier positive differential input A L
3 CSANO Current sense amplifier negative differential input A L
4 CSAPO Current sense amplifier positive differential input A L
5 DGND Digital ground GND -

6 AGND Analog ground GND -

7 Cco Cell sensing differential input A G
8 SO Cell balancing line A G
9 C1 Cell sensing differential input A G
10 S1 Cell balancing line A G
11 C2 Cell sensing differential input A G
12 S2 Cell balancing line A G
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Cell sensing differential input A
14 S3 Cell balancing line A
15 C4 Cell sensing differential input A G
16 S4 Cell balancing line A G
17 VBREF Battery supply input for internal ADC reference A G
18 VBS Battery sensing input A G
19 VPP KL30 sensing input A G
20 VBP Protected battery supply input P G
21 VANA 3.3 Vinternal analog LDO output voltage P L
29 ™ Test mode pin. ™ i
Shorted to DGND ground in application
23 AIN5 NTC sensing input A G
24 AIN4 NTC sensing input A G
25 AIN3 NTC sensing input A G
26 AIN2 NTC sensing input G
27 GPIO1 General-purpose 1/0 A/DI/DO G
28 GPIO0 General-purpose 1/0 A/DI/DO G
29 V81 MOS 1S-1D source L
30 VG1 MOS 1S-1D gate A L
31 VG2 MOS 2S-2D gate A L
32 VS2 MOS 2S-2D source A L
33 VFLY2 Negative terminal of charge pump stage 1 flying capacitor A L
34 VFLY1 Positive terminal of charge pump stage 1 flying capacitor A L
35 VFLY4 Negative terminal of charge pump stage 2 flying capacitor A L
36 VFLY3 Positive terminal of charge pump stage 2 flying capacitor A L
37 VCP charge pump output voltage P L
38 VBST Boost output voltage P L
39 BSTSW Boost switching terminal A L
40 BSTSS Boost sensing terminal A L
41 BSTGND Boost ground GND -
42 VTREF 5V LDO3 output voltage b L
Power supply for NTCs
43 VSTBY 3.3 V/5V LDO4 output voltage. b L
Power supply for external RTC (real-time clock)
44 VIO Digital output buffers power supply P L
45 SDO SPI serial data out DO L
46 NCS SPI chip select DI L
47 SDI SPI serial data in DI L
48 SCL SPI serial clock DI L
49 NC Not connect NC -
50 WAKE Edge-triggered wake-up input DI G
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Level-triggered wake-up input (KL15)

52 BUCKBT Buck1 VPRE pre-regulator bootstrap pin A L
53 BUCKD Buck1 VPRE pre-regulator input voltage P L
54 VPRESW Buck1 VPRE pre-regulator switching node A L

Buck1 VPRE pre-regulator output voltage.
55 VPRE_CC P L
Power supply for LDO1 VCC and LDO2 VCC CAN

Buck1 VPRE pre-regulator output voltage.

56 VPRE_CORE P L
Power supply for Buck2 VCORE

57 VCORESW | Buck2 VCORE switching node A L

58 VCOREGND | Buck2 VCORE power ground GND -
Buck2 VCORE feedback voltage. Since the buck does not require an external

59 VCOREFB resistor divider, the VCOREFB pin voltage coincides with the regulated output P L
voltage

60 VCORESEL | Buck2 VCORE output voltage selection pin A L

61 XOouT Ext oscillator output A L

62 XIN Ext oscillator input A L

63 NC Not connect NC -

64 INTC Interrupt pin DO L

65 RST1 Reset output. Reset MCU DO L

66 FSO1 Fail-safe output (active high) DO L

67 FSO2 Fail-safe output (active low) DO L
3.3V/5V LDO1 output voltage

68 VCC P L
Power supply for MCU

69 VCC SEL 3.3 V/5V LDO1 selection pin DI L

70 RTCWPST RTC wake-up state DO L

71 LATCH Latch interrupt output in case of short-circuit detection DO L
5V LDO2 output voltage

72 VCC CAN P L

Power supply for external CAN/LIN

Fault interrupt output in case of OV/UV/OT etc. occur during voltage conversion
73 FAULT routine, OVC/CC_WUP etc. occur during current conversion routine or the other | DO L
detection described in detail in 4.12.1

74 PRN Watchdog pin DI L
75 HS_IN2 MOS 2S-2D command DI L
76 HS_IN1 MOS 1S-1D command DI L
77 RST2 Reset input. Reset device DI L
78 WDTDIS Watchdog disable DI L
79 FCCU2 MCU Lock-step error detection DI L
80 FCCU1 MCU Lock-step error detection DI L
- EP Exposed pad. Connect to AGND A -

1. Type: A = Analog, DI = Digital Input, DO = Digital Output, P = Power, GND=Ground, NC = Not Connect, TM = Test Mode
2. Class: G=Global, L=Local
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3 Product ratings

3.1 Operating range

Within the operating range, the part operates as specified and without parameter deviations. The device may not
operate properly if maximum operating conditions are exceeded.

Once taken beyond the operative ratings and returned within, the part will recover with no damage or degradation,
unless the AMRs are exceeded.

Additional supply voltage and temperature conditions are given separately at the beginning of each electrical
specification table.

All voltages are related to the potential at substrate ground AGND, unless otherwise noted.

Table 2. Operating range

Power supplies

VBP: voltage range in vs. AGND .
VvBP_SLEEP SLEEP MODE Global SLEEP MODE 55101 115 18.5 \%
VBP: voltage range in vs. AGND .
VvBP_STANDY STANDBY MODE Global STANDBY MODE 55101 11.5 18.5 \Y;
5511
VBP: voltage range in vs. AGND - o
VVBP_NORMAL NORMAL MODE Global NORMAL MODE 40l s 27.50" v
701
VBREF: voltage range in vs. AGND .
VVBREF_SLEEP SLEEP MODE Global SLEEP MODE 61 12 19 \Y
VBREF: voltage range in vs. AGND .
VVBREF_STANDBY STANDBY MODE Global STANDBY MODE 61 12 19 \%
. [
VBREF: voltage range in vs. AGND 6 "
VVBREF_NORMAL NORMAL MODE Global NORMAL MODE a5 12 28 [ \Y;

[*]Self-discharge and maintain mode scenarios. Refer to Section 4.1.6.2.
[**]Crank and soft short-circuit scenarios. Refer to Section 4.1.6.4, Section 4.1.6.3
[***]Jump start scenario.

[****|When boost is disabled.

Considering Vygp = MAX [(Vypp - 0.5 V); (Vygs — 0.5 V)], with 0.5 V = VpgaTt1 = VpgaT2 , the maximum forward voltage of external diodes
Dgat1, DBaT2

VBsTsw BSTSW: voltage range Local vs. AGND 0 6 V
VBsTss BSTSS: voltage range Local vs. AGND 0 0.31 \%
VBST: volt ith 8.75 if Boost
VVBST _BOOST_EN BOOS'}IC;Cati%Z range wi Local vs. AGND ACTIVED
\Y

VBST: voltage range with

VVBST_BOOST_DIS BOOST not active Local vs. AGND VVBP — 0.5 if boost DISACTIVED [#

[#] Considering 0.5 V = Vpgsr, the maximum forward voltage of external diode Dgst

+
VvesT v

Vvep VCP: voltage range Local vs. AGND VygsT + 6 16
VVELY1 VFLY1: voltage range Local vs. AGND 0 Vvep
VvELY2 VFLY2: voltage range Local vs. AGND 0 Vvep
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VVFLY3 VFLY3: voltage range Local vs. AGND Vvcp \%
VVFLY4 VFLY4: voltage range Local vs. AGND 0 Vvcp V
VBUCKD: voltage range 8.75 if boost
VBUCKD_BOOST EN with BOOST active Local vs. AGND ACTIVED
\Y
VBUCKOD: voltage range _ . #
VBUCKD_BOOST_DIS with BOOST not active Local vs. AGND Vygp — 0.5 if boost DISACTIVED
VBUCKBT VBUCKBT: voltage range Local vs. AGND Vyvpresw + 3.3 V
VvpRESW VPRESW: voltage range Local vs. AGND 0 VBuckD \4
VupRe VPRE_CC, VPRE_CORE: | cal vs. AGND 6.3 6.5 6.7 v

voltage range

The output pin of the VPRE regulator is split into the two pins VPRE_CC and VPRE_CORE to feed the VCORE regulator separately. In terms
of voltages, we still have Vypre cc = Vvpre core = Vvere. Therefore, the distinction between the two pins will be made only in the
application field and in the block diagram

VvcoRresw VCORESW: voltage range  Local vs. AGND 0 VvpPRE \Y
1.125,1.2,1.3,

VVCOREFB VCOREFB: voltage range | Local vs. AGND 15,335 \Y

VVCORESEL VCORESEL: voltage range | Local vs. AGND 0 Vvio Y,

Vvce VCC: voltage range Local vs. AGND 3.3/5 \%

Vvceean VCC CAN: voltage range Local vs. AGND 5 \%

VVTREF VTREF: voltage range Local vs. AGND 5 \%

VvsTBY VSTBY: voltage range Local vs. AGND 3.3/5 \%

VVANA VANA: voltage range Local vs. AGND 3.45 \%
Vycc or

Vio VIO: voltage range Local vs. AGND 3.2 wgf:fﬁf;r"tro v
4.3.12

[] To ensure a correct behavior of the internal circuitry, if VIO is connected to VCOREFB, V\corerg must be equal to 3.3 Vor 5V

VDbGND DGND: voltage range Ground vs. AGND -0.1 0 0.1 \%
VBSTGND BSTGND: voltage range Ground vs. AGND -0.1 0 0.1 \%
VVCOREGND VCOREGND: voltage Ground vs. AGND -0.1 0 0.1 \%

range

Cell and battery sensing & balancing AFE

VPP: voltage range in vs. AGND .
Vvpp_SLEEP Global 61 12 19 v
- SLEEP MODE SLEEP MODE
VPP: voltage range in vs. AGND .
VvPP_STANDBY Global 611 12 19 v
- STANDBY MODE STANDBY MODE
; [
VPP: voltage range in vs. AGND 6 "
VvPP_NORMAL Global 12 28 [*] \Y;
- NORMAL MODE NORMAL MODE 450"

[*]Self-discharge and maintain mode scenarios. Refer to Section 4.1.6.2.
[**]Crank and soft short-circuit scenarios. Refer to Section 4.1.6.4, Section 4.1.6.3.
[***]Jump start scenario.

Vv VBS: voltage range in
VBS_SLEEP SLEEP MODE

DS15145 - Rev 1 page 8/184

Global vs. AGND 61l 12 19 \%



L9988

Product ratings

Symbol

VvBS_STANDBY

VVBS_NORMAL
Veo
Ve
Ve2

Ves

Ves

Vex - Vex-1
Vs1
Vs2

Vs3

Vsx - Vsx-1

Current sensing AFE

2

VBS: voltage range in
STANDBY MODE

VBS: voltage range in
NORMAL MODE

CO0: voltage range
C1: voltage range
C2: voltage range
C3: voltage range

C4: voltage range

Global

Global

Global
Global
Global
Global
Global

Differential voltage between |

adjacent cell pins
SO0: voltage range
S1: voltage range
S2: voltage range
S3: voltage range
S4: voltage range

Differential voltage between
adjacent balancing pins

Global
Global
Global
Global
Global

SLEEP MODE

vs. AGND
STANDBY MODE

vs. AGND
NORMAL MODE

vs. AGND
vs. AGND
vs. AGND
vs. AGND
vs. AGND

vs. AGND
vs. AGND
vs. AGND
vs. AGND
vs. AGND

61 12

19 \

28 ] v

0.2
Vves
Vves

Vves

< < < < <

Vves

Vygs - 4
Vygs - 4

Vves

< < < < <

Vves

Vesano: Vesant

Vesaro, Vesapi

CSANO, CSAN1: voltage
range

CSAPO, CSAP1: voltage
range

Local

Local

vs. AGND

vs. AGND

Refer to:

* VCS_ABS_OR in 4.7.1.1 for CS ADC

* VCC_ABS_OR in 4.7.2.1 for CC ADC
* VSC_ABS_OR in 4.8.3 for SC ADC

Refer to:

. Vs aBs_orin 4.7.1.1 for CS ADC

. Vee_as orin4.7.2.1 for CC ADC
. Vsc_aBs_or in 4.8.3 for SC ADC

Gate pre-drivers

Vvs1

Vve1

Vvs2

Vvaz

VS1: voltage range

VG1: voltage range

VS2: voltage range

VG2: voltage range

Local

Local

Local

Local

vs. AGND

vs. AGND

vs. AGND

vs. AGND

Vvs1

Vvs2

MAX

(Vvep; Y,
Vvas)

min (Vvcp;
Vvs1+12)

MAX
(Vvee; \%
Vves)

min (Vvcp;
Vys2+12)

Vapioo, Vapio1

DS15145 - Rev 1

GPIOO0, GPIO1: voltage
range

Global

vs. AGND

VVTREF if
A

Vyio if DO
Vycc if DI
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Analog inputs

3

AIN2, ..., AIN5: voltage

range Global vs. AGND 0 VVTREF \

VAIN2, ---» VAINS

XTAL Oscillator

VxIN XIN: voltage range Local vs. AGND 0 3.6 \%
VxouTt XOUT: voltage range Local vs. AGND 0 3.6 \%

Vi - V Differential voltage between
XIN = ExouT XIN and XOUT pins

VvceseL VCCSEL: voltage range Local vs. AGND 0 VvpRE \Y,
VHs N1 HS_IN1: voltage range Local vs. AGND 0 Vvee \
VHs_IN2 HS_IN2: voltage range Local vs. AGND 0 Vvee \
VwAKE WAKE: voltage range Global vs. AGND 0 \’\;XTP—NOR \%
Vien IGN: voltage range Global vs. AGND 0 :;XE‘P—NOR v
VRsT2 RST2: voltage range Local vs. AGND 0 Vvee \
VRsT1 RST1: voltage range Local vs. AGND 0 Vvio \
Vspo SDO: voltage range Local vs. AGND 0 Vvio \
VscL SCL: voltage range Local vs. AGND 0 Vvee \Y
Vspi SDI: voltage range Local vs. AGND 0 Vvee \
VNcs NCS: voltage range Local vs. AGND 0 Vvee \
VpRN PRN: voltage range Local vs. AGND 0 Vvee \Y
VwoTpIs WDTDIS: voltage range Local vs. AGND 0 Vvee Vv
VEso1 FSO1: voltage range Local vs. AGND 0 Vvio \
VEso2 FSO2: voltage range Local vs. AGND 0 Vvio \4
VEccut FCCU1: voltage range Local vs. AGND 0 Vvee \
VEccu2 FCCU2: voltage range Local vs. AGND 0 Vvee \%
VEAULT FAULT: voltage range Local vs. AGND 0 Vvee \
V| ATCH LATCH: voltage range Local vs. AGND 0 Vvio \
VRTCWPST RTCWPST: voltage range | Local vs. AGND 0 Vvio \Y
ViNTC INTC: voltage range Local vs. AGND 0 Vvio \
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3

3.2 Absolute Maximum Ratings (AMR)

Exceeding any Absolute Maximum Rating (AMR) may cause permanent damage to the integrated circuit.
All voltages are related to the substrate ground potential, AGND.

Table 3. Absolute maximum ratings

Power supplies

Vvep vs. AGND -0.3 40 \
VVREF vs. AGND -0.3 40 v
Vvep-Vca -40 40 \Y
Vvep-Vves -40 40 v
VesTsw vs. AGND 0.3 20 Y
VBsTss vs. AGND -0.3 20 \
VvesT vs. AGND -0.3 40 v
Vyep vs. AGND VygsT-0.3 VyesT + 20 \4
VVELY1 vs. AGND VygsT-0.3 VyesT *+ 20 \%
VvFLy2 vs. AGND MAX (- 0.3; VygsT - 8) VygsT + 0.3 i
VvFLY3 vs. AGND VvFLy1-0.3 VygsT + 20 \Y,
VvFLya vs. AGND MAX (- 0.3; VygsT - 8) VygsT + 0.3 \Y
VBuckDp vs. AGND 0.3 40 \Y
VBUCKBT vs. AGND 0.3 45 v
VVPRESW vs. AGND -0.3 40 \% -1V Transient condition
VVPRE_cC vs. AGND -0.3 20 \
VVPRE_CORE vs. AGND 0.3 20 \Y
VVCoRESW vs. AGND -1 20 \Y
VVCOREFB vs. AGND -0.3 20 Y,
VVCORESEL vs. AGND 0.3 20 v
Vvee vs. AGND 0.3 20 Y
Vvceean vs. AGND 0.3 20 v
VVTREF vs. AGND -0.3 20 Y
VvsTBY vs. AGND -0.3 20 Y,
VVANA vs. AGND -0.3 4.6 Y
Vvio vs. AGND -0.3 20 Y
Groungs
VbGND vs. AGND -0.3 0.3 \
VBSTGND vs. AGND -0.3 0.3 \Y
VVCOREGND vs. AGND 0.3 0.3 \Y

Cell sensing & balancing AFE
Vvpp vs. AGND 1801 40 v
Vves vs. AGND -0.3 401 Vv
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[*] In the application scenario, the minimum value of Vypp and the maximum value of V\ygs are mutually exclusive

)

Vco CO vs. AGND -0.5 0.5 \
Ve C1vs. AGND -0.3 40 \Y
Veo C2 vs. AGND -0.3 40 \
Vs C3 vs. AGND -0.3 40 \Y
Veca C4 vs. AGND -0.3 40 \Y
Vex - Vet -40 40 v
Vyas - Vea -40 40 Vv
Vso S0 vs. AGND 0.3 6.5 v
Vg1 S1vs. AGND -0.3 20 \
Vso S2 vs. AGND -0.3 34 \Y
Vs3 S3 vs. AGND -0.3 40 \
\ S4 vs. AGND -0.3 40 \
Vsx - Vsx-1 -0.3 14 \Y;
Vex - Vex -40 40 v

Current sensing AFE

|

Vesano Vesant vs. AGND -0.5 4.6
Vcsapo, Vesap1 vs. AGND -0.5 46

Vesapx - Vesanx -4.6 46

Gate pre-drivers

|

Vys1 vs. AGND -18 40 Vv
Va1 vs. AGND Vyst min (Vycp; Vys1+20) v
Vvs2 vs. AGND -18 40 vV
Vvez vs. AGND Vvs2 min (Vycp; Vygo+20) Vv

Varioo: Vapio1 vs. AGND -0.3 20 Vv

Analog inputs

VAIN2 ---» VAINS vs. AGND -0.3 20 Vv
XTAL Oscillator

|

VxiN vs. AGND -0.3 46
Vxout vs. AGND -0.3 4.6

VxiN - Vxout -4.6 46

|

VveeseL vs. AGND 0.3 20 v
VHs_INt vs. AGND -0.3 20 v
VHs_IN2 vs. AGND -0.3 20 \Y
VwaKE vs. AGND -0.3 40 v
ViGN vs. AGND -0.3 40 v
VRsT2 vs. AGND -0.3 20 \
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VRsT1 vs. AGND -0.3 Vyio + 0.3 v
Vspo vs. AGND 0.3 Vyio + 0.3 v
VscL vs. AGND 0.3 20 v
Vspi vs. AGND -0.3 20 V
VNecs vs. AGND -0.3 20 \Y;
VPRN vs. AGND 0.3 20 v
VwpTpIs vs. AGND -0.3 20 \Y;
VEso1 vs. AGND -0.3 Vyio + 0.3 Vv
VEsoz vs. AGND -0.3 Vyio + 0.3 i
VEcour vs. AGND 0.3 20 v
VEccu2 vs. AGND 0.3 20 v
VEauLT vs. AGND -0.3 Vyio + 0.3 \Y;
ViaTcH vs. AGND 0.3 Vyio + 0.3 v
VRTCWPST vs. AGND 0.3 Vyio + 0.3 v
VINTC vs. AGND -0.3 Vyio + 0.3 Vv
3.3 ESD ratings

Table 4. ESD ratings

HBM (100 pF, 1.5 kQ) done
according to AEC-Q100-002 2 kv Class 2 @

HBM (100 pF, 1.5 kQ) done
HBM_ESD GLOBAL® | Human body model with all not zapped pins -4 4 kv -
connected to ground

HBM_ESD'" Human body model

Test done according to AEC-

i - 4)
CDM_ESD Charged device model Q100-011 500 500 Vv Class C2a
Charged device model for | Test done according to AEC- | @
CDM_COR_ESD comer pins Q100-011 750 750 \ Class C2b
Test done according to AEC-
LUT Latch up Q100-004 -100 100 mA -
1. Valid for all pins
2. According to ANSI/ESDA/JEDEC JS-001-2017
3. Valid for global pins (for classification refer to Table 1. Pin description)
4. According to ANSI/ESDA/JEDEC JS-002-2018
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34 Thermal characteristics

Table 5. Thermal characteristics

T K T

Tamb Operating and testing temperature

T, Junction temperature for all parameters -40 150 °C
Tstg Storage temperature -40 150 °C
Tstd Thermal shut-down temperature (junction) 175 200 °C
Tadc_acc Temperature ADC accuracy -10 10 °C
Thys Thermal shut-down temperature hysteresis 10 °C
RTH ja Junction to ambient thermal resistance According JEDEC standard on 2s2p PCB 22 °C/W
RTH_jb Junction to board thermal resistance According JEDEC standard on 2s2p PCB 8.3 °C/W
RtH_jc Junction to case thermal resistance According JEDEC standard on 2s2p PCB 9.5 °C/W

1. In NORMAL MODE state, assuming a maximum ambient temperature T,y = 75°C, and considering the reference application model
(InormAL_max = 20 mA defined in Section 4.2.1 (lygsT ase NormaAL Of Table 8) and Ry ja = 22°C/W), the increase due to power
dissipation (with Vygp = 18.5 V and a maximum balancing current of 200 mA flowing in each driver with Rpson_paL = 2 Q (refer to
Section 4.5.2) is approx. 40°C. So, in the worst-case scenario, the final junction temperature is well below the maximum allowed value of
TJ MAX = 150°C.
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4 Functional description

4.1 Device Functional States (FSM)
L9988 operates according to the following FSM.

Figure 4. Device FSM

F tat
fom any state \:INT_POR =0}

POWER {WD_RESET_LATCH =0 @ and Tenmoown_meour }

or
SI;Z [ Standby Oscillator Monitor fail }
{INT_POR =1} C
SLEEP
MODE
/' State
p POWER
/ DOWN
/ IGN=0 and GO2SLP request
{IGN =1} [ { or a ' State
or |
[ Wakeup by WAKE detection } | { OSC_STBY Oscillator stuck }
\ {WD_RESET_LATCH =1}
\ N or
. '/NORI»‘\AL\' {Normal Oscillator Monitor fail (OSC_FAIL) }
[ mope | or
\ / {OSC_MAIN Oscillator stuck }
\ State / or
/ % (16N =1} { Thermal Shutdown }
\ or
\
\ 1
{IGN =0 and GO2STBY request } | \ {Wakeup by V‘L’?KE detection }
\ { Faults detection by Cyclic routines }
\ | or
\ | {Faults detection by active diagnostics }
\‘ /’ or
. g y
{ Standby Oscillator Monitor fail } TN {Short C‘mg"f deteofion }
/STANDBY
(“vooe | {RTC Wakeup }
\_ state / or
~ e { Charge Discharge Wakeup (CC_WUP) }

—

or
{ Cell Deep Undervoltage detection (Cell DEEP_UV) }
or
{RST1 LATCH timeout ™}

(*)WD_RESET_LATCH is reset in POWER DOWN state in case IGN is LOW (in detail, when Vg < ViGN_HIGH -
VieN_Hys for an interval longer than Tign_FiL, refer to Section 4.16).

(**)RST1 LATCH timeout will set WD_RESET_LATCH once device moves to NORMAL state (refer to
Section 4.16.3) and then moves to POWER DOWN state.

The status of FSM is reported in the read only 4-bit field FSM_STATE in the GENERAL_REG register.

The following table summarizes the FSM behavior, describing the transitions and the resources active in each
operating state.

Table 6. Device FSM

If INT_POR = 0 for an interval longer

POWER OFF | Devi FF Any stat N
O O evice O ny state than TpoR ASF FIL DET one
POWER OFF :Lg\rl]T_FPOR =1 for an interval longer Edge triggered wakeup input (WAKE)
POR_ASF_FIL_REL Level triggered wakeup input (IGN)
GO2SLP command received after Low frequency oscillator (OSC_STBY),
Ultra-low power state  yORMAL Vien < ViGN HiGH - ViGN Hys for an only during TiGn_FiL OF TwAKE_FIL,
SLEEP MODE  for managing long MODE interval Iong?ar than TIGN_F"_ otherwise OFF

inactivity periods Internal 3.3 V LDO

STANDBY Configuration/trimming available (after

MODE Standby oscillator monitor fail the NVM download during each SLEEP
to NORMAL transition)

OSC_STBY oscillator stuck

DS15145 - Rev 1 page 15/184



‘_ L9988
,l Functional description

Edge triggered wakeup input (WAKE)

Level triggered wakeup input (IGN)

Low frequency oscillator (OSC_STBY),
Ultra-low power state WD_RESET_LATCH=0 and only during Tign_FiL OF TwakE_FIL,
SLEEP MODE | for managing long POWER TrwrDOWN_TIMEOUT is elapsed otherwise OFF
inactivity periods DOWN . . .
Standby oscillator monitor fail Internal 3.3 V LDO
Configuration/trimming available (after
the NVM download during each SLEEP
to NORMAL transition)

All resources active in SLEEP MODE,
plus the following:

Voltage conversion routine (cyclically
activated, configurable by SPI)

Current conversion routine (cyclically
activated, configurable by SPI) by CS
ADC and CC ADC

Short-circuit detection (if enabled)
Standby oscillator monitor
Cell balancing FETs (if enabled)

Low power state for GO2STBY command received after

LDO3 VTREF (cyclically activated)
managing battery idle ,\NAgE'\éAL ViGN < ViGN_HIGH - ViGN_Hys for an LDO4 VSTBY (if enabled)

state interval longer than Tign_FiL Internal analog LDO VANA (cyclically
activated)

STANDBY
MODE

Charge pump

Internal RTC (if enabled)

Low frequency oscillator (OSC_STBY)
XTAL oscillator

High frequency oscillator (OSC_MAIN)
cyclically activated to perform voltage
and current conversion routines

CB drivers (following HS_CMD_IN1 and
HS_CMD_IN2 bits,refer to
Section 4.10.2 for details)

Short-circuit detection (if enabled) ()

Standby oscillator monitor

Low frequency oscillator (OSC_STBY)

XTAL oscillator
WD_RESET_LATCH=1 (refer to High frequency oscillator (OSC_MAIN)
Section 4.16 for detailed description) Charge pump ()

POWER Safe state after critical | NORMAL Normal oscil_lator monitor fail CB drivers (following HS_CMD_IN1 and
DOWN failures MODE (OSC_FAIL=1) HS_CMD_IN2 bits, refer to

OSC_MAIN oscillator stuck Section 4.10.2 for details) (")
Thermal shutdown NVM fault internal upload (**)

() Active if condition is not thermal
shutdown

(") Active if conditions are not thermal
shutdown, OSC_FAIL=1 and
OSC_MAIN stuck

NORMAL ) All resources active in SLEEP and
MODE Full operation SLEEP MODE | Wakeup by WAKE detection STANDBY MODE, plus the following:
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If Vign > VigN_HicH for an interval Boost VBST

longer than Tign_FIL Buck1 VPRE
Buck2 VCORE
LDO1 VCC

Wakeup by WAKE detection
LDO2 VCC CAN

LDO3 VTREF (fully activated)

NVM download only in SLEEP to
NORMAL MODE transition

High frequency oscillator (OSC_MAIN)

If Vign > VIGN_HIGH for an interval
longer than TigN_FIL

Faults detected by voltage conversion
routine (refer to Section 4.4 for details)

Faults detected by current conversion

I\NAgE'\éIAL Full operation routine (refer to Section 4.7 for details) always act|\./ated )
STANDBY Faults detected by active diagnostics Normal oscillator monitor (replace the
MODE au y 9 standby oscillator monitor)
Short-circuit detection (if enabled) CB drivers (according to Table 70, refer
Charge/discharge Wakeup CC_WUP (if | to Section 4.10.2 for details)
enabled) GPIOs
Internal RTC wakeup (if enabled) Digital /0
Cell deep UV detection (refer to :
Section 4.4.1.1) SPl interface
RST1 LATCH timeout Watchdogs and MCU monitor
NVM upload (on demand)
Analog BIST (on demand)
411 POWER OFF state
In case INT_POR is detected LOW for an interval longer than Tpor_asr_FiL_peT. the device is in POWER OFF
state, with all the resources not available.
4.1.2 SLEEP MODE state
SLEEP MODE is an ultra-low power state for managing long inactivity periods.
In this state, only wakeup detections are available on the IGN and WAKE pins.
Internal 3.3 V regulators to supply logic are enabled, but all oscillators are OFF.
As soon as a transition is detected on the WAKE or IGN pin, the low frequency standby oscillator OSC_STBY is
enabled to validate the wakeup source. In case the wakeup is not confirmed, the transition to NORMAL MODE is
aborted, and OSC_STBY is turned OFF again to recover the ultra-low power condition.
Last downloaded trimming values and some configurations (indicated in the SPI register map) are maintained in
the logic.
41.3 STANDBY MODE state

STANDBY MODE is a low power state for managing battery idle state.

Active functions in this state can be configured by the MCU during NORMAL MODE before the GO2STBY
command, with a reduced power consumption according to the enabled resources.

The GO2STBY command is accepted only if the IGN is LOW.

In this state, wakeup detections are available on the IGN and WAKE pins to come back in NORMAL MODE.
Other digital 1/0Os are not available.

Low frequency standby oscillator (OSC_STBY) and XTAL oscillator (with or without crystal) are enabled and
monitored by each other.

Low frequency standby oscillator is used for charge pump, HS pre-drivers logic, wakeup detection, short-circuit
detection and balancing (if running before the GO2STBY command).

XTAL oscillator is used for internal RTC, to cyclically activate the voltage and current conversion routines (during
which high frequency oscillator is used), and for the VTREF LDO supplying the external NTC.

Once STANDBY MODE is reached, coulomb counter is reset, and voltage and current conversion routines start
after a TcycLe_sTANDBY. as described in Section 4.4 and Section 4.7.
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414 POWER DOWN state
POWER DOWN safe state is reached from NORMAL MODE after the following critical failures:
1. Thermal shutdown
2. Persistent watchdog fails causing WD_RESET_LATCH (refer to Section 4.16 for detailed description)
3. Normal oscillator monitor fail

4. Main oscillator stuck

Once the state is reached because of thermal shutdown, the device turns OFF all the resources for
TpwRrDOWN_TIMEOUT to safely move to SLEEP MODE state and try to attempt a new power up if IGN is still
detected HIGH.

For the other failures described above, the charge pump, SC detection and circuit breaker (CB) back-to-back
MOSFETSs can be kept ON (following HS_CMD_IN1 and HS_CMD_IN2 bits,refer to Section 4.10.2) for
Thsp_TimMeouT and then the device safely moves to SLEEP MODE state when TpywRrpowN_TIMEOUT iS reached.

Thsp_TIMEOUT is configurable using the 4-bit HSD_TIMEOUT_CFG field, with default HSD_TIMEOUT_CFG =
1000 corresponds to a default Tysp TiIMEOUT =128 seconds.

Only in case the state is reached because of persistent watchdog fails causing WD_RESET_LATCH = 1, the
device also automatically attempts a NVM fault internal upload as described in Section 4.17.4.

Low frequency standby oscillator (OSC_STBY) and XTAL oscillator (with or without crystal) are enabled and
monitored by each other. In this state, the ongoing voltage conversion routine, current conversion routine and
balancing are interrupted.

Table 7. Timeout in POWER DOWN state electrical parameters

TPWRDOWN_T Internal timer for POWER DOWN

IMEOUT transition 240

Time period during which the CB
THsp_TIMEOU MOSFETs can be kept ON (4-bit) 0 240

T *
Thsp_TimMeouT = 16 * CODE

41.5 NORMAL MODE state
This is the FULL OPERATIVE state of the device in which all functions are available and can be activated.

The trimming and configuration bits stored in the internal NVM are automatically downloaded at each SLEEP to
NORMAL MODE transition.

During this transition, the device monitors VCCSEL and VCORESEL to properly configure the regulators to be
powered up. The power-up sequence is performed as described in the timing diagrams in Section 4.1.6.

Once the NORMAL MODE state is reached, the voltage and current conversion routines wait for an MCU
configuration to perform a start of conversion (SoC) on-demand by SPI or periodically by an internal timer. This is
also needed to let the MCU voltage and current routine data readout (e.g. coulomb counting) measured during
STANDBY MODE.

The other configurations and register map are kept in STANDBY to NORMAL MODE transition, while in SLEEP to
NORMAL MODE transition, the configuration bits stored in NVM are downloaded into the register map.

Some self-test can be performed by MCU once RST1 is released, such as analog BIST or software self-check.
Digital 1/Os are fully available.

WD1 (if enabled) is automatically enabled once RST1 is released, with a long timeout to let the MCU complete
the boot time and serve it properly. WD2 can be enabled by the MCU with the WDTDIS pin.
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4.1.6 Power up sequences and scenarios

4.1.6.1 Power up after first battery connection
Figure 5 illustrates the timing diagram for a power-up sequence by wake detection after the first battery
connection.

Figure 5. Power up by wake detection after first battery connection

At first battery connection  Wysr = Vygs_min —Vpaart = 8.5V

At first battery connection
VBP

Wakeup Event

WAKE I : >
WAKE_FIL|

BOOST |
INT_POR =1

Internal

3.3V LDO

—
Twakeun sLanc

Vygz — Vpast < Vvast i Vyep — Vpest < Vyastn BOOST ON
Vpast = 0.5V

Vigst m= 8.75V typ

BOOST OFF in SLEEP MODE

Teonris

NVM READY

Vpre_uv_TH + VupRE_Uv_Hys

Assumption: VPRE and BOOST VPRE 6.5V
enabled at the same time Buck1

Vveore_v_TH + Vvcore_uv_Hvs
VCORE
Buck?
VCC 3.3v/5V
LDO1
VCC 5V
CAN LDO2
VTREF &V
1009 VSTBY_EN setto 1via SPl command
STBY TC connected to VSTBY \
. 3V/EV LDO4 Ext RTC connected to VSTBY
ITRST1_LOW
RET1
tls]
SLEEP NORMAL

In the timing diagram, Twakeup_BLANK (800us) is the time required to activate internal 3.3 V LDO to detect
wakeup event, while TconFig (defined in Section 4.17.2.1) is the time required to turn on the entire internal power
supply and to download trimming, Buck1 and LDO1,2,3,4 configurations from the first four sectors of the NVM
(VCORE Buck? is configured via VCORESEL pin, VCC LDO1 is configured via VCCSEL pin). TrsT1_Low is the
reset time de-assertion filter (maximum 1 ms, defined in Section 4.12.5.1).

After the wakeup event, the NORMAL state is reached through a power-up sequence whose duration can be
calculated as follows:
TPOWER_UP_SleepNormal = TWAKE_FIL * TcoNFIGT TVvPRE_SOFT_START * TVCORE_SOFT_START
considering Twake_riL defined in Section 4.12.9.1
Tconrig defined in Section 4.17.2.1
TVPRE_SOFT_START defined in Section 4.3.4.2
TVCORE_SOFT_START defined in Section 4.3.5.2
Then, a power-up transition from SLEEP to NORMAL MODE is elapsed after Trower_UP_SleepNormal < 5 ms.
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4.1.6.2 SELF-DISCHARGE and deep undervoltage threshold

Before describing the power-up sequence by wake detection in STANDBY MODE (refer to Section 4.1.6.3) or in

SLEEP MODE (refer to Section 4.1.6.5), it is useful to focus on the minimum pack battery voltage Vygs value

defined in the operational range section (refer to Section 3.1) .

In detail,

. If VVBSE 7.6V (VVBPE 71V, being VVBP = MAX [(V\/pp -0.5 V); (VVBS -0.5 V)], with 0.5V = VDBAT1 =
VpgaT2 the maximum forward voltage of external diodes Dgat1, DgaT2), all functional operations of the
device is guaranteed.

. If6 V<Vygs <7.6V (5.5V=Vygp<7.1V), the functionality of the device is guaranteed but with a
derating on the minimum Vgg on value for turning on the CB MOSFETs (refer to Table 71 in
Section 4.10.3). -

Therefore, despite constraints on the choice of external MOSFETs, it is possible to realize the power-up transition

of the device from STANDY state or SLEEP state to NORMAL state starting with a minimum battery value Vygg of

6V.

In STANDBY MODE, due to SELF-DISCHARGE represented in Figure 6, a cell deep undervoltage fault can be
acknowledged if the voltage of one or more cells falls below a programmable threshold Vce L _peep_uv _TH. (refer
to Section 4.4.1.1).

In this safety relevant condition, the IC moves to NORMAL state, and the FAULT pin is asserted.

In the worst case scenario without derating, the voltage of all cells can reach 1.9 V. In this case, the pack battery
voltage is 7.6 V and the transition to NORMAL state occurs as mentioned without derating.

However, taking derating into account, the voltage of all cells can reach 1.5 V, from which the voltage of the
battery pack equals to 6 V.

Figure 6. SELF-DICHARGE scenario in STANDY MODE

SELF-DISCHARGE When at least one cell voltage is < 1.9V, the

DEEP_UV fault is asserted - the IC moves to
N / NORMAL mode

Battery pack voltage Vygs 2 4*1.9V = 7.6V
such as not to cause derating of the
electrical parameters of CB MOSFETs

SELF-DISCHARGE When at least one cell voltage is between 1.5V and 1.9V, the

ﬂ / DEEP_UV fault is asserted - the IC moves to NORMAL mode

6V = V,ps < 7.6V such as to cause
derating of the electrical parameters
of CB MOSFETs

The transition to NORMAL state can be followed by the following scenarios:

. The device remains in NORMAL state, and the 12 V DC-DC charge, or another suitable 12 V charging
source available in the specific vehicle architectures, is connected to recharge the battery through KL30,
with one or both group of CB back-to-back MOSFETs ON (according to Table 70, refer to Section 4.10.2 for
details). This scenario is represented in Figure 8 in Section 4.1.6.3.

. If it is not possible to guarantee safe charging of the battery, based on the FSM, after MCU acknowledge
the IC moves to SLEEP MODE via a GO2SLP command by the MCU (refer to Section 4.1.8). In this
scenario, represented in Figure 7, the battery continues to discharge, and the vehicle must be picked up by
a tow truck and brought to the service.
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In this last condition, referring to the block diagram of Figure 2, it is also possible to power the IC through KL30
with both groups of CB MOSFETs OFF (battery not charging) by using other power sources (e.g. 12 V Pb acid
battery, other 12 V Li-on battery, DC-DC power source), in what can be called MAINTAIN mode (Figure 11). This
guarantees a next power-up sequence by wake detection in SLEEP MODE and a subsequent transition to
NORMAL MODE even with a very low battery (Vygs < 6 V) and with the VBP pin powered externally.

Figure 7. Transition to SLEEP MODE after DEEP_UV fault acknowledge in NORMAL MODE

SELF-DISCHARGA

DEEP_UV fault acknowledge

In SLEEP state the battery will continue to discharge

4.1.6.3 Power up in STANDBY MODE state

Figure 8 illustrates the timing diagram for a power-up sequence by wake detection in STANDBY MODE and the
scenario in which the 12 V DC-DC charge is connected through KL30 to recharge the battery after the device
moves to NORMAL MODE.

Figure 8. Power up by wake detection in STANDBY MODE

Due to Self-Discharge

7.6V in STANDBY (without derating on Vs _onof CB MOSFETs)
12V DC-DC Charge connected to KL30 with CB MOSFETs ON
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e e e e e T
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Assumption: VPRE and BOOST VPRE 6.5V
enabled at the same time Buck1
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e
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VCC 3.3visV
LDO1
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_| cAnLDO?

VTREF 5V
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LD03 |'| e |'| H | ‘Always ON

VSTBY
3.3v/5V LDO4 Always ON Ext RTC connected to VSTBY

TrsTi_Low

RST1

t[s]

STANDBY NORMAL
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After the wakeup event, the NORMAL state is reached through a power-up sequence whose duration can be
calculated as follows:

TPOWER_UP_StandbyNormal = TWAKE_FIL * TVPRE_SOFT_START + TVCORE_SOFT_START = TPOWER_UP_SleepNormal -
TconriG

Figure 9 illustrates the timing diagram for a power-up sequence by wake detection in STANDBY MODE when the
pack battery voltage Vygs is well above the minimum voltage (e.g. 12 V). In this case, the transition to NORMAL
MODE can be followed by a SOFT SHORT-CIRCUIT event.

This scenario may happen when other 12 V load connected to KL30 is shorted: voltage on KL30 can drop to a

value close to 5 V before the fuse on the 12 V load blows and the burn out occurs within 200 ms + 380 ms. After
the fuse has burned, the voltage on KL30 returns to its initial value.

Figure 9. Power up by wake detection in STANDBY MODE and “soft short-circuit” event in NORMAL

“Soft Short-Circuit”

Vyger = 8.75V typ Vuse — Vpsst = Vst 1n = B.75V

= 200ms

Wakeup Event
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BOOST OFF in STANDBY

BOOST Viygr — Vpgsr > Vigst 1 BOOST OFF

NVM READY =1

tls]

Vurre_uv e + Vurre_uy_rvs
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VCC 3.3vIsV
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4.1.6.4 Crank pulse in NORMAL MODE state

Figure 10 illustrates the timing diagram in case of a CRANK pulse in NORMAL MODE. The boost pre-regulator
can support full system operation at a low battery voltage, allowing the system to pass the ISO16750-2 test.

Figure 10. Crank pulse in NORMAL MODE
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4.1.6.5 Power up in SLEEP MODE state

Figure 11 illustrates the timing diagram for a power-up sequence by wake detection in SLEEP MODE (no first
battery connection) and the consecutive scenarios in which:

. Other power sources are connected to KL30 with both groups of CB MOSFETs OFF and supplies the IC
(MAINTAIN mode during SLEEP MODE state and power-up transition)

. The 12 V DC-DC charge is connected to recharge the battery through KL30 with one or both groups of CB
back-to-back MOSFETs ON after the device moves to NORMAL MODE.

Figure 11. Power up by wake detection in SLEEP MODE

Due to Maintain mode

/ves— Vpeat1)] Other power source connected to KL30 12V DC-DC Charge connected to KL30 with CB MOSFETs ON
with CB MOSFETs OFF supplies the IC
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41.7 Power down - GO2STBY command

In case the GO2STBY command (0xDD written in the write only field SPECIAL_KEY in the SPECIAL_REG
register) is received with IGN LOW, a power down is triggered to reach STANDBY condition. During power-down
transition, wakeup sources are ignored until STANDBY state is reached.

Figure 12 illustrates the timing diagram for a power-down sequence by the GO2STBY command.

Figure 12. Power down by GO2STBY command
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41.8 Power down - GO2SLP command
In case the GO2SLP command (0xCC written in the write only field SPECIAL_KEY in the SPECIAL_REG
register) is received with IGN LOW, a power down is triggered. During power down transition, wakeup sources are
ignored until SLEEP state is reached.
Figure 13 illustrates the timing diagram for a power-down sequence during wake detection or by the GO2SLP
command.

Figure 13. Power down by GO2SLP command
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\
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NORMAL SLEEP

During a power-down transition from NORMAL to SLEEP MODE, all regulators are turned OFF at the same time.
The SLEEP state is reached after Trower_DOWN_NormalSleep < 36 ms.

Before a new power-up sequence can be started, all regulators must be “completely” switched OFF (and the load
capacities must be completely discharged.
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4.2 Power management

The L9988 is supplied by different pins according to the different functional states. The main supply voltage is the
VBP pin, supplying circuitries that need to be active in low power states (SLEEP and STANDBY). When the
device moves to NORMAL, the internal circuitry is mainly supplied via buck pre-regulator (VPRE).

421 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 8. Power management electrical parameters

Base current consumption from o
| -40°C < Ty<+85°C
VBP_BASE_SLEEP_85 VBP pin in SLEEP state J=

Base current consumption from +85°C < T, < +125°C

|
VBP_BASE_SLEEP_125 VBP pin in SLEEP state 15 HA VBP

Base current consumption from +125°C < T, < +150°C

|
VBP_BASE_SLEEP_150 VBP pin in SLEEP state 15 HA VBP

Base current consumption from

lVBST BASE_SLEEP VBST pin in SLEEP state 2 uA VBST

Base current consumption from
VBP pin in STANDBY state

Note: Does not include CP monitor
lvBP_BASE_STANDBY_85 (active by default) -40°C = Ty<+85°C 155 HA VBP
CP monitor extra consumption is
described below as
lVBST_DELTA_CP_UV_OV

Base current consumption from
VBP pin in STANDBY state

Note: Does not include CP monitor
lvBP_BASE_STANDBY_ 125 (active by default) +85°C < Ty;<+125°C 155 UA VBP

CP monitor extra consumption is
described below as

lVBST_DELTA_CP_UV_OV

Base current consumption from
VBP pin in STANDBY state

Note: Does not include CP monitor
IVBP_BASE_STANDBY_1 50 (active by default) +125°C < Ty< +150°C 160 UA VBP

CP monitor extra consumption is
described below as

lVBST_DELTA_CP_UV_OV

Base current consumption from

IVBST_BASE_STANDBY VBST pin in STANDBY state 40 uA VBST
Base current consumption from

lvBP_BASE_NORMAL VBP pin in NORMAL state 10 mA VBP
Base current consumption from

IvBST BUCKD_SUM_BASE_NORMA | VBST+BUCKD pin in NORMAL BOOST OFF 10 A VBST

L state, without gate current charge BUCKD

for boost and external MOS

Base current consumption from

IVBREF_BASE_NORMAL VBREF pin in NORMAL state 1000 | pA VBREF

Delta current from VBP pin when CS continuously

vep_DELTA Cs the CS ADC is enabled converting s WA VBP
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lvep_DELTA_cc
lvBp DELTA_sC

lvBP DELTA_ADCV

lvio_vBP_DELTA_GPIO

IVBP_DELTA_BALANCE_CHANNEL

IvBP_DELTA_BALANCE

lvBST_DELTA_VSTBY

lvBST_DELTA_CP_UV_OV

lvep_DELTA_cycLic

IVBREF_DELTA _cycLiC

lVBST DELTA_CBMOS

lvBP_DELTA VBP_VBS_COMP

During STANDBY operation, lygp_peLTa cs. lvBP_DELTA_cc. lvBP_DELTA ADCV: IvBP DELTA_cycLic and

Delta current from VBP pin when
the CC ADC is enabled

Delta current from VBP pin when
the SC ADC is enabled

Delta current from VBP pin when
one voltage ADC is converting

Delta current from VBP and VIO
pin when one GPIO is programmed
as digital output

Delta current from VBP pin when
one balancing channel is
programmed ON

Delta current from VBP pin when
balancing functions are activated

Delta current from VBST pin to
switch ON the VSTBY regulator

Delta current from VBST pin when
charge pump UV/OV monitor block
is enabled

Delta current from VBP pin needed
during cyclic wake up for ADCs
working

Delta current from VBREF pin
needed during cyclic wake up for
ADCs working

Delta current from VBST pin when
one group of CB MOSFETs is
turned ON

Delta current from VBP when VBP-
VBS comparator is activated in
STANDBY state

CC continuously
converting

SC continuously
converting

Voltage ADC continuously
converting

VG, n=1,2 actively pulled
up

VBP-VBS comparator
enabled

630

60

800

420

15

20

10

48

3.1

1000

25

15

MA

uA

uA

uA

uA

uA

uA

mA

HA

A

uA

VBP

VBP

VBP

VBP
VIO

VBP

VBP

VBST

VBST

VBP

VBREF

VBST

VBP

lvBREF DELTA_cycLic must be weighted over the proper duty cycle of activation to find the average current

consumption.

In particular, with reference to Section 4.4 and Section 4.7,

. Ivep_pELTA_cc Will be consumed for a time Tcc_on = (1+AZconfig) * (Tce_sTarT + Tcc _FILTER_STANDBY *

Tee cal)

considering AZconfig described in detail in Section 4.7.2.4

. Ivep_peLTA_cs Will be consumed for a time Tcs on = Tec_onN — (AZconfig * (Tce_sTAaRT *+
Tcc FILTER sTanDBY * Tcc_cal))

considering Tcs FiLTER = Tce FILTER sTanpBy (CS and CC synchronous to automatically perform
CS-CC x-check described in Section 4.7.3)

. Ivep_DELTA_apcv Will be consumed for a time Tapcv on =8 * (Tabcv_sTART * TAaDCV_FILTER) + 2 *

Tcs s1ART = Tec _sTarT (With Tee sTART NORMAL = Tcc START STANDBY = Tcc STARTIN

Section 4.7.2.1)

Tes caL = Tece_cat (with Tee_car_normaL = Tec_caL_stanpBy = Tec _cac in Section 4.7.2.1)

Tabcv_caL
considering TADCV_STAR'F TADCV_FILTER: TADCV_CAL defined in Section 4.4.1.2

. Ivep_peLTA_cycLic Will be consumed for a time TeycLic_on = MAX (Tcc on, Tabcv_on) + Twake

considering Tyake defined in Section 4.4.1.2
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lveReF_DELTA_cvcLic Will be consumed for a time TcycLic_on

The duty-cycle activation can be calculated as the ratio between TcycLic_on and TeycLE_sTanpsy configured
(refer to Section 4.13.1).

To have a proper assessment, it is needed to consider the current that flows in the external resistor placed
between gate and source of external FET and the current load on VTREF regulator that is weighted on the

DcyceLic_on.
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4.3 Power supply section
The L9988 is equipped with a comprehensive set of power supply units for feeding both internal and external
components.
4.31 Main supply (VBP)
The VBP pin is the main supply. This line:
. Feeds the boost pre-regulator (VBST)
. Feeds all the internal low-power states circuitry
4.3.1.1 Diagnostics

The IC performs undervoltage and overvoltage detection at the VBP pin; these diagnostics are available only in

NORMAL state and are listed in the table below.

Fault type Assertion condition

If Vvep falls
below
Vvep_uv_tH for
an interval
longer than
TvBP_uV_FIL,
the boost is ON
and no
undervoltage
has been
detected at the
VBST pin, the
VBP_UV fault
is
acknowledged

VBP Undervoltage

. If Vygp rises
above
Vvep_ov_TH for
an interval
longer than
Tvep_ov_FIL,
the VBP_QOV
fault is
acknowledged

VBP Overvoltage

4.3.1.2 VBP, VBS comparison

Table 9. VBP pin diagnostics

Release condition i reacct;::rto flag Maskable

IC reaction to
assertion

The VBP_UV
flag is set
FAULT pin is
asserted

The VBP_OV
flag is set
FSO1, FSO2
lines are
asserted

. If Vygp rises
above
Vvep uv_TH *+
VVBP_UV_HYS
for an interval
longer than
TveP_uv_FIL,
the VBP_UV
flag can be
cleared by
MCU

i If Vvep falls
below
VvBP_OV_TH -
VvBP_OV_HYS
for an interval °
longer than
TveP_ov_FIL,
the VBP_OV
flag can be
cleared by
MCU

. Blanked during

power-up
sequence, until
FAULT pin is NORMAL state
released is reached from
SLEEP state
. None
FSO1, FSO2
lines are . None
released

The IC includes an analog comparator to check the voltage difference between VBP and VBS pins.

The comparator can be enabled in NORMAL state by setting via SPI, the dedicated bit VBP_VBS_COMP_EN
before a transition to STANDBY MODE.

The main feature of such a comparator is that, in STANDBY MODE, it allows checking the voltages Vygp and
Vygs ,moving the IC to NORMAL MODE to assert the FAULT pin in case of fault, regardless of the execution of
the voltage conversion routine and therefore also in a scenario in which VOLT_STEP and DIAG_STEP (defined in

Section 4.4) are equal to 0.

This diagnostic covers the failure detailed in the following table.
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Table 10. VBP-VBS comparison diagnostic

IC
Assertion condition IC reaction to assertion Release condition rf:(;lt:;n Maskable
clear
. The
If Vygp — Vygs rises VBP_VBS_COMP_FAIL | If Viygp — Vygs falls below \ézzlzg/gi_goi't\ﬂcp_EN=0
; | |

VBP- above Vygp_vgs_TH for flag is set Vvep_vBs TH- VVBP_VBS HYS  tAIT | execution gWh on
VBS an interval longer than . Ifin NORMAL, the FAULT | for an interval longer than pin is disabled ihe
compare | Tcowp_fiL, the pin is asserted Tcowp_fiL, the released | VBP_VBS COMP_FAIL
fail VBP_VBS_COMP_FAIL |* If in STANDBY, the IC VBP_VBS_COMP_FAlILflag flag can always be

fault is acknowledged moves to NORMAL and can be cleared by MCU cleared

the FAULT pin is asserted

4.3.1.3 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 11. VBP electrical parameters

VBP undervoltage Boost is ON and no
\%2 detection undervoltage has
VBP-OV-TH been detected at the  +*° 6 \% VBP
Threshold voltage VBST pin

VBP undervoltage
VVBP_UV_HYS detection 300 mvV VBP
Hysteresis voltage

VBP undervoltage

Tvep_uv_FIL detection 5 15 us VBP
Filter time
VBP under/over
voltage blanking time

TvBP_BLK upon transition from 1.6 ms VBP
SLEEP/STBY to
NORMAL state
VBP overvoltage

VvBP_OV_TH detection 29 32 v VBP
Threshold voltage

VBP overvoltage
VvBP_OV_HYS detection 300 550 mV VBP
Hysteresis voltage

VBP overvoltage
detection 5 15 us VBP
Filter time

TvBP_ov_FIL

Analog VBP-VBS
compare Vyep - VvBs 1.5 2 2.5 \Y VBP VBS
Threshold voltage

VvBP VBS_TH

Analog VBP-VBS
VvBP_VBS_HYS comparator Hysteresis 130 280 mV VBP VBS
voltage
Analog VBP-VBS
comparator 1 ms VBP VBS
Filter time

Tcomp_FIL

DS15145 - Rev 1 page 31/184



L9988

Functional description

4.3.2

4.3.2.1

Fault type Assertion condition

VBST
undervoltage

VBST
overvoltage

VBST
overcurrent

Boost pre-regulator (VBST)

The boost pre-regulator:

. Is fed by the reverse protected battery line (VBP)
. Feeds the charge pump (VCP)

. Feeds the buck1 pre-regulator (VPRE)

. Feeds the 5 V thermistor bias LDO3 (VTREF)

. Feeds the 3.3 V/5 V standby LDO4 (VSTBY)

The boost pre-regulator can support full system operation at low battery voltage, allowing the system to pass ISO
16750-2 (Level II) cold cranking tests.

VBST is a boost converter with an external n-MOSFET to generate the output voltage of 8.75 V in case of weak
battery condition. The boost activation is configured via SPI with a dedicated bit BOOST_EN (default BOOST_EN

=1). Every time the device enters SLEEP MODE, BOOST_EN is set to its default value. When disabled, the
internal driver keep the external FET OFF.

The parameters of the pre-boost regulator can be guaranteed when VBP goes down to 4 V during the cranking
phase (refer to Section 4.1.6 for CRANK scenario in NORMAL MODE) and during short-circuit event.

Diagnostics

This boost is equipped with undervoltage and overvoltage detection, available only in NORMAL state, and listed
in the table below.

Table 12. VBST diagnostics

IC reaction to

Release condition

IC reaction to

Maskable

assertion flag clear
. Blanked during
If VygsT rises above power-up sequence,
. If VygsT falls below VVBST UV TH+ .until NORMAL state
VyBsT_Uv_TH for an The VBST_UV VyesT v Hys for AULT is reached
interval longer than flag is set an interval longer pin is . When
Tvest_uv_Fu, the FAULT pin is than TvesT_uv_FiL. released BOOST_EN=0, the
VBST_UV faultis asserted the VBST_UV flag VBST diagnostic is
acknowledged can be cleared by masked, the
MCU VBST_UV flag can
always be cleared
If VygsT falls below
. If VygsT rises above VVBST OV TH- . When
VyesT ov TH for an ;II- he V i VvBsT ov Hys for FSO1, BOOST_EN=0, the
. - = ag is set 3ST_OV_| - , th
interval longer than FSO1. FSO2 an interval longer ESO2 VBST diagnostic is
TvesT ov_FIL, the lines e;re than TygsT_ov_FIL, lines are masked, the
VBST_OV fault is asserted the VBST_OV flag released VBST_OV flag can
acknowledged can be cleared by always be cleared
MCU
. If VBsTss rises
above ° When
VBoosT ove Th for The After Novc_tH PWM BOOST_EN=0, the
N _OVe_ VBST_OVC cycles the Boost is VBST diagnostic is
OVC_TH flag is set turned ON and the None masked, the

It is also protected against overcurrent by means of overcurrent (OVC) detection circuit.

consecutive PWM
switching cycles, the
VBST_OVC fault is
acknowledged

Boost is turned
OFF

VBST_OVC flag can
be cleared by MCU

VBST_OVC flag
can always be
cleared

Current flowing in the external FET is sensed through a shunt resistor Rggst. The voltage drop across the shunt
resistor, Vgstss, is monitored and, when it exceeds the Vgoost_ovc_tH threshold, a single overcurrent event

occurs. In case of a persistent overcurrent event, an up/down counter protects the external FET from excessive
inrush energy:

When an OVC event occurs during a PWM switching cycle, the counter is incremented by 1
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. When no OVC event occurs during a PWM switching cycle, the counter is decremented by 1

. If the counter is below the Novc_tH threshold, the output re-engagement after an OVC event occurs upon
next PWM switching cycle

If the counter reaches the Noyc_tH threshold, the flag VBST_OVC is set, and the external FET is held OFF for
Novc_tH PWM cycles and then released.

Figure 14. Boost overcurrent protection - pulse skipping re-engagement timing diagram

Fault present Faull present
A

Yastss

(nemal signat)

L

Pulse Siop
Counler

BST_OMG
{mdarmal signal)

VEST OVG
&P Rag)

5F1 Clear on Read TP Cloar on Road

4.3.2.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: VBP according
to the operating range in Table 2; T, according to the operating range in Table 5.

Table 13. VBST electrical parameters

When Vypst < VvBST TH;
the boost starts for time Toy.

When Vygst 2 VyBsT TH,

Boost unmask/ the boost is masked after
VvBST_TH mask threshold Ton is completed. Toy 8.5 8.75 9 Y VBST
depends on different duty
cycle, Ton = 1/fsw_BoosT *
duty cycle
Switching 34 cycles of 16 MHz main
fsw_soosT frequency clook 470.6 KHz BSTSW
BSTSW pin )
IgsTsw_LEAK leakage current From 0 V to MAX voltage pin  -1.2 1.2 HA BSTSW
VBsTsw Boost gate voltage VVBST TH \Yj BSTSW
IBOOST_SOURCE Boost driver source VyesT=8.5V, Vgstsw=0V -80 -60 -40 mA BSTSW

current
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VyesT=8.5V, Vgstsw=0V | 40

IBOOST_SINK

IsoosT ove_TH

VBOOST ove_TH

Novc_TH

VVBST_UV_TH

VVBST UV_HYS

TvesT_uV_FIL

VvBST OV_TH

VVBST OV_HYS

TvesT ov_FIL

TvBST_UV_BLK

Mgst Qg
Mgst Ciss

Re_MgsT

Reest

RsesT

Cgst

ESR_CgsT

Boost driver sink
current

Boost overcurrent
detection

Threshold current

Boost overcurrent
detection

Threshold voltage

Up/down OVC filter
counter threshold

VBST
undervoltage
detection

Threshold voltage

VBST
undervoltage
detection

Hysteresis voltage

VBST
undervoltage
detection

Filter Time

VBST overvoltage
detection

Threshold voltage

VBST overvoltage
detection

Hysteresis voltage

VBST overvoltage
detection

Filter time

VBST UV blanking
time upon
transition to
NORMAL state

External FET MgsT
gate charge

External FET MgsT
input capacitor

External FET MgsT
gate serial resistor

External FET MgsT
gate pull down
resistor

External shunt
resistor

Output capacitance

Output capacitor
ESR (for each
capacitor)

Application info, shunt
resistor Rggst = 100 mQ +/-

10%

Application info

IoosT ovc_TH * RsesT

Boost OFF

Tested in SCAN

Application info

Application info

Application info

Application info

Application info

Application info

Application info

2.7

270

6.7

370

28

300

1000

-10%

-20%

2.9

290

6.9

400

30

860

220

100

18.8
(4%4.7)

3.1

310

7.2

450

15

32

550

15

1500

10

+10%

+20%

mA

mV

mV

s

mV

s

us

nC

pF

kQ

mQ

uF

mQ

BSTSW

BSTSS

BSTSS

VBST

VBST

VBST

VBST

VBST

VBST

VBST

VBST

VBST

VBST

BSTSS
BSTSW

BSTSS
BSTGND

VBST

VBST
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LesT

DCR_LgsT

4.3.3

4.3.3.1

Fault type | Assertion condition .

CP
undervoltage

CP
overvoltage
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Boost inductor Application info VBST
Inductor DC Application info 20 40 mQ VBST
resistance

Charge pump (VCP)

This charge pump:

. Is fed by boost pre-regulator (VBST) if active, otherwise by the reverse protected battery line (VBP)

. Feeds the internal analog circuitry for biasing of the gate pre-drivers

. Feeds the internal analog circuitry for biasing of the cell balancing FETs (Sx)

. Feeds the internal analog circuitry for biasing the stages executing the voltage conversion routine

Diagnostics

The charge pump is equipped with UV/OV detection, available both in NORMAL and STANDBY state according
to the VCP_DIAG_DIS bit (default VCP_DIAG_DIS = 0). These diagnostics can be enabled or disabled by setting
VCP_DIAG_DIS in NORMAL state via an SPI command.

. If the Vycp
voltage falls
below .
Vvep_uv_TH for
an interval
longer than
Tvcp_uv_FiL, the
VCP_UV faultis  *
acknowledged.

. If the Vycp rises
above
Vivep_ov_TH for
an interval
longer than
Tvep_ov FiL
the VCP_OV
fault is
acknowledged

Table 14. Charge pump diagnostics

reaction to
assertion

The VCP_UV
flag is set
Ifin
STANDBY,
the IC moves
to NORMAL
and FSOT1,
FSO2 lines
are asserted
Ifin
NORMAL,
FSO1, FSO2
lines are
asserted

Cell
balancing
FETs are
kept OFF
Both group of
CB
MOSFETs
are turned
OFF

The VCP_OV
flag is set
Ifin
STANDBY,
the IC moves
to NORMAL
and FSOT1,
FSO2 lines
are asserted
Ifin
NORMAL,
FSO1, FSO2
lines are
asserted

Release condition

If the VVCP
voltage rises
above VVCP_UV
_TH* Vver_uv
_Hysforan
interval longer
than
Tvcp_uv_FILs
the VCP_UV
flag can be
cleared by
MCU

If the VVCP falls
below
Vvep_ov TH-
Vvep_ov_Hys
for an interval
longer than
Tvcp ov_FIL,
the VCP_OV
flag can be
cleared by
MCU

IC reaction to flag

clear

FSO1, FSO2
lines are
released

Cell balancing
FETs are
released (if
enabled)

One or both
groups of CB
back-to-back
MOSFETSs are
turned ON
(according to
Table 70 (Pre-
drivers driving
commands),
refer to
Section 4.10.2
for details)

FSO1, FSO2
lines are
released

Maskable

When
VCP_DIAG_DIS=1, the
charge pump diagnostic
is masked, the VCP_UV
flag can always be
cleared

Blanked during power-up
sequence, until NORMAL
state is reached from
SLEEP state
VCP_UV_BAL_MSK=1
masks reaction on
balancing

When
VCP_DIAG_DIS=1, the
charge pump diagnostic
and reaction on pre-
drivers are disabled. The
VCP_QV flag can always
be cleared
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4.3.3.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 15. Charge pump electrical parameters

e ———ee e e L]

Vyep Regulated voltage VygsTin OR VvgsT * 6 VygsT+ 16 |V
CTaNK External tank capacitor Application info  -10% 680 +10% nF | VCP
Ccp1 External flying capacitor Application info | -30% 33 | +30% nF VFLY
VFLY2
Ccp2 External flying capacitor Application info | -30% 33 | +30% nF VFLYS
VFLY4
fvcp Switching frequency Design info 62.5 KHz  VCP
Vvep_uv_TH | Charge pump UV threshold VygsT + 3.6 VygsT+5 |V \VCP
Vvep_uv_Hys  Charge pump UV threshold hysteresis 170 350 mV | VCP
Tvcp uv_FiL | Charge pump UV filter time 10 15 us | VCP
Vvep_ov TH | Charge pump OV threshold VyesT+15.5 VygsT+20.5 V VCP
Vvcp_ov_Hys  Charge pump OV threshold hysteresis 170 300 400 mV | VCP
Tvcp_ov FiL | Charge pump OV filter time 10 15 us | VCP
Tvep_ UV BLK \N/gFl;aXLbﬁglt(eing time upon transition from SLEEP to 10 ms  VCP
434 Buck1 pre-regulator (VPRE)
This buck pre-regulator:
. Is fed by the boost pre-regulator (VBST) if active, otherwise by the reverse protected battery line (VBP)

. Feeds the buck2 1.125 V-5 V regulator (VCORE)

. Feeds the 3.3 V/5V LDO1 (VCC)

. Feeds the 5V LDO2 (VCC CAN)

The VPRE is a buck switching regulator controller with synchronous rectification, which contributes to high power
efficiency. This regulator has a soft-start function to prevent the inrush current to the VPRE pin; it regulates the
Vvpre and guarantees the lypre v current limitation. To protect power stages from temperature overheat, a
dedicated thermal sensor is present in the layout sensing FET temperature. If overtemperature is detected, the

regulator is switched OFF and restarts with its power-up sequence after the fault disappears. In low power modes
(SLEEP and STANDBY), the VPRE is switched OFF.
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4.3.4.1 Diagnostics

The VPRE pre-regulator has a dedicated overvoltage, undervoltage and overtemperature diagnostics, available
only in NORMAL state and listed in the following table.

Table 16. Buck pre-regulator diagnostics

Fault type Assertion condition = reactlpn to Release condition e Maskable
assertion flag clear

If VypRe rises . The If VypRre falls below
above VPRE_OV VVPRE_OV_TH - . FSO1
VvpRE_ov_TH for flag is set VvpRE_ov_Hys for an '
VPRE e : iy FSO2
overvoltage an interval longer | ¢ FSOf1, ‘ interval longer than lines are | None
than Tvpre_ov_FIL, FSO2 lines TvPRE_ovV_FIL, the released
the VPRE_OV fault are VPRE_OV flag can
is acknowledged asserted be cleared by MCU
. The
VPRE_ UV . If VypRe rises above
flag is set VVPRE_UV_TH *
. FSO1 - = i
. If Vypre falls below FSOZ1Iines VVPRE_UV_Hys for an . Blanked during the
v for are interval longer than |, FSO1 power-up sequence,
VPRE_UV_TH T the ’ until NORMAL state
VPRE an interval longer asserted VPRE_UV_FIL: FSO2 is reached
undervoltage than Typre uv FIL, | * Buck?2 VPRE_UV flag can lines are
the VPRE_UV Tault (VCORE), be cleared by MCU released | ° VPRkE_(L;.IV_MASK=1
is acknowledged LDO1 . Buck2 (VCORE)‘ mas S. |agnost|c
(VCC) and LDO1 (VCC) and execution
LDO2 (VCC LDO2 (VCC CAN) are
CAN) are turned ON
turned OFF
. The
VPRE OT ° If TEMPypRe falls
flag is set below
. FSO1, TEMPypRE OT TH -
. If TEMPypRe rises FSO2 lines TEMPypRE OT Hvs
above are for an interval longer
TEMPypRe_OT TH asserted than Typre oT FIL, . FSO1,
VPRE for an interval . Buck1 the VPRE_OT flag Fsoz |, None
overtemperature longer than (VPRE), can be cleared by lines are
Tvpre_oT FIL, the buck2 MCU released
VPRE_OT fault is (VCORE), . Buck1 (VPRE), buck2
acknowledged LDO1 (VCORE), LDO1
(VCC) and (VCC) and LDO2
LDO2 (vCC (VCC CAN) are
CAN) are turned ON
turned OFF
4.3.4.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

(*) The output pin of the VPRE regulator is split into two pins VPRE_CC (to feed the VCC and VCC_CAN) and
VPRE_CORE (to feed the VCORE). In terms of voltages, we still have Vypre cc = VvPre core = VvPrE.
Therefore, for simplicity, only the “VPRE” pin is referenced in the table.

Table 17. VPRE electrical parameters

NORMAL, All operating lines and 63 65 6.7 v VPRE

VveRE Regulated voltage oads

fsw_vprE VPRE switching frequency 420 KHz | VPRESW
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lvPRE_LOAD VPRE output load current VPRE
IVPRE_LIM VPRE output current limitation NORMAL, Vypgrg = OV 1.3 1.55 1.8 A VPRE
VPRE static load regulation Load current step:
V -
VPRE_LOAD voltage IypRE_LOAD = 50mA — 14 10 10 mV | VPRE
VPRE static line regulation Battery voltage step:
VVPRE_LINE voltage Vypsr = 6.9V — 12V -10 10 mV | VPRE
Load current step:
) = 50mA — 14 and back
VVPRE_LOAD_TRAN | VPRE transient load regulation ;PRE LoAD -15 15 % VPRE
xa= 0. 4—75—
Battery voltage step:
VVPRE_LINE_TRAN | VPRE transient line regulation I;']//BST - 6;/91/ — 12V and back 5 5 % | VPRE
V =1.4Vpp, f =470.
VVPRE PSRR VPRE power supply rejection ratio | YBST-NOISE pp: fNoise = 4706 5 dB | VPRE

KHz, guaranteed by design

VPRE overvoltage detection
VVPRE_OV_TH 7.8 8.4 \Y VPRE
Threshold voltage

VPRE undervoltage detection
VVPRE_UV_TH 4.7 5.1 \Y VPRE
Threshold voltage

VPRE overvoltage detection

TverRE_OV_FIL o 10 20 us | VPRE
Filter time
VPRE undervoltage detection

TvpRE_UV_FIL o 10 20 us | VPRE
Filter time

VPRE overvoltage detection
VVPRE_OV_HYS ) 250 320 mV | VPRE
Hysteresis voltage

VPRE undervoltage detection
VVPRE_UV_HYS ) 210 250 mV | VPRE
Hysteresis voltage

From 10% to 90% of VypRe,
TvPRe_soFT_sSTART | VPRE soft start time guaranteed by design lypre_ LoaAp= 250 300 350 'ps  VPRE
50 mA, Cypre = 20 uF

VPRE UV blanking time upon 1200 2000

TVPRE_UV_BLK transition to NORMAL state s VPRE

VPRE overtemperature detection
TEMPypRe_OT_TH 180 190 200 °C | VPRE
Threshold voltage

VPRE overtemperature detection
TEMPypRE_OT_HYS ) 5 6 7 °C | VPRE
Hysteresis voltage

VPRE overtemperature detection

TVPRE_OT_FIL — 2 72 ps | VPRE
Filter time

VPRE VPRE buck efficiency ggﬁ\l/llcatlon info, using recommended 85 o
VPRE External output 20

CvprE capacitance (decoupling Application info -10% @2* +10% | uF VPRE
capacitors in parallel) 10)
Output capacitor ESR (for each T

ESR_Cvpre capacitor) Application info 4 mQ | VPRE
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) e VPRE
-209 0,

LvprE VPRE external output inductor Application info 20% 22 +20% pH VPRESW

DCR_Lypre Inductor DC resistance Application info -20% 26.3  +20% mQ VPRE
- ’ VPRESW
VPRE External bootstrap PP oo o BUCKBT
CBT_vPRE capacitor Application info 20% 0.47 | +20% pF VPRESW
. T BUCKBT
ESR_CgT_VvPRE Bootstrap capacitor ESR Application info 10 mQ VPRESW

1. The output pin of the VPRE regulator is split into two pins VPRE_CC (to feed the VCC and VCC_CAN) and VPRE_CORE (to feed the
VCORE). In terms of voltages, we still have VVPRE_CC = VVPRE_CORE = VVPRE. Therefore, for simplicity, only the “VPRE” pin is
referenced in the table.

4.3.5 Buck2 regulator 1.125 V-5 V (VCORE)
This buck regulator:
. Is fed by buck1 pre-regulator (VPRE)
. Is used to feed the MCU core.
. Output could be set in the range (1.125 V-5 V)
. Can be used to feed the digital output buffer supply(VIO)

The VCORE is a synchronous buck regulator with integrated MOSFETSs for core application. The frequency is
fixed to 420 KHz, and it is based on a peak current mode loop. Soft-start and slope compensation (fixed slope)
functions are available; the pulse-skip function is enabled by default. It is also equipped with a current limitation
protection and protected against temperature overheat by means of overtemperature detection circuit.

In low power modes (SLEEP and STANDBY), the VCORE is switched OFF.

The regulator is equipped with a configuration pin, VCORESEL. By connecting an external resistance with the
defined value between the VCORESEL pin and ground allows the selection of six regulated output voltages.
The VCORE voltage selection is performed at every transition from SLEEP to NORMAL MODE (refer to
Section 4.1.6) in the TycoreseL_convinterval after the Tyym_trim (defined in Section 4.17.2.1). The VCORE
configuration is available for MCU readout via SPI through the VCORE_SEL_ECHO bit

Table 18. Selection resistor values

000 VCORE_SEL pin shorted to GND VCORE switched OFF, RST1 asserted
001 RsgL = 10 KQ £1% (1) Vycore = 1.125V

010 RseL =20 KQ +1% (1) Vycore =1.2V

011 RseL = 30 KQ #1% (1) Vyvcore = 1.3V

100 RseL = 39 KQ +1% (1) Vycore =15V

101 RseL = 51 KQ £1% (1) Vycore = 3.3V

110 RseL = 68 KQ £1% () Vvcore =5V

111 VCORE_SEL pin open VCORE switched OFF, RST1 asserted

1. Customer must guarantee a proper dedicated ground connection at PCB level from GND of selection resistances to GND
pin of the device to avoid unwanted ground shift that can affect conversion.

Since the buck does not require an external resistor divider, the VCOREFB pin voltage Vycorerg coincides with
the regulated output voltage, named V\/cork.

Application note: in case the VCORESEL pin is faulty, shorted to GND or open, the IC latches a permanent
VCORE undervoltage, keeping the RST1 asserted (see Section 4.16.3).
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4.3.5.1

Diagnostics

This buck is equipped with UV/OV/OT detection, available only in NORMAL state, and listed in the following table.

VCORE
overvoltage

VCORE
undervoltage

VCORE deep
undervoltage

VCORE
overtemperature

If VycoRre rises above
Vvcore_ov_TH for an
interval longer than
Tvcore_ov_FiL, the
VCORE_OQV fault is
acknowledged

If VVCORE falls below
the Vycore_uv_TH for
an interval longer
than Tycore_uv_FILs
the VCORE_UV fault
is acknowledged

If Vycore falls below
the
VVCORE_DEEP_UV_TH
for an interval longer
than
TVCORE_DEEP_UV_FILs
the
VCORE_DEEP_UV
fault is acknowledged

If TEMPycoRE rises
above
TEMPycoRre_oT_TH
for an interval longer

than Tycore_oT_FIL
the VCORE_OT fault
is acknowledged

Table 19. VCORE regulator diagnostics

Fault type Assertion condition IC reaction to assertion Release condition ICf:':;c:;::rto Maskable

The VCORE_OV
flag is set

FSO1, FSO2 lines
are asserted
VCORE is switched
OFF

RST1 pin is
asserted

The VCORE_UV
flag is set

FSO1, FSO2 lines
are asserted
RST1 pin is
asserted

The
VCORE_DEEP_UV
flag is set

FSO1, FSO2 lines
are asserted
VCORE is switched
OFF

RST1 pinis
asserted and
WD_RST_CNT s
incremented

The VCORE_OT
flag is set

FSO1, FSO2 lines
are asserted
VCORE is switched
OFF

RST1 pinis
asserted and
WD_RST_CNT s
incremented

If Vycore falls below
VVCORE_OV_TH -
VvcoRre_ov_Hys foran
interval longer than
Tvcore_ov_FiL, the
VCORE_OV flag can
be cleared by MCU
VCORE is switched
ON

RST1 pin is released
after TrsT1_Low

If VycoRre rises above
VVCORE_ LV _TH *
VvcoRre_uv_Hys for an
interval longer than
Tvcore_uv_FiL, the
VCORE_UV flag can
be cleared by MCU
RST1 pin is released
after TrsT1_Low

If VycoRe rises above
VVCORE_DEEP_UV_TH *
VVCORE_DEEP_UV_HYS
for an interval longer
than
TVCORE_DEEP_UV_FIL,
the
VCORE_DEEP_UV
flag can be cleared by
MCU

VCORE is switched
ON after the retry time
TVCORE_RETRY

RST1 pin is released
after TrsT1_Low from
VCORE UV and
VCORE_DEEP_UV
disappear

If TEMPycoRE falls
below
TEMPyCoRE_OT TH -
TEMPycoRE_OT_HYS
for an interval longer
than Tycore_oT_FIL,
the VCORE_OT flag
can be cleared by
MCU

VCORE is switched
ON after the retry time
TVCORE_RETRY

RST1 pin is released
after TrsT1_Low from
VCORE OT disappear
and VCORE retry is
completed

FSO1,
FSO2
. None
lines are
released
. Blanked
during
FSO1, power-up
FSO2 sequence,
lines are until
released NORMAL
state is
reached
. Blanked
during
FSO1, power-up
FSO2 sequence,
lines are until
released NORMAL
state is
reached
FSO1,
FSO2
. None
lines are
released
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In case of the VCORE_DEEP_UV or VCORE_OT, the VCORE is switched OFF for the Tycorg_reTry duration,
the RST1 pin is asserted and the WD_RST_CNT is incremented. Then the VCORE is switched ON again for the
Tvcore_sofFT _sTART time_If these faults occur multiple times and the WD_RST_CNT reaches
WD_RST_CNT_MAX, the bit WD_RESET_LATCH is set, and the device moves to POWER DOWN state.

The value of the WD_RST_CNT is available for the MCU read out on WD_RST_CNT_STATUS in the
WDT_STATUS_2 register. To reset this counter, if needed, the MCU can invoke a special key word by writing
O0xFC in the special register Ox1D.

Figure 15. VCORE retry

Vveore [V]

Vyveore_peep_uv

WD_RST_CNTis incremented \ WD_RST_CNTis incremented \ WD_RST_CNTis incremented

t[s]

Tveore_reTr Tucore_soFT_start Tveore_reTRY Tveore_soFT_sTarT

RST1

RST1 is asserted

/

t[s]

4.3.5.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 20. VCORE electrical parameters

Tt condions T s i PN

Considering output voltage tolerance

VVCORE1 Regulated voltage and ripple, Rggy = 10 KQ 1.09 1.125 1.16 \Y VCOREFB
Considering output voltage tolerance
VVCORE2 Regulated voltage and ripple, Rsgl = 20 KQ 1.16 1.2 1.24 \ VCOREFB
Vy/CORES Regulated voltage gﬁg?gg{:g}?‘s’:tpﬂt;go'}%e tolerance | 4 56 13 134 V. VCOREFB
Vv Considering output voltage tolerance
VCORE4 Regulated voltage and ripple, Rsg,. = 39 KQ 1.45 1.5 1.55 \% VCOREFB
Considering output voltage tolerance
VVCORES5 Regulated voltage and ripple, Rgy = 51 KQ 3.25 3.3 3.35 \ VCOREFB
v Considering output voltage tolerance
VCORE6 Regulated voltage and ripple, Rggy = 68 KQ 4.92 5 5.08 \Y VCOREFB
Time required for the
VCORESEL voltage
TVCORESEL_CONV conversion only during 1024 pus | VCORESEL
SLEEP to NORMAL
MODE transition.
VCORE switching
fsw_vcore frequency 420 KHz VCOREFB
VCORE static load Load current step:
VveoRre Loap regulation voltage IycoRE_LoAD = 10mA — 750mA 6 6 mV | VCOREFB
VCORE static line Vypre voltage step:
VVCORE LINE regulation voltage Vyprg = 6.5V —16.5V 6 6 mV | VCOREFB
Load current step:
i I = 10mA — 750mA and
VVCORE LOAD_ TRAN VCORE transient load VCORE_LOAD 5 5 % VCOREFB
regulation back 4 = 1.4
acl E = E
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VVCORE_LINE_TRAN

VVCORE_PSRR
lvcoRE_LOAD

IVCORE_LIM

NVCORE1

NVCORE2

NVCORE3

NVCORE4

NVCORE5

NVCORE6

VVCORE_OV_TH

VVCORE_UV_TH

VVCORE_DEEP_UV_TH

TVCORE_OV_FIL

TVCORE_UV_FIL

TVCORE_DEEP_UV_FIL

VVCORE_OV_HYS

VCORE transient line
regulation

VCORE power supply
rejection ratio

VCORE output load
current

VCORE output current
limitation

VCORE buck efficiency

VCORE buck efficiency

VCORE buck efficiency

VCORE buck efficiency

VCORE buck efficiency

VCORE buck efficiency

VCORE overvoltage
detection

Threshold voltage

VCORE undervoltage
detection

Threshold voltage

VCORE deep
undervoltage detection

Threshold voltage

VCORE overvoltage
detection

Filter time

VCORE undervoltage
detection

Filter time

VCORE deep
undervoltage detection

Filter time

VCORE overvoltage
detection

Hysteresis voltage

VypRrEg Voltage step:
VVPRE = 6.5V — 16.5V and back

v _ oV
E_lous

VvprRe_NOISE = 700 mVpp, fnoise =
420 KHz, guaranteed by design

NORMAL, VVCORE =0V

Application info, using recommended
BOM

Vvcoret1 = 1.125V

Application info, using recommended
BOM

Vvcorez = 1.2V

Application info, using recommended
BOM

Vvcores = 1.3V

Application info, using recommended
BOM

Vvcores = 1.9V

Application info, using recommended
BOM

Vvcores = 3.3V

Application info, using recommended
BOM

Vvcores =5V

0.01

1.29 1.5

70

70

70

75

85

90

VvcoRE
*1.15

VVCOoRE
1.1

VvCoRE
*0.9

VvCOoRE
*0.86

VvCoRrE
*0.6

VvcoRE
*0.59

15

15

15

5 %  VCOREFB
dB | VCOREFB
1 A VCOREFB
1.65 A | VCOREFB
% | VCOREFB
% | VCOREFB
%  VCOREFB
%  VCOREFB
% | VCOREFB
% | VCOREFB
VWCORE | yGOREFB
*1.19
VWCORE | yGOREFB
*0.95
VVCORE ;| yCOREFB
*0.65
25 us | VCOREFB
25 us | VCOREFB
25 us | VCOREFB
24 %  VCOREFB
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VVCORE_UV_HYS

VVCORE_DEEP_UV_HYS

TVCORE_RETRY

TVCORE_UV_BLK

TVCORE_SOFT_START

TEMPycORE_OT_TH

TEMPyCcoRE_OT_HYS

TVCORE_OT_FIL

Lvcore

DCR_Lycore

Cvcore

ESR_Cvcore

4.3.6

VCORE undervoltage
detection

Hysteresis voltage

VCORE deep
undervoltage detection

Hysteresis voltage

VCORE shutdown
duration before it is
automatically switched
ON following
VCORE_DEEP_UV or
VCORE_OT detection

VCORE UV blanking
time upon transition to
NORMAL state

VCORE soft start time

VCORE
overtemperature
detection threshold

VCORE
Overtemperature
detection hysteresis

VCORE
overtemperature
detection

Filter time

VCORE external coil

Inductor DC resistance

VCORE external output
capacitor

Output capacitor ESR

From 10% to 90% of VycoRre,
guaranteed by design lycore_LoAD =

10 mA, Cycore = 68 uF

Application info

Application info

Application info

Application info

Spread spectrum modulation

25

3.2

1

1600

0.9

180 190

5 6

2

-20% 22
135

-20% 68

2.8

2200

1.6

200

72

+20%

149

+20%

%

%

ms

us

ms

°C

°C

us

puH

mQ

uF

mQ

VCOREFB

VCOREFB

VCOREFB

VCOREFB

VCOREFB

VCOREFB

VCOREFB

VCOREFB

VCORESW
VCOREFB

VCORESW
VCOREFB

VCOREFB

VCOREFB

The IC implements a frequency modulation of the switching frequency fsyw_vpre and fsw_vcore of VPRE and
VCORE buck regulators.
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Figure 16. Spread spectrum modulation waveform

A

(14-8) fc

(1-8) fc

0.5/ 1/ fm

The spread spectrum modulation (SSM) function allows to reduce the emission around frequency fc = fsw_vpPRE
= fsw_vcore = 420 KHz that is modulated by a triangular signal with frequency fm and spreading range 6.

The SSM can be enabled in NORMAL MODE by setting via SPI, the dedicated bit CLK_SS_BUCK_EN as
follows:

. if CLK_SS_BUCK_EN = 0, SSM disabled (Default)

. if CLK_SS_BUCK_EN =1, SSM enabled

4.3.6.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 21. SSM electrical parameters

Spread spectrum modulation spreading range

fm Spread spectrum modulation frequency 9.4 KHz

4.3.7 3.3 V/5V LDO1 (VCC)
This LDO:
. Is fed by buck1 pre-regulator (VPRE)
. Is used to feed the MCU ADCs
. Can be used to feed the digital output buffer supply (VIO)
. Can be configured by the VCCSEL pin:
- if VCCSEL = 0, which is the pin is connected to AGND, Vycc =3.3V
- if VCCSEL = 1, which is the pin is connected to VPRE_CC pin, Vycc = 5V
This regulator has a soft-start function to prevent the inrush current to the VCC pin; it regulates the Vycc and

guarantees lycc | oap output current capability and lycc v current limitation. It is also protected against
temperature overheating by means of overtemperature detection circuit. In low power modes (SLEEP and
STANDBY), the VCC is switched OFF. The VCC configuration (VCCSEL_ECHO) is latched during the transition
from SLEEP to NORMAL MODE (refer to Section 4.1.6) and it is available for the MCU readout. The external
connection of the VCCSEL pin is figured in Section 4.12.11.

4.3.7.1 Diagnostics

This LDO is equipped with the UV/OV/OT detection, available only in NORMAL state and listed in the following
table.
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Table 22. VCC LDO1 diagnostics

Fault type Assertion condition 1= reactl.on to Release condition 5 [ORE A (0 Maskable
assertion flag clear

Blanked
. If Vycc falls below | * The If Vycc rises above during
VCC_UV Vvee_uv_tH *
Vvee_uv_TH for flag is set Voee v ove foran |- FSO1, power-up
VCC an interval longer FSO1 . VCC—lIJ\I/—HYS h FSO2 sequence,
undervoltage than Tycc uv FIL FSOZ’ interval longer than lines are until
the VCC_UV fault . Tvee_uv i, the released NORMAL
is acknowledged lines are VCC_UV flag can state is
asserted be cleared by MCU reached
: gb\g\\/;c rises . The - If Vygg falls below
VCC_OV V -
Vvee_ov_th for flag is set VVCC_OV_TH foran|”  FSOL,
VCC an interval longer FSO1 . VCC—?\I/—HYS h FSO2 . None
overvoltage than Tycc ov FIL, FSOZ’ interval longer than lines are
the VCC_ OV~ : Tvee_ov_Fu, the released
faultis lines arz VCC_OV flag can
asserte
acknowledged be cleared by MCU
. If TEMPyc falls
. : The below
. If TEMPycc rises VCC_OT
= TEMPycc ot TH -
above flag is set TEMP
TEMPycc ot TH |+ FSOT, . YﬁC—OTI—HYS - FSOf,
VCC for an interval FSO2 oran interva FSO2
: longer than . . None
overtemperature longer than lines are T th lines are
Tvce oT FiL, the asserted VCC_OT_FIL, the released
AT . N VCC_OT flag can
VCC_OT faultis  * VCC is be cleared by MCU
acknowledged switched -ared by
OFF . VCC is switched
ON
4.3.7.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 23. VCC LDO1 electrical parameters

T N T

Regulated voltage with VCCSEL

Vveet =1 NORMAL, All operating lines and loads -1% +1% \% VCC
Vyceo f%g“'ated voltage with VCCSEL |\ nriAL, Al operating lines and loads 1% 33 +1% vV vce
lvee_Loap VCC output load current 0.01 250 mA VCC
lvee_Lim VCC output current limitation NORMAL, Vycc =0V 270 450 mA VCC

T VCC soft start fi From 10% to 90% of Vycc, guaranteed by 150 450 Vee
VCC_SOFT_START soft starttime design lycc_Loap = 10 MA, Cycg = 10 pF He

VCC static load regulation Load current step:
VVCC_LOAD voltage Iycc_Loap = 10mA — 250mA 15 mV | VCC
VCC static line regulation VvpRe Voltage step:
V
VCC_LINE voltage Vyprg = 6.5V = 16.5V 15 my | VCC
Load current step:
1 = 10mA — 250mA and back
Vvce_Loab TRaN | VCC transient load regulation VEC_LOAD -8.5 8.5 % | VCC
al 10mA
dat ~
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s condions | bin Ty | —Wax— un Pt

VypRE Voltage step:
VVPRE = 6.5V — 16.5V and back

Vvce_LINE_TRAN | VCC transient line regulation W _ v 5 5 % | VCC
dt ~ us

Vvee_PSRR VCC power supply rejection ratio X\A'DZF’{Z—LI";?;S;:E);O&”;Z;E anO'SE =400 40 dB | VCC

VVGC1_UV_TH :r/1CrleC;1h :Igdervoltage detection Rail 5V Z\géc " X\gjg * v lvee

VVGC1_ov. TH :{1?;:1 cEJI\(/jervoItage detection Rail 5V \1/\6%0 . Y'\é%m * v lvee

Vveeco_uv_TH ms;?];zdervoltage detection Rail 3. 3V 2)/'\&:500 ’ g\gicéo ’ \ VCC

Vvcco_ov TH :;?ei?] ;‘c’,e”’o'tage detection Rail 3.3V \1/_\40200 ) \1/_\;%00 " v vee

VCC1 overvoltage detection
Vvee1_ov_Hys Rail 5V 50 100 mV | VCC
- Hysteresis voltage

VCCO overvoltage detection
Vivcco_ov_Hys Rail 3.3V 35 65 mV | VCC
- Hysteresis voltage

VCC1 undervoltage detection
Vvce1_uv_Hys Rail 5V 90 130 mV | VCC
- Hysteresis voltage

VCCO undervoltage detection

Vvcco uv HYs Rail 3.3V 70 100 mV | VCC
- Hysteresis voltage
VCC OV detection
Tvee_ov FIiL 60 100 us | VCC
-7 Filter time
VCC UV detection
Tvee_uv_FiL 60 100 us | VCC
- Filter time
VCC UV blanking time upon
Tvee_uv Bik transition to NORMAL state 13 20 ms | VCC
VCC overtemperature detection o
TEMPvcc ot TH threshold 180 190 | 200 C vcc
VCC overtemperature detection .
TEMPycc ot Hys hysteresis 5 6 7 C vcce
VCC overtemperature detection
Tvee ot FiL o 2 72 us | VCC
Filter time
Cvce External output capacitor Application info -20% 10  +20% uF | VvCC
ESR_Cycc Output capacitor ESR Application info 5 mQ | VCC
4.3.8 5V LDO2 (VCC CAN)
This LDO:
. Is fed by buck1 pre-regulator (VPRE)
. Is used to feed the external CAN.

This regulator has a soft-start function to prevent the inrush current to VCC CAN pin; it regulates the Vycc_can
and guarantees the lycc_can_Loab output current capability and the lycc_can_Lim current limitation. It is also

protected against temperature overheating by means of overtemperature detection circuit. In low power modes
(SLEEP and STANDBY), VCC CAN is switched OFF.
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4.3.8.1

Diagnostics

This LDO is equipped with the UV/OV/OT detection, available only in NORMAL state and listed in the following

table.

Table 24. VCC CAN LDO2 diagnostics

Fault type Assertion condition Iz reactl.on to Release condition e Maskable
assertion flag clear
. If V: i b . Blanked
If Vyee_can falls below «  The Vo Go_CaN 568 SROYE during
Vvee_caN_uv_TH for VCC_CAN_UV VVCC—CAN—UV—TH foran FSO1, power-up
VCC CAN an interval longer than flag is set | VCC_CAN_UV_HYS FSO2 sequence,
undervoltage Tvcc caN uv FiL, the | ¢ FSO1, FSO2 interval longer than lines are until
VCC_CAN_UV fault is lines are Tvee_can_uv_FiL, the released NORMAL
acknowledged asserted VCC_CAN_UV flag can state is
be cleared by MCU reached
If VVCC CAN rises Th . If VVCC CAN falls below
- . e -
V -
3bove o VCC_CAN_OV VVCC_CAN_OV_TH . . FSO1,
VCC CAN i flag is set VVCC_CAN_OV_Hys foran FSO2 None
overvoltage an interval longer than | | FSO1, FSO2 interval longer than lines are
Tvee_can_ov L, the lines are Tvcc_can_ov_FiL, the released
VCC_CAN_OQV faultis asserted VCC_CAN_OQV flag can
acknowledged be cleared by MCU
* If TEMPVCC_CAN falls
. . The below
If TEMP
above oo VCC_CAN_OT TEMPycc_cAN_OT_TH -
flag is set TEMPycc caN OT HYs  ° FSO1,
VCC CAN fTEM:ertCFVCAINI—‘;T—TrH - FSO1,FSO2 for an interval longer FSO2 None
overtemperature tﬁ aTI ervationge lines are than Tyce caAN OT FiL» lines are
thanVCVCCCC_)CA?\'l\‘_gTT_FIL‘ asserted the VCC_CAN_OT flag released
faﬁlt is agknowl_edged ) VCC_CAN is can be cleared by MCU
switched OFF . VCC_CAN is switched
ON
4.3.8.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 25. VCC CAN LDO2 electrical parameters

Tstconons | in—— o box—Lunk |7

NORMAL, All operating lines and

Vvee_can Regulated voltage loads -5% 5 +5% \Y VCC CAN
V AN
IVCC_CAN_LOAD | Ogg CCurren‘t’“tp“t 0.01 150 mA | VCC CAN
VCC CAN output
lvce_caN_LimM current Iims:tim NORMAL, Vyce_can =0V 160 300 mA | VCC CAN
From 10% to 90% of Vycc_can,
TVCC_CAN_SOFT_START 1\:([:2 CAN soft start guaranteed by design IVCC_CAN_LOAD 150 450 us | VCC CAN
=10 mA, Cycc_can= 10 pF
VCC CAN static load | Load current step:
Vvee_can_Loap regulation voltage Iycc_can_Loap = 10mA — 150mA 20 mV |VCC CAN
icli Vi voltage step:
VCC CAN static line VPRE [¢] p VCC CAN

V
VCC_CAN_LINE regulation voltage Vyprg = 6.5V — 16.5V 15 mv
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Load current step:

VCC CAN transient [ = 10mA — 75mA and
VvCC_CAN_LOAD_TRAN load requlati VeC-_CAN_LOAD - 5 % | VCC CAN
gulation dl _ . -mA
back E =10

us

VypREe Voltage step:
VCC CAN transient  Vypgrg = 6.5V — 16.5V and back
line regulation dv

— 10V
TS

VvCC_CAN_LINE_TRAN -5 5 %  VCC CAN

VCC CAN power Vvpre_ Noisg = 100 mVpp, fnoise =
supply rejection ratio ' 400 KHz, guaranteed by design

VCC CAN v
Vvee_CAN_ OV TH overvoltage detection Vvee_can *1.08 . 1"‘132—0’*” V  VCC CAN
threshold )

VCC CAN " Vvce_caN

Vvce_CAN_UV_TH undervoltage Vvce can™0.88 095 V  VCCCAN
detection threshold )
VCC CAN

Vvce_CAN_OV_HYS overvoltage detection 50 100 mV | VCC CAN
Hysteresis voltage

VCC CAN

undervoltage
Vvee_CAN_UV_HYS detection 90 130 mV | VCC CAN

Vvce CAN_PSRR 30 dB | VCCCAN

Hysteresis voltage

VCC CAN OV
detection 60 100 ps | VCC CAN
Filter time

VCC CAN UV
Tvce_cAN_Uv_FIL detection 60 100 s | VCC CAN
Filter time

VCC CAN UV
blanking time upon
transition to
NORMAL state

VCC CAN
TEMPycc can_OT TH | overtemperature 180 190 200 °C | VCCCAN
detection threshold

VCC CAN
TEMPycc _can_oT Hys  overtemperature 5 6 7 °C | VCC CAN
detection hysteresis

VCC CAN
overtemperature
Tvce_can_oT_FiL detection 2 72 us | VCC CAN

Tvce_can_ov_FiL

Tvce_CAN_UV_BLK 1.3 2.0 ms | VCCCAN

Filter time

External output

. Application info -20% 10 +20% puF  VCCCAN
capacitor

Cvce_can

ESR_Cvcc_can Output capacitor ESR | Application info 5 mQ VCCCAN
43.9 5V thermistor bias LDO3 (VTREF)
This LDO:

. Is fed by the boost pre-regulator (VBST) if active, otherwise by the reverse protected battery line (VBP)
. Is used for biasing external NTCs via pull-up resistors

DS15145 - Rev 1 page 48/184



L9988

Functional description

This regulator is switched OFF in SLEEP MODE, while in STANDBY MODE it is cyclically activated for a time
interval Tytrer_on in the period Tytrer defined by the internal RTC,

Due to this, the cell temperature monitor (Section 4.4.4), the GPIO absolute conversion (Section 4.4.5), and the
open load diagnostics (Section 4.4.3, Section 4.4.6, Section 4.4.7) shall be performed within the Tytrer_on-

Therefore, considering the Tapcv_cycLic_on = Twake * 8*(Tapcv_sTarT * Tapcv_FILTER)T2*Tapcv_caL defined

in Section 4.4, it must be Tytrer_oN > Tabcv_cycLIC_ON.

4.3.9.1

Diagnostics

This LDO is equipped with the UV/OV/OT detection, available both in NORMAL and STANDBY state and listed in
the following table, and short-circuit protection.

Fault type Assertion condition 1 reactlf)n O
assertion

VTREF
undervoltage

VTREF
overvoltage

VTREF
overtemperature

If the VyTREF VOltage
falls below
VvTrRer_uv_tH for an
interval longer than
TVTREF_UV_FIL, the
VTREF_UV faultis
acknowledged.

If the VyTREF VOltage
rises above
VyTREF_ov_TH for an
interval longer than
TvTrREF_oV_FIL, the
VTREF_OV fault is
acknowledged.

If the TEMP\TREF
rises above
TEMPyTREF_OT TH
for an interval longer
than TyTrer_oT_FIL,
the VTREF_OT fault
is acknowledged

Table 26. VTREF diagnostics

The VTREF_UV
flag is set

Ifin STANDBY, .
the IC moves to
NORMAL and
FSO1, FSO2

lines are

asserted

Ifin NORMAL,
FSO1, FSO2
lines are
asserted

The
VTREF_OV flag
is set

Ifin STANDBY, @ °
the IC moves to
NORMAL and
FSO1, FSO2
lines are
asserted

Ifin NORMAL,
FSO1, FSO2
lines are
asserted

The VTREF_OT
flag is set

Ifin STANDBY, .
the IC moves to
NORMAL and
FSO1, FSO2
lines are
asserted

Ifin NORMAL,
FSO1, FSO2
lines are
asserted
VTREF is
switched OFF

Release condition i

If the V\/TReF Voltage
rises above VVTREF_UV
_TH* VWTREF_UV _HYS
for an interval longer
than TyTrer_uv_FiL, the
VTREF_UV flag can be
cleared by MCU

If the V\yTREF Voltage
falls below VVTREF_OV
_TH- VWTREF_OV _HYS
for an interval longer
than TyTrer_ov_riL, the
VTREF_OV flag can be
cleared by MCU

If the TEMPy1ReF falls
below
TEMPyTREF_OT_TH -
TEMPyTREF_OT Hys for
an interval longer than
TVTREF_OT_FIL, the
VTREF_OT flag can be
cleared by MCU
VTREF is switched ON

reaction to Maskable
flag clear

Blanked
during
power-up
sequence,
until
NORMAL
state is
reached

FSO1, from

FSO2 SLEEP

lines are state

released
Blanked
during its
power-up
when
cyclically
activated in
STANDBY
state

FSOf1,

FSO2 None

lines are

released

FSOf1,

FSO2 None

lines are

released
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4.3.9.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2, 6 V < VygsT <40 V; T, according to the operating range in Table 5.

Table 27. VTREF electrical parameters

Regulated —_—
\
VTREF_NOR voltage in NORMAL, All operating lines and 5% 5 +59% Vv VTREF
MAL NORMAL  l0ads
VyTrer sTan | Regulated
- voltage in STANDBY -6% 5 +6% V VTREF
pBY STANDBY
TVTREF :grifi': time STANDBY, defined by internal RTC TCYCLE_STANDBY s VTREE
STANDBY, T =T T /
DVTREF ON VTREF duty S VTREF_ON = VTREF VTREF_ON ) VTREF
cycle DvTREF_ON TcYCLE_STANDBY
VTREF
IVTREF_LoAD | output load 0.01 10 mA VTREF
current
VTREF
IVTREF_LIM output NORMAL, Vytrer = 0V 80 220 mA VTREF
- current ’
limitation
VTREF
VVTREF LOA | staticload | Load current step:
D regulation IyrrEF_LOAD = 10uA — 10.01mA 100 mv VTREF
voltage
VTREF
tatic line Battery voltage step:
vV s
VTREF_LINE o0 lation Vypst = 6V = 20V 100 mV VTREF
voltage
VTREF Load current step:
\ i I =10uA — 10.01mA
DV::::_LOA Itcr)ri‘r:jsnent VTREF_LO‘;D All - m 5 5 % VTREF
- regulation and back 7+ = 17¢
Battery voltage step:
VTREF
\ =
TVRTAR:F—L'NE transient line '{%BST ?/V — 20V -and back 5 5 % VTREF
- regulation @ 10E
VTREF
vV power _ -
VIREFPSR  supply X(\)’gsl’gﬁNo'SE 1?() Z‘\;""(’jf“‘?'SE 40 dB VTREF
R rejection z, guaranteed by design
ratio

From 10% to 90% of VyTrer,

T .
VTREF_SOFT A VTREF soft guaranteed by design lyTrer Loap | 150 450 us VTREF

_START start time = 10 mA, Cyrrer = 2 WF
VTREF
VVTREF_Ov_T | overvoltage VyTREF * .
H detection 1.07 VvTRer * 119V VTREF
threshold
VTREF
VVTREF_UV_T | undervoltage VyTRer * Vi £0.96 v VTREF
H detection 0.85 VTREF = Y.
threshold
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VTREF
overvoltage

V .
H\\(/;'REF_OV_ detection 60 120 mV VTREF

Hysteresis
voltage

VTREF
undervoltage

Vi .
VTREF_UV_ ' detection 60 110 mV VTREF

HYS .
Hysteresis

voltage

VTREF OV
TVTREF_OV_F | detection 60 100

. us VTREF

Filter time

VTREF UV
T .
VTREF_UV_F | detection 60 100 us VTREF

I- Filter time

VTREF UV
blanking
time upon
transition
from SLEEP
to NORMAL 1.3 2.0 ms VTREF
state and
during cyclic
activation in
STANDBY
state

VTREF

TEMP overtempera
VTREE. ture 180 190 200 °C VTREF
OT_TH detection

threshold

VTREF

TEMP overtempera
VTREE_ ture 5 6 7 °C VTREF
OT_HYS detection

hysteresis

VTREF

overtempera
TVTREF_OT_F | tyre 2

IL detection

TVTREF_UV_B
LK

72 us VTREF

Filter time

External 2

CvTREF output Application info -30% . +30% uF VTREF
capacitance 2*1)
Output

ESR C capacitor
o VTRE | ESR (for Application info 15 mQ VTREF

each
capacitor)

4.3.10 3.3 VI5V standby LDO4 (VSTBY)
This LDO:
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. Is fed by the boost pre-regulator (VBST) if active, otherwise by the reverse protected battery line (VBP)
. Feeds the external real time clock

. Can be used to feed the digital output buffer supply (VIO)

. Is disabled by default (according to VSTBY_EN bit) and enabled via SPI during NORMAL MODE

. Is configured via SPI using the VSTBY_SEL bit:

- ifVSTBY_SEL = 0 (default), Vystey = 3.3V
-~ ifVSTBY_SEL =1, Vystgy =5V

This regulator is switched OFF in SLEEP MODE and POWER DOWN MODE. The first power up (refer to

Section 4.1.6.1) is performed with VSTBY disabled (VSTBY_EN = 0). In NORMAL MODE, if an external RTC is
connected to the VSTBY pin, MCU can first configure VSTBY_SEL and then enable the regulator by setting
VSTBY_EN = 1. The NVM upload of the configuration of the LDO4 can be performed at the end of the first full
configuration of the device by the MCU. After the NVM upload with VSTBY_EN =1 and VSTBY_SEL properly
configurated, all the future power-ups are performed with automatic VSTBY enabling, with configured setpoint 3.3
V or 5V (refer to Section 4.1.6.5). It is also protected against temperature overheating by means of
overtemperature detection circuit.
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4.3.10.1 Diagnostics

This LDO is equipped with UV/OV/OT detection, available both in NORMAL and STANDBY state and listed in the
following table.

Table 28. VSTBY diagnostics

Fault type Assertion condition I reactl.on to Release condition e Maskable
assertion flag clear

vé?l'BY UV . Blanked during
— power-up
flag is set sequence, until
: If in . If the V voltage NORMAL state
. \I/fotlrtj;3 \;VfZEYbelow tShTAlgDBY, fises agj\,T:Y g Sieeraate
VVSTgBY uv_TH foran toeNOFEnl\;)XES VvsTBY LV_TH * : FSOft, SLEEP state
VSTBY . i VVSTBY UV HYS for an FSO2
Undervoltage interval longer than and FS-O1' interval longer than lines are When _
TvsTBY_UV_FIL, the FSO02 lines T reloased VSTBY_EN=0,
VSTBY UV faultis are asserted vsTBY_UV_FIL, the the VSTBY
acknowledged. . If in VSTBY_UV flag can diagnostic is
NORMAL, be cleared by MCU masked, the
FSO1, FSO2 VSTBY_UV flag
lines are can always be
asserted cleared
. The VSTBY_
QV flag is set
. Ifin
. If the ViysTay STANDBY, * If the Vysrgy voltage < When
voltage rises above the IC moves falls below VSTBY_EN=0,
VSTBY VvsTay_ov_tH for an to NORMAL VvsTBY_OV_TH* : FSO1, the VSTBY
interval_lonéer than and FS_O1, YVSTBy_OV_HYS for an I_=SOZ diagnostic is
Overvoltage TysTay ov AL, the FSO2 lines interval longer than lines are masked, the
VSTBY OV fault is arg asserted TysTBY OV FIL, the released VSTBY_OV flag
knowledaed . If in VSTBY_ OV flag can can always be
acxnowlecge NORMAL, be cleared by MCU cleared
FSO1, FSO2
lines are
asserted
. The
VSTBY_OT
flag is set
. If in . If TEMPysTBY falls
STANDBY, below
. If TEMPysTRY rises the IC moves TEMPysTBY OT TH - : Y/Vg_?gY EN=O
above to NORMAL TEMPVSTBY_OT_HYS . FSO1 the VST_BY e
VSTBY TEMP\/STBY_OT_TH and FSO1, for an interval longer FSO2 diagnostic is
Overtemperature for an interval longer FSO2 lines than TvsTey_ot_FiL. lines are masked, the
than TysTBY OT FILs are asserted the VSTBY_OT flag released VSTBY_OT flag
the VSTBY_OT fault | ° If in can be cleared by can always be
is acknowledged NORMAL, MCU dleared
FSO1,FSO2 . vSTBY is switched
lines are ON
asserted
B VSTBY is

switched OFF
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4.3.10.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2, 6 V < VygsT <40 V; T, according to the operating range in Table 5.

Table 29. VSTBY electrical parameters

Symbol Parameter LS
conditions

Regulated

VvsTeYO voltage 3.201 i 3.399 VSTBY
VysTayi 5(3%“9'?9‘1 485 5 5.15 v VSTBY
Output load
lvsTBY_LOAD CUrant 0.0005 10 mA VSTBY
Output
NORMAL
lvsTBY LIM current VOS _ b y 85 185 mA VSTBY
limitation VSTBY
. Load current
VSTBY static step:
VvSTBY_LOAD Ir'é) gaj ation lysTBY_LOAD 100 mV VSTBY
voltage =10pA — 10
.01mA
Batt
VSTBY static V;taegne/ top:
Vvstay_LINE  line regulation |-~ 7" " " 100 mV VSTBY
voltage VBST
— 20V
Load current
step:
I
VysTay Loan | Vo1BY e
- transient load | = 10u4A—>10 | 5 5 % VSTBY
_TRAN regulation -01mA
and back
a _ .4
dt us
Battery
voltage step:
VSTBY Vv =6V
\ VBST
VSTBY_LINE_ ' transient line | — 201 -5 5 % VSTBY
TRAN regulation and back
v _ V.
VVBST_NOISE
=100 mV,
VSTBY power 00m o
VysTBY PSRR | supply NOISE = 40 dB VSTBY
rejection ratio | KHz,
Guaranteed
by design
From 10% to
90% of
VvsTBY.
Guaranteed
T )
VSTBY_SOFT_ VSTB_Y soft by design 150 430 us VSTBY
START start time |
VSTBY_LOAD
=10 mA,
CvsteY=4.7
uF
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Test .

VvsTBYO UV T
H

VvsTBY1_UV_T
H

TvsTBY_UV_FI
L

VvsTBYO_
UV_HYS

VvsTBY1
_UV_HYS

TvsTBY_UV_BL
K

VvsTBYO OV T
H

VvsTBY1 OV T
H

TvsTBY_OV_FI
L

VvsTBYO_OV_
HYS

VvsTBY1_OV_
HYS

TEMPysTRY
OT TH

VSTBYO
undervoltage
detection
threshold

VSTBY1
undervoltage
detection
threshold

VSTBY UV
detection filter
time in
NORMAL
state

VSTBYO
undervoltage
detection

Rail 3.3 V

Rail 5V

Rail 3.3V

Hysteresis
voltage

VSTBY1
undervoltage

detection Rail 5V

Hysteresis
voltage

VSTBY UV
blanking time
upon
transition
from SLEEP
to NORMAL
state

VSTBYO
overvoltage
detection
threshold

VSTBY1
overvoltage
detection
threshold

VSTBY OV
detection filter
time

VSTBYO
overvoltage
detection

Rail 3.3V

Rail 5V

Rail 3.3 V

Hysteresis
voltage

VSTBY1
overvoltage

detection Rail 5V

Hysteresis
voltage

VSTBY
overtemperat
ure detection
threshold

VvsTBYO"
0.75

VvsTeY1”
0.70

15

40

50

1300

VvsTBY0®
1.05

VvsTeY1”
1.05

15

20

50

180 190

VvsTaY0”
0.90

Vvstey1”
0.87

25

80

120

2000

VvsTBYO”
1.17

VvsteY1”
117

25

60

100

200

\Y

us

mV

mV

us

us

mV

mV

°C

VSTBY

VSTBY

VSTBY

VSTBY

VSTBY

VSTBY

VSTBY

VSTBY

VSTBY

VSTBY

VSTBY

VSTBY
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4.3.11

4.3.11.1

Fault type Assertion condition e reactl_on to
assertion

VANA
undervoltage
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Test .

VSTBY
overtemperat
TEMPvsTBY_  re detection

OT_HYS .
- Hysteresis

voltage

VSTBY
Overtemperat

TvsTBY_OT_FI €
ure detection

L
Filter time

External
output
capacitor

CvstBY

Output
capacitor
ESR

ESR_CvstaY

Application

1009
info 10%

Application
info

Internal analog LDO (VANA)

This internal LDO:

. Is fed by the Main Supply (VBP)
. Is used for supplying internal circuitry in STANDBY state (cyclically activated) and in NORMAL state

Diagnostics

72

4.7 +10%

°C

us

uF

mQ

VSTBY

VSTBY

VSTBY

VSTBY

This LDO is equipped with UV/OV/OT detection, available both in NORMAL and STANDBY state and listed in the

following table.

. If the Vyana voltage
falls below
Vvana_uv_TH for an
interval longer than
Tvana_uv_FiL, the
VANA_UV fault is
acknowledged.

Table 30. VANA diagnostics

. The VANA_UV
flag is set
Ifin STANDBY, °
the IC moves to
NORMAL and
FSO1, FSO2
lines are
asserted

. Ifin NORMAL,
FSO1, FSO2
lines are
asserted

If the Vyana Voltage
rises above
VVANA_UV_TH *+
Vvana_uv_Hys for an
interval longer than
Tvana_uv_FIL, the
VANA_UV flag can be
cleared by MCU

FSO1,
FSO2
lines are
released

Release condition 19 [ERTELE L Maskable
flag clear

Blanked
during
power-up
sequence,
until
NORMAL
state is
reached
from
SLEEP
state

. Blanked
during its
power-up
when
cyclically
activated in
STANDBY
state
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Fault type Assertion condition e reactl_on L Release condition e aetienite Maskable
assertion flag clear

The VANA_ OV
flag is set
. If the Vyana voltage | ° Ifin STANDBY,  * Ifthe Vyana voltage
rises above the IC moves to falls below
v for an NORMAL and VVANA_OV_TH - . FSO1,
VANA [ VANA_OV_TH FSO1, FSO2 VVANA OV Hys for an FSO2
interval longer than . . — = . . None
overvoltage lines are interval longer than lines are
Tvana_ov_FiL. th(_:“ asserted TVANA OV FIL, the released
VANA_OVfaultis .t jn NORMAL, VANA_ OV flag can be
acknowledged FSO1, FSO2 cleared by MCU
lines are
asserted
. The VANA_OT
flag is set
) o in STANDBY, If TEMPyana falls bel
. : the IC movesto  ° VANA Talls below
, VANA_OT_Hys for  » FSO1,
VANA TEMPVANA—OT—TH for lines are an interval longer than FSO2
overtemperature an interval longer asserted TvANA OT FIL, the lines are None
than TVANA_OT_FlLv R If in NORMAL, VANA_OffIag can be released
the VANA_OT fault is FSO1, FSO2 Clearea by MCU
acknowledged lines are - VANAis switched ON
asserted
. VANA is

switched OFF
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4.3.11.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: VBP according
to the operating range inTable 2; T according to the operating range in Table 5.

Table 31. VANA electrical parameters

T T A

NORMAL, All operating lines

-39 0,
VvANA Regulated voltage and loads 3% 3.45 +3% VANA
IVANA_INT_LOAD VANA internal load current 0.01 10 mA | VANA
vaNA_LIM VANA output current limitation NORMAL, Vyana =0V 25 48 mA | VANA
Vvep_Noise = 100 mVpp, fnoise
VVANA_PSRR VANA power supply rejection ratio =400 KHz, Guaranteed by 40 dB | VANA
design
From 10% to 90% of Vyana.
TVANA_SOFT START | VANA soft start time Guaranteed by design _ 195 390 ps  VANA
- = Ivana_Loap = 10 mA, Cyana =
2.2 yF
VVANA_OV_TH VANA overvoltage detection threshold 36 375 3.9 \% VANA
VVANA_UV_TH VANA undervoltage detection threshold 26 275 29 \Y VANA

VANA overvoltage detection
VVANA_OV_HYS ) 33 52 mV | VANA
Hysteresis voltage

VANA undervoltage detection

VVANA_UV_HYS ) 50 90 mV | VANA
Hysteresis voltage
VANA OV detection

TvANA_OV_FIL o 15 25 pus | VANA
Filter time
VANA UV detection

TvaANA_UV_FIL o 15 25 us | VANA
Filter time

VANA UV blanking time upon transition from SLEEP

TVANA_UV_BLK to NORMAL state and during cyclic activation in 1300 2000 'us | VANA
STANDBY state
TEMPyana oT TH | VANA overtemperature detection threshold 182 190 198 | °C  VANA

VANA overtemperature detection
TEMPyaNA_OT_HYS ) 9 10 1 °C | VANA
Hysteresis voltage

VANA overtemperature detection

TvaNA_OT_FIL o 2 72 us | VANA
Filter time
CvANA External output capacitor Application info -30% 2.2 | +30% pF | VANA
ESR_Cyana Output capacitor ESR Application info 6 mQ | VANA
4.3.12 Digital output buffer supply (VIO)

This supply line:
. Is fed by the external supply line: LDO1 (VCC) or LDO4 (VSTBY) or Buck2 (VCORE)
. Is used for supplying all digital output buffers.

To ensure a correct behavior of the internal circuitry, if the VIO is connected to the VCOREFB pin, Vycorers must
be equal to 3.3 V or 5 V (refer to Section 4.3.5).

4.3.13 Internal power on reset (INT_POR)

The internal supply voltage line for internal circuitries is monitored by means of a dedicated UV diagnostic to
detect abnormal low-level events either caused by VBP drop or internal faults.
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If UV detection INT_POR event occurs for an interval longer than Tpor_asr_riL_peT. the flag INT_POR is set and
the L9988 is sent to POWER OFF state.

4.3.13.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 32. Internal power on reset electrical parameters

vt i o

VINT_POR_TH INT_POR threshold voltage

VINT_POR_HY INT_POR threshold voltage hysteresis 50 90 mV | VBP

TPOR_ASF_FIL_REL INT_POR release filter time 2 4 7 us VBP

TPOR_ASF_FIL_DET INT_POR detection filter time 2 8 18 us VBP
4.3.14 Analog Built-In-Selt-Test (ABIST)

An analog built-in-self-test (ABIST) procedure is implemented to check safety relevant circuitries of the analog
monitors on the L9988.

The ABIST activation procedure can be requested by setting via SPI, the write-only field ABIST_START in the
VCR_FAULT_INJ_ABIST register.

After a Tapg|sT interval, the ABIST procedure stops and the clear-on-read SPI field ABIST_END is set in the
VCR_FAULT_INJ_ABIST register.

Table 33. ABIST electrical parameters

T CTA T AT

TaBIST ABIST procedure duration All output buffers in steady ON state

The results of the ABIST procedure are then written into the clear-on-read SPI field ABIST_FAIL in the
VCR_FAULT_INJ_ABIST register:

. If ABIST_END = 1 and ABIST_FAIL = 0, the ABIST procedure ended, and NO stuck fault is detected on
analog monitors under test.
. If ABIST_END = 1 and ABIST_FAIL = 1, the ABIST procedure ended, and a stuck fault is detected on one

or more analog monitors under test.

During the ABIST procedure, the functionality of the involved monitoring unit is suspended for the entire duration
of the procedure (Tag|sT). As a consequence, any fault event occurring when the ABIST is running is ignored.

Analog BIST is performed on the following comparators.

Table 34. List of comparators covered by ABIST

VBP undervoltage VBP_UV

VBP overvoltage VBP_OV
VANA undervoltage VANA_UV
VANA overvoltage VANA_OV
VCC undervoltage VCC_UVv

VCC overvoltage VCC_OV

VCC CAN undervoltage VCC-CAN_UV
VCC CAN overvoltage VCC_CAN_OV
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VTREF undervoltage VTREF_UV
VTREF overvoltage VTREF_OV
VSTBY undervoltage VSTBY_UV
VSTBY overvoltage VSTBY_OV
VPRE undervoltage VPRE_UV
VPRE overvoltage VPRE_OV
VBST undervoltage VBST_UV
VBST overvoltage VBST_OV
VCORE undervoltage VCORE_UV
VCORE Deep undervoltage VCORE_DEEP UV
VCORE overvoltage VCORE_OV
VCP undervoltage VCP_UV
VCP overvoltage VCP_QOV
Ground loss GND_LOSS
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4.4 Voltage Conversion Routine (VCR)

While in NORMAL or in STANDBY state, the L9988 monitors the cells and battery pack voltage, the four analog
inputs connected to the external NTCs and the two GPIOs with four independent 15-bit ADCs (one ADC per each
cell).

The ADCs have been designed to guarantee an accurate measurement in the [-40°C; +105°C] junction
temperature range, with a maximum error of +2 mV in the [1.8 V+4.5 V] voltage range.

During the Voltage Conversion Routine (VCR), the IC also ensures the safe detection of dangerous events such
as OV/UV/OT/UT.

When in NORMAL state, the task execution is triggered by setting the Start of Conversion (SOC) command on-
demand by SPI or periodically and automatically by an internal timer.

A single acquisition starts Tapcv_sTaRrT after the receipt of the Start of Conversion (SOC) trigger command. It
lasts Tapcv_FILTER. Which is programmable using the ADCV_FIL 3-bit field. Moreover, a third time Tapcy _cALiS
necessary to post-elaborate the conversion data.

The conversion time is Tapcv_conv = Tapcv_sTART * Tapcv_FILTER * TApcv_cAL

With reference to Figure 17, using the four ADCs in parallel, the total conversion time for cell voltage monitor (Cx),
battery stack voltage measurement (VBS, VPP), cell temperature monitor (AINx - NTCx) and the GPIO

conversion/monitor (GPIOx) is Tapcv_conv_toT = 3*(Tabcv_sTART * Tabcv_FILTER) + TADcv_cAL

With reference to Figure 18, the time required to perform the internal and open diagnostics, assuming
Tapcv_oPEN_DIAG = TADCV_FILTER: iS Tpiac= 2*(Tabcv_sTART + Tabcv_FILTER)* 3"(TaDcv_START*
Tapcv_open_piaG) *+ Tabcv_caL = 5" (Tapcv_sTarT * Tabcv_FILTER)* Tabcv_caL

Then, a voltage conversion routine lasts a time equal to Tapcv_on = Tabcv_conv_ToT + Tpiag = 8*(Tabcv_START
+ Tapcv_FILTER) + 2" Tapcv_cAL

Both SOC commands are detailed below:
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1. Start of Conversion (SOC) command by SPI
- The MCU can send a SOC command, by writing the write-only field SPI_SOC in the CONV_SOC
register, according to the Tcs_conv (defined in Section 4.7.1) and the Tapcv_on time. Note that the

voltage conversion routine is synchronized with the current conversion routine: the start of conversion of
cells 1,2,3,4 is generated synchronously (in parallel) to the current sense ADC sampling trigger.

- A new SOC command cannot interrupt or restart an ongoing conversion, and the command is discarded.

- After the end of voltage and current routines, the MCU can read the SPI registers with diagnostic results
and conversions.

- Diagnostics are executed only after the SOC command.

Figure 17. Timing diagram of voltage conversion step (VOLT STEP) in VCR

VOLT TADCV_STAR’T lapcy FiLTER TADCV_STARY Tapev_ruter TADCV_START T»?'l‘f"ff:

ADC_VOLTAGE 1 CELLT ves D
ADC_VOLTAGE 2 CELL2 VPP ans XK
ADC_VOLTAGE 3 CELLS GPIOD ana > ide
X
T

ADC_VOLTAGE 4 CELL4 GPIO1 AIN5
ADC_VOLTAGE 1+ ——

DIGITAL CORRECTION e e e N Ve D T

AIN2 idle

idle

idle

SoC TADCV_COIN_TD T

Figure 18. Timing diagram of the internal and open diagnostics steps (DIAG STEP) in VCR

DIAG (Open/internal)

4
1 2" (Tapev_start + Tancy_FiLTer) 3 * (Tapcv_sterT +TADCY_OPEN_DIAG)
| Tapcv caL

ADC_VOLTAGE 1EX OFFSET X WREF1 & OPEN DIAG GELL1 X idie < opEN DIAG ANz > idle

ADC VOLTAGE 2:)( oFFser_ ¢ vRer1 < OPEN DIAG CELL2 X idle > oren DiaG ANz Kidie
- I

ADC_VOLTAGE 3:)( OFFSET ¢ VREF1__ ¢ OPEN DIAG CELL3 > OPEN DIAG GPIOD_ > OPEN DIAG AN »<idie
I

ADC_VOLTAGE 4 >( oFfser > VREF1 > OPEN DIAG CELL4 > OPEN DIAG GPIO1 > OPEN DIAG AIN5___ »<die

TDIAG

2. Start of Conversion (SOC) command by internal timer

- The MCU can configure an internal timer (using the HF main oscillator) to send a periodic SOC
command every TcycLE_ NORMAL, Which is programmable using the 3-bit CYCLE_NORMAL field.

- To synchronize internal routines with readout, the IC generates an interrupt at end of routines to let the
MCU SPI readout.

- Diagnostics are executed automatically each TcycLe_normAL (flag set during single step),

- If the SOC internal timer is disabled during TcycLE_NORMAL. the routine is not interrupted until its end.
After that, a new SOC by SPI is accepted.

An example of timing diagram of SOC command by internal timer is shown in Section 4.7.1

Table 35. TCYCLE NORMAL Setting

e ] B e e

CYCLE_NORMAL = 000 ﬁj‘r’;ﬁ'::ws'y
T Internal timer for SOC cycled CYCLE_NORMAL =001 9.4 10 10.8 ms |-
CYOHENORUAL  activation (3-6i1) CYCLE_NORMAL =010 18.9 20 21.6
| = . . ms | -
CYCLE_NORMAL =011 37.9 40 431 ms -
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T N T

CYCLE_NORMAL =100 75.8 80 86.1  ms
TCYCLE NORMAL Internal timer for SOC Cyc|ed CYCLE_NORMAL =101 151.6 160 1722 ms -
B activation (3-bit) CYCLE_NORMAL = 110 303.3 320 3443 ms -
CYCLE_NORMAL = 111 606.6 640 6885 ms -

MCU can switch from one to the other mode by the SPI configuration bit SOC_SEL. If SOC_SEL = 0 (default), the
VCR is triggered by the SPI command. If SOC_SEL = 1, the VCR is cyclically executed every TcycLE_NORMAL
seconds.

SOC_SEL is automatically reset to 0 in STANDBY MODE to disable TcycLe NorRMAL trigger and let the new
TcycLe_sTanpBy (defined below) periodicity. In this way, as soon as the device exit from STANDBY MODE going
to NORMAL MODE, the VCR routine is waiting for the new SOC by SPI or enables the internal timer again by
setting SOC_SEL =1

If the periodic SOC is selected, a SOC by SPI is no longer accepted and the internal mechanism starts at the end
of the current routine if running. If the periodic SOC is disabled, a SOC by SPI is accepted after the end of the last
running routine, otherwise ignored.

No shadow register memory is implemented, register map values are updated as soon as the conversions are
ready. Therefore, the MCU can synchronize readout considering routines duration after a SOC by SPI or
configuring interrupt generation for SOC by internal timer.

In summary, with a SOC by SPI, the conversion trigger and individual steps can be enabled/disabled
programming via SPI, the corresponding bits:

. VOLT_STEP = 1 enables the cell voltage monitor (Cx), the battery stack voltage measurement (VBS,
VPP), the cell temperature monitor (AINx - NTCx), and the GPIO conversion/monitor (GPIOx).

. DIAG_STEP = 1 enables the VREF1, VREF2 internal voltage reference diagnostics (VREF1 or VREF2
depending on the ADC_SWAP bit setting, refer to Section 4.4.9), OFFSET diagnostic and the open
diagnostics on the figure above.

The status of the routine is reported by the VCR_BUSY flag: when set, the routine is ongoing. In case a single
routine step does not end within Tycr_TimeouT, the VCR_FAIL latch is set (cleared upon read).

On the other hand, with SOC by internal timer, the voltage conversion routine is fixed, and all the steps are
performed every TcycLE_NORMAL-

For safety reasons, some internal ADCs blocks are redundant and compared each other (refer to Section 4.4.9).
In case of mismatch, the flag VCR_RED_CHECK_FAIL is set, and the measurements are not reliable.

When the device is in STANDBY, the voltage conversion routine is periodically executed every TcycLe_STANDBY
second (e.g. 1s, defined by the internal real time clock RTC; refer to Section 4.13.1) according to VOLT_STEP
and DIAG_STERP bits.

In this period, the time required for all conversions and diagnostics is Tapcv_cycLic_oN = Twake * Tapcv_oN =
Twake* Tapcv_conv_1oT * Toiac= Twake * 8" (Tabcv_sTART * Tapcv_FILTER)*2*Tapcv_cAL

In Figure 19, the timing diagram shows the cyclic wakeup of the voltage ADCs (in STANDBY MODE) to perform
all the conversions and the UV/OV/UT/OT diagnostics in Twake+ Tapcv_conv_ToT = Twake+ 3*(Tabcv_START *

Tapcv_FiLTER)TTADCV_cAL Seconds.

DS15145 - Rev 1 page 63/184



‘_ L9988
,l Functional description

Figure 19. Timing Diagram of cycling conversion and UV/OV/UT/OT diagnostics in STANDBY
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Time required for all UV/OV/UT/OT diagnostics is
TW‘KE + Si(TADCVLSYARY*‘ TADCVfFILi'ER) % TADC\LCAL

With reference to Figure 17 and Figure 18,note that:

. If all VCELL<x>_EN (defined in Section 4.4.1) are configured to 0 and a VCR is triggered, the
measurement of differential voltages at Cx pins (CELLx in the figure) is skipped during the VOLT_STEP (if
enabled). In this case, the cell open load diagnostics (OPEN DIAG CELLx in the figure) during DIAG_STEP
(if enabled) are also skipped.

. If VBS_EN =0, VPP_EN = 0 (defined in Section 4.4.2), GPIO0 and GPIO1 are configured as digital input/
output (refer to Section 4.9), and a VCR is triggered, the measurement step related to VBS, VPP, GPIO0
and GPIO1 is skipped during VOLT_STEP (if enabled). In this case, the related OPEN DIAG diagnostics
during DIAG_STERP (if enabled) are also skipped.

. If all NTC<x>_EN (defined in Section 4.4.4, related to AIN2, ..., AIN5) are configured to 0 and a VCR is
triggered, the NTCs voltage conversion is skipped during VOLT_STEP (if enabled). In this case, the AIN
open load diagnostics (OPEN DIAG AINx in the figure) during DIAG_STEP (if enabled) are also skipped.

. The OFFSET and VREF1&VREF2 steps (refer to Section 4.4.8: ADC Built-In-Self-Test (ADCV BIST)) are
always executed during DIAG_STEP (if enabled) when the VCR is triggered.

441 Cell voltage monitor (Cx)

During cell voltage monitoring step (VOLT_STEP = 1), the voltage conversion routine measures differential
voltages at Cx pins and stores results in VCELL<x>_MEAS registers, along with the corresponding
DATA_READY<x> bit. Such latch is set upon the generation of a new measurement result, and it is cleared upon
read. A cell is converted only if its corresponding VCELL<x>_EN bit is set to 1. By default, all cells are disabled.

The IC also performs the digital sum of cells allowing the plausibility check vs. VBS (Section 4.4.2.1). Such digital
sum of cells is stored in the VCELL_SUM_MEAS register.

4.4.1.1 Diagnostics

The IC features a comprehensive set of diagnostics based on cell voltage acquisition triggered by the VCR. Each
diagnostic has been designed to address specific application cases and shall always be validated in conjunction
with other safety mechanisms covering failures in the external analog front-end or internal conversion path.

Diagnostics with configurable threshold have a proper resolution defined in the electrical parameters in
Section 4.4.1.2.

For example, considering the cell undervoltage UV diagnostic, to set the VeeLL_uv _tH threshold equal to 2V,
VceLL_uv_TH = 64 * Vapcv Res * (9-bit CELL_UV_TH register CODE converted in decimal value), in which
Vapcv_Res = 6/21°V
9-bit CELL_UV_TH register CODE = OxAB = 171
Therefore, VgL uv TH=64*6/215*171=2V

To calculate the differential voltages measured at the Cx pins in the voltage conversion routine, for example
VCELL1_CONYV, follow the calculation below.

VceLL1_conv = Vapcv Res * (15-bit VCELL1_MEAS register CODE converted in decimal value), in which

Vapcv Res = 6/215V

DS15145 - Rev 1 page 64/184



Lys

L9988

Functional description

15-bit VCELL1_MEAS register CODE = 0x44AB = 17579

Therefore, VCELL1_CONV =6/215* 17579 =3.21881V
This diagnostic covers the failures listed in the following table.

Table 36. Cell voltage monitor diagnostics

Fault type Assertion condition

Cell undervoltage

Cell deep
undervoltage

If the Voy — .
Vcx-1 Voltage

falls below
VCELL_ UV _THs  °
the

CELL<x>_UV
fault is
acknowledged.

If the Vcy —

Vcx-1 Voltage

falls below
VCELL_DEEP_UV | °
_TH» the
CELL<x>_DEE
P_UV faultis
acknowledged.

IC reaction to
assertion

The
CELL<x>_UV
flag is set
Balancing is
turned OFF on
the affected cell
If in STANDBY,
the IC moves to
NORMAL and
the FAULT pin
is asserted

If in NORMAL,
the FAULT pin
is asserted

The
CELL<x>_DEE
P_UV flag is
set Balancing is
turned OFF on
the affected cell
If in STANDBY,
the IC moves to
NORMAL and
the FAULT pin
is asserted

If in NORMAL,
the FAULT pin
is asserted

Release condition ie reac:ll::rto flag Maskable

. If the Vcy —
Vcx-1 Voltage
rises above
VCELL_UV _TH»
the
CELL<x>_UV
flag can be
cleared by
MCU

If the Vcy —
Vcx-1 Voltage
rises above
VCELL_DEEP_UV
_TH» the
CELL<x>_DEE
P_UV flag can
be cleared by
MCU

. When
VCELL<x>_EN
=0, the
CELL<x>
voltage monitor
diagnostic is
masked, the
CELL<x>_UV
flag can always
be cleared
. CELL_UV_BAL
_MSK=1
N masks reaction
Balancing is on balancing
resumed on the FETs

affected cell
(unless MCU \S/EE‘II_ L_UV_M

has disabled it) )
FAULT pin is If in STANDBY,
masks the IC
released o
transition to
NORMAL and
the reaction on
the FAULT line
. If in NORMAL,
masks the
reaction on the
FAULT line
. VCELL_FAULT
_MSK=1
masks reaction
on the FAULT
line

. When
VCELL<x>_EN
=0, the
CELL<x>
voltage monitor
diagnostic is
masked, the
CELL<x>_DEE
P_UV flag can
always be
cleared
CELL_DEEP_
UV_BAL_MSK
=1 masks
reaction on
balancing FETs
. VCELL_FAULT
_MSK=1
masks reaction
on the FAULT
line

Balancing is
resumed on the
affected cell
(unless MCU

has disabled it) | »
FAULT pin is
released
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Fault type Assertion condition

Cell overvoltage

Cell balancing
undervoltage

Sum undervoltage
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If the Vox —
Vcx.1 Voltage
rises above
VCELL_ov _TH,
the
CELL<x>_OV
fault is
acknowledged.

If the Voy —
Vcx-1 Voltage
falls below
VCELL_BAL_UV
_TH» the
CELL<x>_BAL
UV faultis
acknowledged.

If the sum of
cell voltage
falls below
Vsum_uv _THs
the SUM_UV
fault is
acknowledged.

IC reaction to
assertion

The
CELL<x>_ OV ' °
flag is set

If in STANDBY,
the IC moves to
NORMAL and
the FAULT pin
is asserted

If in NORMAL,
the FAULT pin
is asserted

The
CELL<x>_BAL
_UV flag is set
Balancing is
frozen on the
affected cell

If in STANDBY,
the IC moves to
NORMAL and
the FAULT pin
is asserted
Ifin NORMAL,
the FAULT pin
is asserted

The SUM_UV
flag is set
Balancing is
frozen on all
cells

If in STANDBY,
the IC moves to
NORMAL and
the FAULT pin
is asserted
Ifin NORMAL,
the FAULT pin
is asserted

If the Vox —
Vcx.1 voltage
falls below
VGELL_OV _TH
the
CELL<x>_OV
flag can be
cleared by
MCU

If the Vcy —
Vcx-1 voltage
rises above
VCELL_BAL_UV
_TH, the
CELL<x>_BAL
_UV flag can
be cleared by
MCU

If the sum of
cell voltage
rises above
VsSuM_uv _THs
the SUM_UV
flag can be
cleared by
MCU

Release condition i reac:ll::rto flag Maskable

. When
VCELL<x>_EN
=0, the
CELL<x>
voltage monitor
diagnostic is
masked, the
CELL<x>_OV
flag can always
be cleared

. VCELL_FAULT
_MSK=1
masks reaction
on the FAULT
line

FAULT pin is
released

. When
VCELL<x>_EN
=0, the
CELL<x>
voltage monitor
diagnostic is
masked, the
CELL<x>_ BAL
_UV flag can
always be
cleared
BAL_UV_BAL_
MSK=1 masks
reaction on
balancing FETs

. VCELL_FAULT
_MSK=1
masks reaction
on the FAULT
line

Balancing is
resumed on the
affected cell
(unless MCU
has disabled it)
FAULT pin is
released

. When all
VCELL<1,2,34
> EN=0, the
CELL<x>
voltage monitor
diagnostic is
masked, the
SUM_UV flag
can always be
cleared
SUM_UV_BAL
_MASK=1
masks reaction
on balancing
FETs

. VCELL_FAULT
_MSK=1
masks reaction
on the FAULT
line

Balancing is
resumed on all
cells (unless
MCU has
disabled it)
FAULT pin is
released
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Fault type Assertion condition

IC reaction to
assertion

. The SUM_OV
flag is set

) Ifthe sum of . If in STANDBY,
cel voltage the IC moves to
Sum overvoltage (l/ses above NORMAL and
9 thsugﬂ?\x ET)C the FAULT pin
faEIt s is asserted
. If in NORMAL,
acknowledged. the FAULT pin
is asserted
4.4.1.2 Electrical parameters

Release condition i reac:ll::rto flag Maskable

. When all
VCELL<1,2,3,4
>_EN=0, the
CELL<x>
If the sum of voltage monitor
cell voltage dia ici
gnostic is
falls below masked, the
Vsum ov TH, | * FAULT pin is SUM OV flag
the SUM_OV released can always be
flag can be cleared
K;I%aded by . VCELL_FAULT
_MSK=1

masks reaction
on the FAULT
line

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

NBIT_ADCV

VaDCV_DIFF_Fs

VADCV_DIFF_oP

Vabcv_RES

VCELL_SUM_RES

ICELL_LEAK_ 105

ICELL_LEAK 125

RCELL_DIFF_IN

TADCV_START

TaDcv_CAL

TADCV_FILTER_000
TADCV_FILTER 001
TADCV_FILTER 010
TADCV_FILTER_011

TADCV_FILTER_1 00
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Table 37. Cell voltage monitor electrical parameters

Cx

ADC bit number

ADC full scale differential input voltage

ADC operating differential input voltage
ADC resolution (LSB)

Cell sum voltage measurement resolution,
VcELL_SUM_RES = VADCV_RES

Cx pins leakage current (low)

Cx pins leakage current (high)

Cell differential input impedance between adjacent Cx

pins

ADC settling time

ADC post-calibration time, applied after every
conversion

Voltage ADC filter time

VBS,
Design info 15 bit VPP,
AINX,
GPIOx
Design info 0 6 \ Cx
Design info 0.1 5 Vv Cx
Design info. LSB 15
calculated on DIFF_FS 612 Voo &
Design info 6/215 \% Cx
-40°C < Ty<+105°C 200 nA Cx
+105°C < Ty < +125°C 300 nA Cx
VCELL =5V 10 MQ Cx
Cx,
VBS,
Guaranteed by SCAN 60 us VPP,
AINX,
GPIOx
Cx,
VBS,
Guaranteed by SCAN 24 70 us VPP,
AINX,
GPIOx
ADCV_FIL =000 136 us
ADCV_FIL =001 264 us Cx,
VBS,
ADCV_FIL =010 1.04 ms VPP,
_ AINX,
ADCV_FIL =011 2.08 ms GPIOx
ADCV_FIL =100 4.16 ms



Lys

L9988

Functional description

T O T

TADCV_FILTER_101
TADCV_FILTER_110

TADCV_FILTER_111
Twake
Tvcr_TIMEOUT

VADCV_TOTAL_ERRO_105

VADCV_TOTAL_ERR1_105

VaADCV_TOTAL_ERR2_105

VADCV_TOTAL_ERR3_105

VADCV_TOTAL_ERRO_125

VADCV_TOTAL_ERR1_125

VADCV_TOTAL_ERR2_125

VADCV_TOTAL_ERR3_125

VADCV_TOTAL_ERRO_150

VADCV_TOTAL_ERR1_150

VADCV_TOTAL_ERR2_150

VADCV_TOTAL_ERR3_150

VADCV_NOISE_000
VADCV_NOISE_001
VADCV_NOISE_010
VaDcv_NOISE_011
VADCV_NOISE_100
VADCV_NOISE_101
VaDCV_NOISE_110

VADCV_NOISE_111

VCELL_uv _TH

VCELL_DEEP_UV _TH

VCELL_ oV _TH

Voltage ADC filter time

Time to wake up internal circuitry for cycling

conversions in STANDBY

Single routine step timeout

ADC total conversion error,

and ageing effects (")

ADC total conversion error,

and ageing effects (")

ADC total conversion error,

and ageing effects!")

ADC total conversion error,

and ageing effects!")

ADC total conversion error,

and ageing effects (")

ADC total conversion error,

and ageing effects (")

ADC total conversion error,

and ageing effects!")

ADC total conversion error,

and ageing effects!")

ADC total conversion error,

and ageing effects (")

ADC total conversion error,

and ageing effects (")

ADC total conversion error,

and ageing effects!")

ADC total conversion error,

and ageing effects!")

Standard deviation over a population of 100 samples

including post-soldering

including post-soldering

including post-soldering

including post-soldering

including post-soldering

including post-soldering

including post-soldering

including post-soldering

including post-soldering

including post-soldering

including post-soldering

including post-soldering

Programmable cell undervoltage threshold (9 bit),

VCELLUVTH = 64VADCVRE5

*CODE

Programmable cell deep undervoltage threshold (9

bit), VCELLpEEP_yvpy =

64V Apcy g * CODE

Programmable cell overvoltage threshold (9 bit),

VeeLLgyy,, = VeeLLyy,,

+ 64VADCVRES* CODE

ADCV_FIL =101
ADCV_FIL =110
ADCV_FIL =111

Guaranteed by SCAN

0.1V<VegL<2V,
-40°C < T ;< +105°C

2V <sVgg L <34V,
-40°C < T, < +105°C

3.4V <Vgg L <45V,
-40°C = Ty<+105°C

45V <VegL <5V,
-40°C < Ty<+105°C

01V<=VegL<2V,
+105°C < Ty<+125°C

2V <sVggL <34V,
+105°C < Ty< +125°C

34V <Veg <45V,
+105°C < Ty<+125°C

45V VgL <5V,
+105°C < T < +125°C

0.1V<VegL<2V,
+125°C < Ty < +150°C

2V <sVgg L <34V,
+125°C < T;< +150°C

3.4V <Vgg L <45V,
+125°C < Ty< +150°C

45V <VegL <5V,
+125°C < T ;< +150°C

ADCV_FIL =000
ADCV_FIL = 001
ADCV_FIL =010
ADCV_FIL =011
ADCV_FIL =100

ADCV_FIL = 101
ADCV_FIL = 110
ADCV_FIL = 111
CELL_UV_TH

CELL_DEEP_UV_TH

CELL_OV_TH

-1.5

-2

-4

-6

-9

-1

0

8.32
16.64
66.56

75

VBS
ms VPP,
AINX,
ms GPIOx
ms -
ms -
1 mV Cx
1.5 mV Cx
2 mV Cx
22 mV ok
12 mV oy
2 mV Cx
25 'mV Cx
3 mV Cx
4 mV Cx
6 mV Cx
9 mV Cx
1 mv oy
1000 “VRMS
400 MVrms
150 | MVRMS
150 | MVRrms
Cx
100 ' MVRmS
100 | MVRms
100 | MVRrms
100 ' MVRmS
6 \Y Cx
6 \ Cx
12 \Y Cx
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Programmable balance undervoltage threshold (9 bit),

VBAL_UV _TH VBALUVT = 64VADCVRES CODE AL_UV_TH 0 Cx
Programmable sum of cells undervoltage threshold (9
Vsum_uv _TH bit) VSUMUVTH = 256V apcy gy " CODE SUM_UV_TH 0 24 |V Cx

Programmable sum of cells overvoltage threshold (9

Vsum ov_TH bit), . SUM_OV_TH 0 48 |V Cx
VSUMOVTH=VSUMUVTH + 256VADCVRES CODE

1. [1]. Single shot samples are characterized by a superimposed gaussian noise, with zero-mean and VADCV_NOISE standard deviation

44.2 Battery stack voltage measurement (VBS, VPP)
The IC performs battery stack voltage sensing via a dedicated VBS input.

Results are stored in the VBS_MEAS register and can be compared by the MCU to the digital sum of cells to
perform plausibility checks. The result is stored along with the corresponding DATA_READY bit. Such latch is set
upon the generation of a new measurement result, and it is cleared upon read.

To limit the current consumption, the internal divider is normally kept disconnected from the VBS. It is connected
only during voltage conversion routine task execution.

The VBS measurement can be enabled by setting the VBS_EN bit.
During the voltage conversion routine, the voltage at the VPP pin connected to KL30 is also detected.

Results are stored in the VPP_MEAS register and can be compared by the MCU to the VBS to perform
plausibility checks. The result is stored along with the corresponding DATA_READY bit. Such latch is set upon the
generation of a new measurement result, and it is cleared upon read.

The VPP measurement can be enabled by setting the VPP_EN bit.

To calculate the voltages measured at the VBS pin in the voltage conversion routine for example, follow the
calculation below.

Vves_Mmeas = Vabcv_BATT REs * (15-bit VBS_MEAS register CODE converted in decimal value), in which

VADCV_BATT RES = 24/2'5V
15-bit VBS_MEAS register CODE = 0x4094 = 16532

Therefore, Vygs veas = 24/21% * 16532 = 12.11 V
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4.4.2.1 Diagnostics

The IC features a comprehensive set of diagnostics based on direct battery stack voltage acquisition. Each
diagnostic has been designed to address specific application cases and shall always be validated in conjunction
with other safety mechanism covering failures in the external analog front-end or internal conversion path.

Table 38. Battery stack voltage diagnostics

Fault type Assertion condition

IC reaction to

Release condition

IC reaction to flag

Maskable

assertion clear
. When
The VBS_OV FBS EN0.
If the Vygs flgg is set . If the Vygs voltage
voltage rises :L'nlgTANDBYt' voltage falls diagnostic is
above Vyps ov € I moves 1o below Vygs_ov L masked, the
NORMAL and FAULT pin is VBS OV fl
VBS overvoltage Th, the the FAULT pin T, the released _Jviiag
VBS_OV fault i< sesertod VBS_OV flag can always be
is If in NORMAL can be cleared cleared
acknowledged the FAULT pin by MCU ity
is asserted reaction on the
FAULT line
. When
VBS_EN=0,
The VBS_UV votnen.
gi)?al:c?:; . diagnostic is
If the Vygs turned OFF on  * If the Vyss Balancing is \ngk%j\,/t;:g
voltage falls all cells voltage rises resumedg can always be
below Vygs_uv If in STANDBY, above Vygs uv (unless MCU cleared
VBS undervoltage _TH: the the IC moves to _TH, the has disabled it) | VBS_UV_BAL
VBS_UV fault NORMAL an.d VBS_UV flag FAULT pin is MAST(:‘]_ -
is the FAULT pin can be cleared released masks reaction
acknowledged is asserted by MCU on balancing
Ifin NORMAL, FETs
the FAULT pin . VBS FAULT M
is asserted SK=1 masks
reaction on the
FAULT line
. When
. If the | VBS_EN=0
If the | The 7 '
VBS_MEAS - VBS_SUM_FAI vaS MERS. the VBS
VCELL_SUM_ L flag is set MEASI_ - diagr?ostic is
diterence s the 0 moves o Gference s masked, e
Plausibility check € I, moves 1o smaller than FAULT pin is VBS_SUM_FAI
greater than NORMAL and
VBS vs. Sum of cells v . VVBS_SUM_TH: released L flag can
VBS_SUM_TH: the FAULT pin the alwavys be
the is asserted VISS SUM FAI clearzzd
Utmite " nePauitpn | Lfegcante T fes AT
acknowledged o rted P cleared by SK=1 masks
9 IS asserte MCU reaction on the
FAULT line

DS15145 - Rev 1 page 70/184



Lys

L9988

Functional description

Fault type Assertion condition

VPP overvoltage

VPP undervoltage

Plausibility check
VBS vs. VPP

4.4.2.2

. If the vap
voltage rises
above VVPPﬁOV
_TH, the
VPP_QV fault
is
acknowledged

. If the VVPP
voltage falls
below VVPP_UV
_TH, the
VPP_UV fault
is
acknowledged

. If the Vypp -
Vygs is greater
than
VvBS_VPP_TH:
the
VBS_VPP_FAI
L fault is
acknowledged

Electrical parameters

IC reaction to
assertion

The VPP_OV
flag is set

If in STANDBY,
the IC moves to
NORMAL and
the FAULT pin
is asserted

If in NORMAL,
the FAULT pin
is asserted

The VPP_UV
flag is set

If in STANDBY,
the IC moves to
NORMAL and
the FAULT pin
is asserted

If in NORMAL,
the FAULT pin
is asserted

The
VBS_VPP_FAI °
L flag is set

If in STANDBY,
the IC moves to
NORMAL and
the FAULT pin
is asserted

If in NORMAL,
the FAULT is
pin asserted

If the VVPP

voltage falls

below vapiov
TH, the

VPP_OV flag
can be cleared
by MCU

If the VVPP
voltage rises
above VVPP_UV
_TH, the
VPP_UV flag
can be cleared
by MCU

If the Vypp -
Vygs is smaller
than
VVBS_VPP_TH:
the
VBS_VPP_FAI
L flag can be
cleared by
MCU

.

.

FAULT pin is
released

FAULT pin is
released

FAULT pin is
released

Release condition i reac:ll::rto flag Maskable

. When
VPP_EN=0,
the VPP
voltage
diagnostic is
masked, the
VPP_OV flag
can always be
cleared

. VPP_FAULT_M
SK=1 masks
reaction on the
FAULT line

. When
VPP_EN=0,
the VPP
voltage
diagnostic is
masked, the
VPP_UV flag
can always be
cleared

. VPP_FAULT_M
SK=1 masks
reaction on the
FAULT line

. When
VBS_EN=0
and/or
VPP_EN=0,
the VPP and
VBS voltage
diagnostic are
masked, the
VBS_VPP_FAI
L flag can
always be
cleared

. When
VPP_FAULT_M
SK=1 and/or
VBS_FAULT_M
SK=1, it masks
reaction on the
FAULT line

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies

according to the operating range in Table 2; T according to the operating range in Table 5.

Table 39. Battery stack monitor external parameters

NBIT_ADCV_BATT

Vapcv_BaTT_DIFF_op | ADC operating differential input voltage

Vabcv_BATT_DIFF_Fs | ADC full scale differential input voltage

VaDCV_BATT RES
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ADC bit number

ADC resolution (LSB)

Design info
Design info

Design info

Design info.

LSB

calculated on

DIFF_FS

20
24

24/215

bit VBS VPP

\ VBS VPP
\ VBS VPP
\ VBS VPP
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Rves_IN
Rvpp_IN

VADCV_BATT_TOTAL_E
RR_105

VADCV_BATT_TOTAL_E
RR_125

VaDCV_BATT TOTAL_E
RR_150

VvBs_uv_TH

VvBs ov _TH

VvBS_SUM _TH

VvpPp_uv _TH

Vvpp_ov _TH

VvBs VPP _TH

VADCV_BATT_NOISE_00
0

VaDCV_BATT_NOISE_00
]

VADCV_BATT_NOISE_01
0

VADCV_BATT NOISE_01
;

VADCV_BATT _NOISE_10
0

VADCV_BATT_NOISE_10
1
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VBS input impedance
VPP input impedance

ADC total conversion error, including
post-soldering and ageing effects(")

ADC total conversion error, including
post-soldering and ageing effects'")

ADC total conversion error, including
post-soldering and ageing effects(")

Programmable stack undervoltage
threshold (8 bit),

VvBsyyp, = 128VaDcy_BaTTREs
*CODE

Programmable stack overvoltage
threshold (8 bit),

VvBSoyry = VVBSyvpy

+ 128VADCV_BATTRES *CODE

Programmable threshold for the

maximum mismatch between VBS and

sum of cells (4 bit),

VVBSsympy = 32V ADCY_BATTREs

*CODE

Programmable VPP undervoltage

threshold (8 bit),

Vvp + uvyy = 128VApcyv_BATTREs
*CODE

Programmable VPP overvoltage
threshold (8 bit),
Vvp+ovpy =Vve+uvpy

+ 128VADCV_BATTRES *CODE

Programmable threshold for the

maximum mismatch between VBS and

VPP (4 bit),
VVBSVPPTH
*CODE

= 512V Apcv_BATTREs

Standard deviation over a population of

100 samples

Guaranteed by
design

Guaranteed by
design

6V < VyppVyas <
20V, -40°C < T, <
+105°C

6V < VyppVyps <
20V, +105°C < T,
<+125°C

6V < VyppVyas <
20V, +125°C =T,
< +150°C

VBS_UV_TH

VBS_OV_TH

VBS_SUM_TH

VPP_UV_TH

VPP_OV_TH

VBS_VPP_TH

ADCV_FIL =000

ADCV_FIL =001

ADCV_FIL =010

ADCV_FIL =011

ADCV_FIL =100

ADCV_FIL =101

0.9

-100

50

75

100

24

48

351.6

24

48

5.625

0.75

0.75

0.5

MQ

mV

mV

mV

mV

mVRM

mVRM

mVRM

mVRM

mVRM

mVRM

VBS

VPP

VBS VPP

VBS VPP

VBS VPP

VBS

VBS

Cx, VBS

VPP

VPP

VBB VPP

VBSVPP



‘_ L9988
’l Functional description

Vv V|
; ADCV_BATT_NOISE_11 N . ADCV_FIL = 110 0.5 21 RM
Standard deviation over a population of VBSVPP
VADCV_BATT_NOISE_11 100 samples mVRm
] - - - ADCV_FIL =111 0.5 S

1. [1]. Single shot samples are characterized by a superimposed gaussian noise, with zero-mean and VADCV_BATT_NOISE standard
deviation

443 Cell open load diagnostic

This diagnostic allows detecting open load failures on cell sensing lines (Cx) and cell balancing lines (Sx). When
triggered by the command DIAG_STEP = 1, the following diagnostic routine is executed in parallel on all cell
analog front-end pins:

. The diagnostic currents are enabled on the Cx pins and Sx pins
— IcELL_oPEN_pIAG Ppulldown current is enabled on the Cx pins ranging from 1 to 4
- IsaL_oPEN_DIAG pulldown current is enabled on the corresponding Sx pins ranging from 1 to 4
- IcELL_OPEN_DIAG_FIRsT Pullup current is enabled on the CO pin
- IBaL_OPEN_DIAG_FIRST Pullup current is enabled on the S0 pin

. The IC performs a conversion of the cell voltage at the Cx pins using the temporal window Tapcy_sTarT*
Tabcv_oPEN_DIAG (see Figure 20) and unmasks the balancing open comparator at the Sx pins. Diagnostic
information is processed as summarized in the following table.

The VBS channel features an internal resistive pulldown that discharges the VBS node to ground in case of open
failure. Such failure results in plausibility check fail of VBS vs. sum of cells (refer to Section 4.4.2).

In Figure 20, the timing diagram shows the internal and open diagnostics steps in the voltage conversion routine,
with a focus on the pulldown currentICELL_opEN_D|AG, IAIN_OPEN_DIAG (refer to Section 4.4.6), lGPIO_OPEN_DlAG
(refer to Section 4.4.7) for cell, AIN, GPIO open load diagnostic respectively and Iga._open_piagfor balancing
open load diagnostic.

Figure 20. Timing Diagram of the DIAG STEP in VCR with cell, AIN, GPIO and balancing open load
diagnostic pulldown current

DIAG (Open/internal)

2" (Tapev_start + Tapcv FILTER) 3 " (Tapcv_starT +Tapcv_oren_Diac) T
ADCV_CAL

ADC_VOLTAGE 1 OFFSET > VREF1 > OPEN DIAG CELLT > idle > OPEN DIAG ANz < idle

oFFseT > VREF1 > OPEN DIAG CELL2 X idle > oren DIAG AINa 3 dle
OFFSET > VREFT > OPEN DIAG CELLG < OPEN DIAG GPIO0 < OPEN DIAG AIN4__ »¢dle
oFfFser < VREF1__ < OPEN DIAG GELL4 > OPEN DIAG GPIOT > OPEN DIAG ANs < idle

ADC_VOLTAGE2

ADC_VOLTAGE3

ADC_VOLTAGE4

Cell Balancing Cell Balancing OFF > Cell Balancing Running

Balancing open load
diagnostic pulldown
current lgs_open_pic
Cell, AIN, GPIO open load
diagnostic pulldown current

ICELL_OF’EN_D\AG\ IAIN_OFEN_D\AGl
IGP\O_OF’EN_D\AG

TR X X X X

TD\AG
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Lys

4.4.3.1

Diagnostics

Table 40. Cell open load diagnostics

e Assertion condition IC reaction to assertion Release condition I LR e
type flag clear

Cell open

Balancing
open

PCB
open

S0 open

CO open

The Vex —
Vcx-1 Voltage
falls below
Vex_OPEN _TH
The Vg —
Vsx-1 Voltage is
above
Vsx_OPEN _TH

The Vey —
Vcx-1 Voltage is
above

Vex _OPEN _TH
The Vgy —
Vsx-1 voltage
falls below
Vsx_OPEN _TH

The Vgy —
Vcx-1 Voltage
falls below
Vex _OPEN _TH
The Vgy —
Vsx-1 voltage
falls below
Vsx OPEN _TH

The Vs

voltage rises
above

VSFIRST_OPEN
TH

The V¢o

voltage rises
above

Vco_oPEN _TH

The
CELL_OPEN_DIAG
<x> code is set to ‘01’
If in STANDBY, the IC
moves to NORMAL
and the FAULT pin is
asserted

If in NORMAL, the
FAULT pin is asserted

The
CELL_OPEN_DIAG
<x> code is set to ‘10’
If in STANDBY, the IC
moves to NORMAL
and the FAULT pin is
asserted

If in NORMAL, the
FAULT pin is asserted

The
CELL_OPEN_DIAG
<x> code is set to ‘11’
If in STANDBY, the IC
moves to NORMAL
and the FAULT pin is
asserted

If in NORMAL, the
FAULT pin is asserted

The SFIRST_OPEN
flag is set

If in STANDBY, the IC
moves to NORMAL
and the FAULT pin is
asserted

If in NORMAL, the
FAULT pin is asserted

The CO_OPEN flag is
set

If in STANDBY, the IC
moves to NORMAL
and the FAULT pin is
asserted

If in NORMAL, the
FAULT pin is asserted

The diagnostic step is
re-executed at the
next VCR trigger, and
the diagnostic ends
with no failure. Then
CELL_OPEN_DIAG
<x>=00 is
automatically reported
by the routine

The diagnostic step is
re-executed at the
next VCR trigger, and
the diagnostic ends
with no failure. Then
CELL_OPEN_DIAG
<x>=00 is
automatically reported
by the routine

The diagnostic step is
re-executed at the
next VCR trigger, and
the diagnostic ends
with no failure. Then
CELL_OPEN_DIAG
<x>=00 is
automatically reported
by the routine

The diagnostic step is
re-executed at the
next VCR trigger, and
the diagnostic ends
with no failure. Then
SFIRST_OPEN is
automatically reported
by the routine

The diagnostic step is
re-executed at the
next VCR trigger, and
the diagnostic ends
with no failure. Then
CO_OPEN is
automatically reported
by the routine

. FAULT
pin is
released

. FAULT
pin is
released

. FAULT
pin is
released

. FAULT
pin is
released

. FAULT
pin is
released

Maskable

When
VCELL<x>_EN=0,
the CELL<x> open
load diagnostic is
masked, the
CELL_OPEN_DIAG
<x> field is always
reported as “00” (no
error code) when
executing the
diagnostic step

When
VCELL<x>_EN=0,
the CELL<x> open
load diagnostic is
masked, the
CELL_OPEN_DIAG
<x> field is always
reported as “00” (no
error code) when
executing the
diagnostic step

When
VCELL<x>_EN=0,
the CELL<x> open
load diagnostic is
masked, the
CELL_OPEN_DIAG
<x> field is always
reported as “00” (no
error code) when
executing the
diagnostic step

Non maskable

Non maskable

DS15145 - Rev 1 page 74/184



‘_ L9988
’l Functional description

4.4.3.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 41. Cell open load diagnostic electrical parameters

Symbol Parameter LS
conditions

Cell open load diagnostic pulldown 215V C1to C4

|
CELL_OPEN_DIAG current

Balancing open load diagnostic Vey2 15V
<2

pulldown current 200 400 pA S1to S4

IBAL_OPEN_DIAG
Cell open load diagnostic pullup

ICELL_OPEN_DIAG_FIRST | current applied to CO pin of the first Vg2 0.6 V -80 -20 uA Co
connected channel

Balancing open load diagnostic
IBAL_OPEN_DIAG_FIRST | pullup current applied to SO pin of | Vg020.6V -80 -20 A SO
the first connected channel

Programmable cell open load

Vex_OPEN_TH threshold (4 bit), X CX_OPEN_TH 0 5625 V Cx
VCOPENTH = 2048VADCVRES CODE

Balancing open load threshold,
Vsx_OPEN_TH differential comparator between Sy 0.4 0.8 \Vi S1to S4
and Sy.1, x=1,4

Balancing open load threshold,

VSFIRST_OPEN_TH comparator between SO and AGND 540 600 660 mvV S0
Cell open load threshold,
Vco_oPeN_TH comparator between CO and AGND 170 225 mVv co
Balancing open load comparators
Tsx_OPEN_FIL filter time 16 22 us Sx
Tco OPEN_FIL CO0 open load comparator filter time 16 22 us Cco
ADCV_FIL =
TADCV_OPEN_DIAG _000 CvV_ 136 us
000
ADCV_FIL =
TADCV_OPEN_DIAG _001 0010 - 264 us
ADCV_FIL =
TADCV_OPEN_DIAG 010 010 1.04 ms
ADCV_FIL =
TaDCV_OPEN_DIAG _011 . o ) o1 2.08 ms C1lto C4
Cell open load diagnostic filter time AINX ’
1) '
ADCV_FIL =
TADCV_OPEN_DIAG _100 100 4.16 ms GPIOx
ADCV_FIL =
TADCV_OPEN_DIAG _101 101 8.32 ms
ADCV_FIL =
TADCV_OPEN_DIAG _110 10 16.64 ms
ADCV_FIL =
TADCV_OPEN_DIAG 111 111C - 66.56 ms

1. Note that TADCV_OPEN_DIAG _xxx is equal to TADCV_FILTER_xxx of Table 37 in Section 4.4.1.2
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44.4 Cell temperature monitor (AINx - NTCx)

The NTC voltage conversion step monitors external temperature sensors connected to the analog inputs AIN2,
..., AIN5 and, if applicable, to GPIO0 and GPIO1 configured as Al (refer to Section 4.9). For best performance, it
is recommended:
. to supply NTCs usingVTREF
. to configure GPIO0 and GPIO1 for ratio-metric measurement as described in Section 4.9. On the other
hand, for AIN2, ..., AIN5, the ratio-metric measurement is inherent.
NTC measurements are stored in the corresponding NTC<x>_MEAS (x = 2, ..., 5) and NTC<x>_GPIO<x>_MEAS
(x =0, 1) registers along with the corresponding DATA_READY<x> bit. Such latch is set upon the generation of a
new measurement result, and it is cleared upon read. Each analog input AINx is converted only if its
corresponding NTC<x>_EN bitis setto 1 (x = 2, ..., 5). By default, all analog inputs are disabled. Unused analog
inputs (AINx) and unused GPIOs (GPIO0, GPIO1) programmed as analog input, shall be connected to AGND.
Since in STANDBY MODE VTREF is cyclically activated for a time interval Tytrer_on in the period Tytrer
(defined by the internal RTC), the cell temperature monitor, the GPIO absolute conversion (refer to Section 4.4.5)
and the open load diagnostics (refer to Section 4.4.6, Section 4.4.7) shall be performed within the TyTrer_on-
Therefore, considering the Tapcv_cycLic_on = Twake + 8"(Tapcv_sTArRT + Tabcv_FILTER)T2*Tabcv_caL defined
in 4.4, it must be Tytrer_oN > Tabcv_cycLIC_ON.

To calculate the NTC measurements at the AINx pins in the voltage conversion routine for example, AINx_MEAS,
follow the calculation below.

Vainx_MEAs = Vabcv NTc_Res * (15-bit AINX_MEAS register CODE converted in decimal value), in which

Vabcv NTC_REs = 1.2*Vy1rer/210V
15-bit AINx_MEAS register CODE = 0x3555 = 13653

Therefore, Vainx Meas = 1.2*VyTrer/21° * 13653 = (16383.6*Vy1rer/21%) V
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4.4.4.1 Diagnostics

Fault type Assertion condition

Table 42. Cell temperature diagnostics

Release condition
.

IC reaction to

assertion
For channels
configured as
balancing
cooldown
(BAL_COOLD
OWN_EN<x> =
1), if the AINx
voltage rises
. The above
NTC<x> OT VNTCx OT_TH*
flag is set VNTC_OT_HYS,
. If the AINx . Balancing is the
voltage falls frozen on all NTC<x>_OT
below cells flag can be
NTC AINx
- VNTCx_OT_TH ot | » If in STANDBY, cleared by
gverteg;perature (x= he the IC moves to MCU
T NTC<x>_OT NORMAL and - For channels
fault is the FAULT pin configured as
acknowledged is asserted cell NTCs
. If in NORMAL, (BAL_COOLD
the FAULT pin OWN_EN<x> =
is asserted 0), if the AINx
voltage rises
above
VNTCx_OT_TH »t
he
NTC<x>_OT
flag can be
cleared by
MCU
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IC reaction to flag

clear

For channels
configured as
balancing
cooldown
(BAL_COOLD
OWN_EN<x> =
1), the
balancing is
automatically
re-engaged if
the release
condition is
verified, even
without
NTC<x>_OT
flag clear

For channels
configured as
cell NTCs
(BAL_COOLD
OWN_EN<x> =
0), the
balancing is re-
engaged only
when
NTC<x>_OT
flag is cleared
FAULT pin is
released

Maskable

When
NTC<x>_EN=0
, the NTC<x>
temperature
diagnostics is
masked, the
NTC<x>_OT
flag can always
be cleared
NTC<x>_OT_B
AL_MSK=1
masks reaction
on balancing

pin
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Fault type Assertion condition

IC reaction to

Release condition i reac:ll::rto flag Maskable

assertion
For channels
configured as . For channels
balancing configured as
cooldown balancing
(BAL_COOLD cooldown
OWN_EN<x> = (BAL_COOLD
1), if the GPIOx OWN_EN<x> =
voltage rises 1), the
above balancing is
. The VNTCx_OT_GPIO automatically GPIO<x>_CON
NTC<x> OT_G x UV.TH* re-engaged if F different than
PIO<x>_UV VNTC OT HYS the release 00/01 masks
If the GPIOx flag is set the condition is measurement
voltage falls . Balancing is NTC<x> OT_G verified, even execution. In
below frozen on all PIO<x>_UV without this case, the
NTC GPIOx VNTCx_OT_GPIO cells flag can be NTC<x>_OT_G NTC<x> OT G
overtemperature (x = x_UV_TH the . If in STANDBY, cleared by PIO<x>_UV PlO<x>_UV
0, 1) NTC<x>_OT_G the IC moves to MCU flag clear flag can always
PIO<x>_UV NORMAL and For channels . For channels be cleared
fault is the FAULT pin configured as configured as NTC<x>_OT_B
acknowledged is asserted cell NTCs cell NTCs AL_MSK=1
. If in NORMAL, (BAL_COOLD (BAL_COOLD masks reaction
the FAULT pin OWN_EN<x> = OWN_EN<x> = on balancing
is asserted 0), if the GPIOx 0), the pin
voltage rises balancing is re-
above engaged only
VNTCx_OT_GPIO when
v T the NTC<x>_OT_G
NTC<x>_OT_G Plo<xe UV
PIO<x> UV flag is cleared
flag can be . FAULT pin is
cleared by released
MCU
. The
If the AINx NTC<x> FAST ° If the AINx When
voltage falls CHG_OT flag voltage rises NTC<x> EN=0
below is set above , the NTC<x>
NTC AINx fast charge VNTCx_FASTCHG | » If in STANDBY, VNTCx_FASTCHG N temperature
overtemperature (x = _OT_GPIOx_WAR the IC moves to _OT_GPIOX_WAR | * FAULT pin is diagnostics is
2 5) N_UV_TH ,the NORMAL and N_Uv_TH .the released masked, the
T NTC<x>_FAST the FAULT pin NTC<x>_FAST NTC<x>_FAST
CHG_OT fault is asserted CHG_OT flag CHG_QOT flag
is . If in NORMAL, can be cleared can always be
acknowledged the FAULT pin by MCU cleared
is asserted
. The
If the GPIOX NTC<x>_FAST 'vfcfﬂfg(:':iﬁxs GPIC<x>_CON
voltage falls CHG_OT_GPI above F different than
pelow O<x>_WARN_ VNTCx_FASTCHG ﬁoégluTeansqgt
NTC GPIOx fast VNTCx FASTOHG U\-/ flag 1s set OT_GPIOX_WAR execution. In
OT_GPIOX_WAR | * If in STANDBY, - - - o )
charge - = - the IC moves to N_UV_TH the . FAULT pin is this case, the
overtemperature (x = N_uv_TH .the NORMAL NTC<x> FAST released NTC<x> FAST
0,1) NTC<x>_FAST © and CHG OT GPI CHG_OT_GPI
CHG_OT_GPI the FAULT pin < WARN O<x> WARN
O<x>_WARN_ is asserted UV)}I _ bs UV flagcan
UV fault is . If in NORMAL, ag can be
X cleared by always be
acknowledged the FAULT pin MCU cleared
is asserted

DS15145 - Rev 1 page 78/184



Lys

L9988

Functional description

Fault type Assertion condition

. If the AINx
voltage rises .
above
VNTCx_UT_TH »t
he NTC<x>_UT
fault is
acknowledged

NTC AINx under
temperature (x = 2,
.., D)

. If the GPIOx
voltage rises
above
VNTCx_UT_GPIO
x_OV_TH ,the
NTC<x>_UT_G
PIO<x>_0OV
fault is
acknowledged

NTC GPIOx under
temperature (x =0, 1)
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IC reaction to
assertion

The
NTC<x>_UT
flag is set

If in STANDBY,
the IC moves to
NORMAL and
the FAULT pin
is asserted

If in NORMAL,
the FAULT pin
is asserted

The

NTC<x> UT_G |-
PIO<x>_QOV
flag is set

If in STANDBY,
the IC moves to
NORMAL and
the FAULT pin
is asserted

If in NORMAL,
the FAULT pin
is asserted

Release condition i reac:ll::rto flag Maskable

. When

If the AINx NTC<x> EN=0
voltage falls the NTC<x>
below e X
Vntox UT THt - FAULT pinis L‘?mperat.“re.
he NTC<x>_UT released lagnostics is

- masked, the
flag can be NTC<x> UT
K/IleCalrled by flag can always

be cleared

If the GPIOx . GPIO<x>_CON
voltage falls F different than
below 00/01 masks
VNTCx_UT_GPIO measurement
x oV TH the . FAULT pin is execution. In
NTC<x> UT G released this case, the
PIO<x> OV NTC<x>_UT_G
flag can be PIO<x>_OV
cleared by flag can always
MCU be cleared
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4.4.4.2

Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

NBIT_ADCV_NTC

VADCV_NTC_DIFF_F
s

VADCV_NTC_DIFF_O
P

VaDCV_NTC_RES

INTC_LEAK 105

INTC_LEAK 125
VADCV_NTC_OFFSET
105

VADCV_NTC_GAIN_1
05

VADCV_NTC_OFFSET
125

VADCV_NTC_GAIN_1
25

VADCV_NTC_OFFSET
150

VADCV_NTC_GAIN_1
50

VADCV_NTC_NOISE_
000

VADCV_NTC_NOISE_
001

VADCV_NTC_NOISE_
010

VADCV_NTC_NOISE_
011

VADCV_NTC_NOISE_
100

VADCV_NTC_NOISE_
101

VADCV_NTC_NOISE_
110

VADCV_NTC_NOISE_
11

Table 43. NTC measurement electrical parameters

ADC bit number

ADC full scale differential input voltage

ADC operating differential input voltage

ADC resolution (LSB)

NTC pins leakage current (low)

NTC pins leakage current (high)

ADC offset conversion error, including
post-soldering and ageing effects!")

ADC gain conversion error, including post-
soldering and ageing effects'")

ADC offset conversion error, including
post-soldering and ageing effects'")

ADC gain conversion error, including post-
soldering and ageing effects'")

ADC offset conversion error, including
post-soldering and ageing effects(")

ADC gain conversion error, including post-
soldering and ageing effects'")

Standard deviation over a population of
100 samples

Design info

Design info

Design info

Design info. LSB
calculated on
DIFF_FS

-40°C < Ty < +105°C

+105°C < T,
<+125°C

-40°C < T, < +105°C

-40°C < Ty < +105°C

+105°C < Ty <
+125°C

+105°C < T, <
+125°C

+125°C < T, <
+150°C

+125°C < T, <
+150°C

ADCV_FIL = 000

ADCV_FIL = 001

ADCV_FIL =010

ADCV._FIL = 011

ADCV_FIL =100

ADCV_FIL =101
ADCV_FIL =110
ADCV_FIL =111

VVTREF
/50

1.2%VyT

Rer/2'°

-0.1

-5

1.2"VyTREF

VVTREF

150

300

0.1

0.2

0.5

<

nA

nA

LSB

%

LSB

%

LSB

%

LSBrm

LSBrm

LSBgru

LSBrm

LSBrm

LSBgrw

LSBrm

LSBgru

AINX,
GPIOx

AINX,
GPIOx

AINX,
GPIOx

AINX,
GPIOx

AINX,
GPIOx

AINX,
GPIOx

AINX,
GPIOx

AINX,
GPIOx

AINX,
GPIOx

AINX,
GPIOx

AINX,
GPIOx

AINX,
GPIOx

AINX,
GPIOx
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VNTC_OT_TH

VNTC_OT_HYS

VNTC_OT_GPIO_UV_
TH

VNTC_FASTCHG_OT_
GPIO_WARN_UV_TH

VNTC_FASTCHG_OT_
GPIO_WARN_UV_TH

VNTC_UT_TH

VNTC_UT GPIO_OV_
TH

Programmable NTC AINx OT threshold (8
bit, one threshold for each channel (x = 2,
- 5)),

YNTCoryyy = 32Vancy_nrcpps™ CODE

Programmable NTC OT threshold
hysteresis (4 bit, steps of 128LSB),

YNTCoryys = 128V aDCV_NTCREs " CODE

Programmable NTC GPIOx OT threshold
(8 bit, one threshold for each channel (x =
0, 1)),

VNTCorGPIOYYy,)y = 32V ADCY _NTCRES
*CODE

Programmable NTC AINXx fast charge OT

threshold (5 bit, steps of 128LSB, one
threshold for each channel (x = 2, ..., 5)),

VNTCFASTCHGOTGPIOWARNGUVTH

= VNTCOTTH + 128VADCV_NTCRES *CODE

Programmable NTC GPIOx fast charge
OT threshold (5 bit, steps of 128LSB, one
threshold for each channel (x = 0, 1)),

VNTCFASTCHGOTGPIOWA RNGyypy

=Vnrcorapioyy,,, + 128Vapcv_ntcpgs
*CODE

Programmable NTC AINx UT threshold (8
bit, one threshold for each channel (x = 2,

..., 5)),

YNTCyrpy = 128VaDcy_NTCREs ™ CODE

Programmable NTC GPIOx UT threshold
(8 bit, one threshold for each channel (x =
0, 1)),

YNTCyrGPIOgY ., = 128VaDCY_NTCRES

*CODE

NTC<x> OT_TH

NTC_TH_HYS

NTC<x> OT_GPIO<
x> _UV_TH

NTC<x> FASTCHG_
OT_GPIO<x> WAR
N_UV_TH

NTC<x> FASTCHG_
OT_GPIO<x> WAR
N_UV_TH

NTC<x> UT_TH

NTC<x> UT_GPIO<
x> OV_TH

0

o

o

(1.2*VyTREF
215)* 32 *
(28-1)

(1.2*VyTREF
/215) * 128 *
(2%1)

(1.2*VyTREF
[215) * 32 *
(28-1)

VNTC_OT_TH
+

128*(1.2*Vy
TRer/219) *
(25-1)

VNTC_OT GP
IO UV.TH*
128*(1.2*Vy
TREF/2'%) *
(25-1)

(1.2*VyTREF
/215) % 128 *
(28-1)

(1.2*VyTREF
/215) * 128 *
(28-1)

\ AINx
\ AINx
\ GPIOx
\ AINx
\ GPIOx
\ AINx
\ GPIOx

1. [1]. Single-shot samples are characterized by a superimposed Gaussian noise, with zero-mean and VADCV_NTC_NOISE standard

deviation

4.4.5

GPIO absolute conversion (GPIOXx)

During the conversion step, the GPIO0 and GPIO1 can also be used to convert signals from sensors other than
NTCs. To do so, GPIOs shall be configured for absolute measurement (refer to Section 4.9). GPIO measurements
are stored in the corresponding NTC<x>_GPIlO<x>_MEAS (x = 0, 1) registers along with the corresponding
DATA_READY<x> bit. This latch is set upon the generation of a new measurement result, and it is cleared upon
read. Unused GPIOs shall be connected to AGND. They shall be left programmed as analog input (refer to
Section 4.9).

To calculate the GPIO absolute measurements at GPIOx pins in the voltage conversion routine, for example,
AINx_GPIOx_MEAS, see below for calculation.

Vainx_GPiox_MEAS = Vabcv _NTc_Res © (15-bit AINx_GPIOx_MEAS register CODE converted in decimal
value), in which

Vapcv cpio Res = 6/21%V

15-bit AINx_GPIOx_MEAS register CODE = 0x3555 = 13653

Therefore, Vainx GPIOXx_MEAS = 6/215* 13653 = 2.499V.
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4.4.5.1 Diagnostics

Fault type Assertion condition

. If the GPIOx
voltage falls
below
VNTCx_OT_GPIO

Undervoltage (x = 0, x_uv_TH the

1) NTC<x>_OT_G

PIO<x>_UV
faultis
acknowledged

GPIOx

. If the GPIOx
voltage falls
below
VNTCx_FASTCHG

GPIOx Warn _OT_GPIOX_WAR

Undervoltage (x = 0, N_uv TH the

1) NTC<x> FAST
CHG_OT_GPI
O<x>_WARN_
UV fault is
acknowledged

. If the GPIOx
voltage rises
above
VNTCx_UT_GPIO
x_ov_TH the
NTC<x> UT_G
PIO<x>_QV
fault is
acknowledged

GPIOx Overvoltage (x
=0,1)

4.4.5.2 Electrical parameters

IC reaction to
assertion

The

NTC<x> OT_G
PIO<x>_UV
flag is set

If in STANDBY,
the IC moves to
NORMAL and
the FAULT pin
is asserted

If in NORMAL,
the FAULT pin
is asserted

The
NTC<x>_FAST
CHG_OT_GPI
O<x>_WARN_
UV flag is set

If in STANDBY,
the IC moves to
NORMAL and
the FAULT pin
is asserted

Ifin NORMAL,
the FAULT pin
is asserted

The

NTC<x> UT_G
PIO<x>_QV
flag is set

If in STANDBY,
the IC moves to
NORMAL and
the FAULT pin
is asserted

If in NORMAL,
the FAULT pin
is asserted

Table 44. GPIO conversion diagnostics

Release condition

. If the GP1Ox
voltage rises
above

VNTCx_OT_GPIO
x_Uv_TH the

NTC<x>_OT_G

PIO<x>_UV
flag can be
cleared by
MCU

. If the GPIOx
voltage rises
above
VNTCx_FASTCHG
_OT_GPIOx_WAR
N_uv_THthe
NTC<x>_FAST
CHG_OT_GPI
O<x>_WARN_
UV flag can be
cleared by
MCU

. If the GPIOx
voltage rises
above
VNTCx_UT_GPIO
x_ov_TH the
NTC<x>_UT_G
PIO<x>_0OV
flag can be
cleared by
MCU

IC reaction to flag
clear

Maskable

. GPIO<x>_CON
F different than
00/01 masks
measurement
execution. In
this case the
NTC<x>_OT_G
P1O<x>_UV
flag can always
be cleared

. FAULT pin is
released

. GPIO<x>_CON
F different than
00/01 masks
measurement
execution. In
this case the
NTC<x>_FAST
CHG_OT_GPI
O<x> WARN_
UV flag can
always be
cleared

. FAULT pin is
released

. GPIO<x>_CON
F different than
00/01 masks
measurement
execution. In
this case the
NTC<x> UT_G
PIO<x>_QOV
flag can always
be cleared

. FAULT pin is
released

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 45. GPIO measurement electrical parameters (absolute)

NBIT_ADCV_GPIO ADC bit number

VaDCV_GPIO_DIFF_F
s

VADCV_GPIO_DIFF_
opP

Vabcv_cpio REs  ADC resolution (LSB)
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Design info
Design info 0
Design info 0.1

Design info. LSB
calculated on
DIFF_FS
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6 \ GPIOx
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-40°C<Ty<

lePIO_LEAK_105 GPIO pins leakage current (low) +105°C 150 nA GPIOx
+105°C < T
IePIO_LEAK 125 GPIO pins leakage current (high) N J 300 nA GPIOx
- - <+125°C
\
ADCV_GPIO_NOISE ADCV_FIL = 000 1000 uVRms
_000
V,
ADCV_GPIO_NOISE ADCV_FIL = 001 400 uVRms
_o0o1
\%
OA:ZCVJBP"D_NO'SE ADCV_FIL =010 150 MVRMs
\
(::?CVﬁP'OfNO'SE ADCV_FIL = 011 150 MVRMS
- S;?Fc)ilzrsd deviation over a population of 100 GPIOx
V,
ADGV_GPIO_NOISE ADCV_FIL = 100 100 HVRMS
_100
\%
:)'?CV—GP'O_NO'SE ADCV_FIL = 101 100 MVRMS
\
ADCY_GFIO_NOISE ADCV_FIL = 110 100 HVRMs
_110
V,
ADCV_GPIO_NOISE ADCV_FIL = 111 100 WVRus
11
Vabcv_cpio_ToTAL | ADC total conversion error, including post- 0V < Vgpio <5V, 6 6 mV GPIOX
_ERR_125 soldering and ageing effects'" -40°C< T <+125°C
Programmable GPIOx UV threshold (8 bit, one 15
VNTC_OT_GPIO_UV_  threshold for each channel, (x = 0, 1)), NTC<x>_OT_GPI ©2=)* 1, GPIOX
_ O<x> UV_TH 32 * (28-1)
TH VNTCorGPIOYY.,) = 32V ADCV_GPIORE ™ CODE -V
Programmable GPIOx warn UV OT threshold (5 VNTC OT
bit, steps of 128LSB, one threshold for each - -
v channel, (x =0, 1)), NTC_FASTCHG CRIO VT
NTC_FASTCHG_OT_ vy 7 OT_GPIO_WARN_ 0 H Vv GPIOX
GPIO_WARN_UV_TH FASTCHGoTGPIOWARNGyy ., OV TH - 128%(1.2*V
=Vnrcorapioyy,,, + 128Vapcv_nrcpgs - VTREF/219)
*CODE *(25-1)
Programmable GPIOx OV threshold (8 bit, one (6/215) *
VNTC_UT_GPIO_OV_  threshold for each channel, (x = 0, 1)), NTC<x>_UT_GPI 198 * v GPIOX
— * O<x>_OV_TH
™ YNTCyrGPI0gY Yy = 128VaDCy_GPIogEs™ CODE V- (28-1)

1. [1]. Single-shot samples are characterized by a superimposed Gaussian noise, with zero-mean and VADCV_GPIO_NOISE standard
deviation

4.4.6 AIN open load diagnostic

This diagnostic allows detecting open load failures on the analog inputs AIN2, ..., AIN5 connected to the NTCs.
When triggered by the command DIAG_STEP = 1, the following diagnostic routine is executed in parallel on all
analog input pins (see Figure 18 in Section 4.4):

. The lain_opPeN_piag pulld-own current is enabled on the AINx pins

. The IC performs absolute conversion of the AINXx pin using the temporal window Tapcv_sTART*
Tabcv_oPEN_pIAG. and processes the information as indicated in the following table.

The AIN open load diagnostics step in the voltage conversion routine, with a focus on the pull-down current
IAIN_OPEN_DIAG:IS shown in Figure 20 in Section 4.4.3.
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4.4.6.1

Diagnostics

Table 46. AIN open load diagnostics

el Assertion condition IC reaction to assertion Release condition 16 ler el Maskable
type flag clear

The AIN<x>_OPEN When
. If the AINx voltage flag is set Th NTC<x>_EN=0, the
AIN falls below . If in STANDBY, the IC A|I\T<X> OPEN AIN<x> open load
open (x VAIN OPEN TH, the moves to NORMAL and ) — FAULT pin diagnostic is
- — — L field can always .
=2, ..., AIN<x> OPEN the FAULT pin is be cleared on is released masked, the
5) fault is asserted read AIN<x>_OPEN flag
acknowledged . If in NORMAL, the can always be
FAULT pin is asserted cleared
4.4.6.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 47. AIN open load diagnostic electrical parameters

T I

IAIN_OPEN_DIAG AIN open load diagnostic pull-down current Vanx2 1.5V 100 PA AINX
VAIN_OPEN_TH AIN open load threshold 200 mV | AINX
4.4.7 GPIO open load diagnostic

This diagnostic allows detecting open load failures on GPIO0 and GPIO1 if configured as analog inputs
(GP10O<x>_CONF = 00/01, x = 0,1). When triggered by the command DIAG_STEP = 1, the following diagnostic
routine is executed in parallel on the GPIOs (see Figure 18 in Section 4.4):

. The Igpio_oPeN_piag pull-down current is enabled on the GPIOx pins

. The IC performs absolute conversion of the GPIOx pin (regardless of the GPIO<x>_CONF setting) using
the temporal window Tapcv_sTtaRT*TADCV_OPEN_DIAG, @nd processes the information as indicated in the
following table.

The GPIO open load diagnostics step in the voltage conversion routine, with a focus on the pull-down current
IGPIO_OPEN_DIAG, IS shown in Figure 20 in Section 4.4.3.

4.4.7.1 Diagnostics

Table 48. GPIO open load diagnostics

Fault type Assertion condition Release condition e reac:ll::rto gad Maskable

IC reaction to

assertion
The
AIN<x>_GPIO< . GPIO<x>_CON
. If the GPIO = —
ltage fall X x>_OPEN flag F different than
voltage falls is set 00/01 masks
below «  Ifin STANDBY, The diagnostic
GPIOX open (x = 0, 1) VGPIO_OPEN_TH the IC moves to QN(;)I:E_I\?:L%< FAULT pin is execution, in
P ’ ;’-\tlrrlle<x> GPIO< NORMAL and can always be released this case the
— the FAULT pin AIN<x>_GPIO<
_x>_OPEN fault is asserted cleared on read x> OPEN flag
'S crowledaed Ifin NORMAL, can always be
acknowledge the FAULT pin cleared
is asserted
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4.4.7.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 49. GPIO open load diagnostic electrical parameters

IcPio_oPEN DIAG | GPIO open load diagnostic pull-down current Vapiox 2 1.5V 100 pA | GPIOx
VGPIO_OPEN_TH GPIO open load threshold 200 mV | GPIOx
4438 ADC Built-In-Self-Test (ADCV BIST)

The L9988 allows testing the integrity of the ADCs. The routine is designed to validate the full ADC input
characteristics using a two setpoint check, covering both offset and gain errors.

This diagnostic is executed in parallel on all ADCs.

The combination of Built-In-Self-Test (BIST) and GPIO/AIN Open Load Diagnostic also covers the integrity of the
GPIOx and AINx conversion paths.

When the DIAG_STEP = 1 in the voltage conversion routine, the following procedure is executed:

Procedure 1 — ADCV BIST

1. The pins are disconnected from the inputs and an internal short-circuit is applied between the
corresponding differential inputs

2. The L9988 converts the input above using the configured filter time Tapcy fiLTER Window and
checks if the error is bigger than VorrseT BisT TH

3. The pins are kept disconnected from the inputs and an internal reference voltage (VREF1 and
VREF2 depending on the setting of ADC_SWAP bit) is applied between the corresponding
differential inputs

4. The L9988 converts the input above using the configured filter time Tapcy FiLTER Window and
checks if the error is bigger than Vgain_BIST TH.

If an error is detected in step 2 or 4, the corresponding VCR_BIST_FAIL 4-bit field is set.
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4.4.8.1 Fault injection

To allow MCU self-testing of recovery procedures, the VCR_FAULT _INJ field allows injecting a BIST fail on every
ADC.

If VCR_FAULT_INJ = 1, the BIST fault injection is also performed on the redundant internal blocks. The expected
result of fault injection diagnostic is:

. VCR_BIST_FAIL = 1111
. VCR_RED_CHECK_FAIL =1
VCR_FAULT_INJ is cleared automatically at the end of the voltage conversion routine.

To clear VCR_BIST_FAIL and VCR_RED_CHECK_FAIL, a new voltage conversion routine (with DIAG_STEP =
1) without fault injection is needed.

4.4.8.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 50. ADCV BIST electrical parameters

s i

VorrseT_BIST_TH ADC conversion error threshold for the offset check of the BIST phase

VGAIN_BIST_TH ADC conversion error threshold for the gain check of the BIST phase 15 mvV -

4.4.9 ADC Swapping (ADCV SWAP)

To ensure redundancy, each even/odd ADC pair can be swapped after the execution of the voltage conversion
routine by programming ADC_SWAP = 1 in the Start of Conversion (SOC) frame. This happens for all cell
voltages (cell 1, ..., cell 4), all analog inputs (AIN2, ..., AIN5) and GPIOs (GPIOO0, GPIO1).

Since even/odd ADC pairs are referenced to independent voltages, this ensures full redundancy for both voltage
and temperature measurements. ADC swapping also ensures that redundant measurements are executed with
the same functional accuracy. Additionally, all redundant conversion paths are checked as discussed in the Built-
In-Self-Test (BIST) section.

If one ADC of the even/odd pair is faulty, this feature allows keeping the OV/UV/OT/UT detection functionality by
swapping the ADCs at each iteration of the voltage conversion routine.

In the register map, the bit SWAP_ECHO will toggle at the end of the voltage conversion routine if the
ADC_SWAP bit was set to 1 in the SOC request frame. This will return the current status of the ADC swapping
selector.

In case the ADC_SWAP bit is set to 0, the ADC swapping is disabled as soon as the voltage conversion routine is
finished and reported in SWAP_ECHO.
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Figure 21. ADC swapping

ADC_SWAP = 1, MUX1_SEL =0 ADC_SWAP = 1, MUX1_SEL =1
Mux1| Muxz MUXZ

CELL1 | i CELL1 e
3EI§L2 CELL2 |

— - VBS
XE’E | H— ADC VOLT 1 VPP H H— ADC VOLT 1
o T M H
VREF?) Bt VREFH
CELL2 L M) CELL? L M)
G o
vBS | H—] ADC vOLT 2 VBS | | H—] ADC VOLT 2
AINZ M - AIN3 -
AINZ . AN2_
T O eH O

DIGITAL DIGITAL

CELL3 L M CELL3 L M
S g
GPIO1 | H—] ADC voOLT 3 GPIOT H H— ADC VOLT 3
Ang [ - AlN4 -
AlN5 ANS
VREF1™] — VREF1 -
VREFZ| — VREF2[H —

— L ™M CELL4 L 1)
e gl
GPIO1 [ - —
GPIOO H— ADC VOLT 4 GPI00 [ H— ADC VOLT 4
AINS [ - AIN5 -
{ Rer ]
S ieE S m i

MUX1 is managed by the internal signal MUX1_SEL according to the ADC_SWAP configuration bit:
. If ADC_SWAP=0, MUX1_SEL is always set to 0 and ADCs convert first MUX1 inputs
. If ADC_SWAP=1 MUX1_SEL continuously toggle between 0 and 1 at the end of each VCR

Regarding the MUX2 selector, it is controlled by the voltage conversion routine internal logic allowing for the
consecutive different channel conversion (for example, considering ADC_VOLTAGE 1, the first conversation is
CELL1, next convention is VBS and so on, according to the MUX2 selector).

Figure 22. MUX1_SEL behavior

ADC_SWAP
socC

(by SPI command
or

by Internal Timer)

e LD L
MUX1_SEL [ N

Once a routine is finished, MUX1_SEL toggles in order
to convert second channel of MUX1 in the next routine
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Figure 23. Timing diagram of two consecutive voltage conversion steps if ADC_SWAP =1

ADC_SWAP = 1, MUX1_SEL =0
VOLT Taocy smar Tevevrurer Tacy smmr 1A0cvrirer Tagcy samr  ADCVLFLTER
ADC_VOLTAGE 1 ;p<set X CELL Cset > vBs e > ide
ADC_VOLTAGE 2 DXset XX ceue >set X veP et X ams X ide
ADC_VOLTAGE 3 d¢at X s set X erioo ana_ X ide
ADC_VOLTAGE 4 et > cea_ et _» cpoi ANs > ide

Taoev caL Tanc Tapcy ca

ADC_VOLTAGE — — —

DIGITAL CORRECTIONDS __de > Gata reasp e D<calio>Got read>ide >

soc TADCV_CONV_TOT

ADC_SWAP = 1, MUX1_SEL =1

VOLT Tmcv_sam Tancv_rurer TADCV_START Taocv_rurer TADCV_START ADCV_FILTER

ADC_VOLTAGE 1 D<Get < cetz »set e Ane > ide

ADC_VOLTAGE 2 i>(set_»__CELLT VBS Az X e
ADC_VOLTAGE 3 et X cer et >__cro Cset > ans . X ide

ADC_VOLTAGE 4 <set > ceis GPIOD ang__ > de
Tz Taacr cn Tapcy_ca

ADC_VOLTAGE

DIGITAL CORRECTIONDS ___ige  ><Gaiby idie caiio idie DealiS)

Slele TADCV_CONV_TO'I

Figure 24. Timing diagram of two consecutive diagnostics steps in VCR if ADC_SWAP =1

ADC_SWAP =1, MUX1_SEL =0
DIAG (Openiinternal)

*
1 2 * (Tapcw_start + Tapcy_FiLTer) 3* (Tapcy_starT +Tapcv_oFEN_DIAG)
| Tapov_ca

I
ADC_VOLTAGE 1 :X oFrseT > VRer1 > OPEN DIAG CELLT > idle: > OPEN DIAG AINZ idle

ADC VOLTAGE 2 :x oFFseT___ VREF1 > OPEN DIAG CELL2 X idle S OPEN DIAG AIN3 dle
- f

ADC_VOLTAGE 3 :X OFFser < VREF1__ < OPEN DIAG CELL3 < OFEN DIAG GPI00_ »¢ OPEN DIAG AINA dle
I

A A

ADC_VOLTAGE 4 >( oFFsET_»<__ VREF1 > OPEN DIAG CELL4 > OPEN DIAG GPIOT > OPEN DIAG AINS idle

TD\AG

ADC_SWAP = 1, MUX1_SEL =1

DIAG (Openiinternal)

4
| 2 * (Tapev_start + Tancy_FiLTER) 3 * (Tapev_start +Tapcy_open_Dias)
| Taocvca

ADC_VOLTAGE 1 E)( oFrseT > WRer2 > OPEN DIAG CELL2 X idle < OPEN DIAG AIN3 idle
ADC_VOLTAGE 2 >( oFFser_ > vRerFz__»< OPEN DIAG CELLT X idie "> OPEN DIAG ANz idle
ADC_VOLTAGE 3 b( oFrser_»¢__ vRerz ¢ OPEN DAG CELLa < OPEN DIAG GPIOT_ ¢ OPEN DIAG AING ale

CReReRe

ADC_VOLTAGE 4 P( oFFseT_»<__ VREF2 > OPEN DIAG CELL3 > OPEN DIAG GPI00 > OPEN DIAG AIN4 ale

TD\AG
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4.4.10 Gain adjustment (GAIN ADJ)
To ensure accuracy in the device lifetime also considering ADCs components ageing, the device embeds a self-
gain adjustment function.
This procedure is performed automatically in parallel to the ADCV BIST step, and to cover all the ADCs, two
voltage conversion routines with DIAG_STEP =1 and ADC_SWAP = 1 (refer to Figure 24) are needed;
furthermore, the gain adjustment effect is visible after these two VCRs.
The accuracy performances reported in Table 39, Table 41, Table 43 and Table 45 are obtained by performing the
gain adjustment steps every transition in NORMAL mode and TJ variation of 10deg. The gain adjustment is
implemented in NORMAL mode and in STANDBY mode for the whole device lifetime.
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4.5 Cell balancing FETs (Sx)

The L9988 provides passive internal balancing, allowing the discharging of cells by means of external resistors.

451 Balancing modes

The IC implements both Timed and PWM-Based balancing modes. They can be selected through the
BAL_MODE bit, which is latched at the beginning of the balancing (BAL_START 0 — 1) and cannot be changed
on-the-fly while balancing is running.

To allow balancing both odd and even cells in a single thread, the balancing controller offers the possibility of
enabling a time-window multiplexing strategy. The MCU may enable the odd/even swapping by programming
BAL_SWAP = 1 and configuring the swapping period through the BAL_SWAP_PERIOD field. The BAL_SWAP
setting is latched upon balancing start (BAL_START 0 — 1) and cannot be updated on-the-fly.

The BAL_SWAP_PERIOD can instead be updated on-the-fly and the change will take effect after
TBAL_SWAP_UPDATE-

Figure 25. Balancing swap strategy
50% fixed duty 50% fixed duty

EVEN ODD | EVEN ODD

TBAL_SwaP_PERIOD

e

s S
. S—

4.5.1.1 Timed

The timed mode is recommended for long, pre-calculated balancing intervals. To configure and launch it, follow
this procedure:

Procedure 2 — Timed balancing setup

1. Program BAL_MODE =0

Select the cells to be discharged programming BAL<x>_ON = 1
Set the balancing timer pre-scaler programming BAL_PRE_SCAL
Program the timer threshold (BAL<x>_TH) for each enabled cell

(optional) Enable the balancing swap programming BAL_SWAP = 1 and configuring the
BAL_SWAP_PERIOD field to select how often the balancing automatically toggles from even
to odd cells.

Start the balancing programming BAL_START = 1.

7. The internal balancing timer is reset and started. It is then continuously compared to each
channel threshold to evaluate the balancing stop condition (BAL_TIMER >= BAL<x>_TH). The
timer status is reported in the BAL_TIMER register.

S

o

Note: Since the common BAL_TIMER keeps running while even/odd channels are in their OFF phase, the
BAL<x>_TH thresholds shall be programmed considering the 50% duty-cycle due to the odd/even swap activity.
Therefore, the threshold shall be set at twice the effective calculated balancing period.

Once the balancing is running on a cell:

. The MCU may temporarily pause/re-engage it toggling the BAL<x>_ON bit. This is only valid for channels
that were initially set for balancing, meaning that their corresponding enabled bit (BAL<x>_ON) was set to
‘1’ upon the BAL_START 0 — 1 transition. To add new channels to the balancing, the thread has to be
restarted applying the new configuration and toggling the BAL_START bit.

- Additionally, certain failures (e.g. NTC OT, Cell UV, Cell Balancing UV, etc.) have the same effect as a
pause commanded by the MCU. If a failure is present, balancing is inhibited. It is released when the
fault disappears, and corresponding flag is cleared by the MCU, unless something different is
indicated in the dedicated section (refer to BAL OVC in Section 4.5.3.1 section).

. The MCU may update the BAL<x>_TH threshold anytime

- To restart balancing on a cell whose threshold has already been exceeded, simply read the
BAL_TIMER and update the BAL<x>_TH accordingly
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BALyrungw = BAL7iyer + ABALxry (1)

. The MCU may stop balancing anytime programming BAL_START =0

- In this case, BAL_TIMER will be forced to saturate to its upper bound, so that the stop condition is
verified on all cells.

4.5.1.2 PWM-based
The IC also enables individual cell balancing with a programmable PWM duty-cycle. The PWM period is fixed to
TeaL_PwM_PERIOD » While the duty-cycle can be dynamically adjusted via SW programming the TgaL_pwm_puTy in
32 steps.

The PWM-based mode is recommended for real-time balancing strategies. The following procedure shall be
executed to initiate and manage the PWM balancing task:

Procedure 3 — PWM-based balancing setup

1. Program BAL_MODE =1

2. Select the cells to be discharged by programming BAL<x> ON =1

3. Program the cell duty-cycle in respect to TgaL_pwm_PERIOD, Writing the BAL<x>_TH register.
The LSBs of these registers are reused to define the duty-cycle.

4. (optional) Enable the balancing swap by programming BAL_SWAP = 1 and configuring the
BAL_SWAP_PERIOD field to select how often the balancing automatically toggles from even
to odd cells. The swap period timer is designed to be an integer multiple of TgaL_pwMm_PERIOD:
so that swapping always occurs at the beginning of a PWM cycle and no truncated PWM
periods happen.

5. Program the safety timer watchdog threshold TgaL TiMeEr max in the BAL_TIMER_MAX_TH
register. This will define the maximum task duration.

6. Start the balancing programming BAL_START = 1. Balancing on individual channels can then
be fine-tuned by changing the BAL<x>_TH (sampled every TgaL_pwm_PERIOD) @nd

BAL<x>_ON, but the safety timer will keep running in the background. The safety timer status
is reported in the BAL_TIMER register.

Note: When enabling the balancing swap, the effective cell balancing duty-cycle will be half the programmed one. For
instance, programming a 100% duty-cycle on a cell will result in the cell being balanced 50% of the time.

Note: In case balancing swap is disabled (BAL_SWAP = 0), balancing adjacent cells results in an increment in the
balancing current (approximately twice the single cell current). The overcurrent protection might be inadvertently
triggered.

Once the balancing is running on a cell:

. The MCU may temporarily pause/re-engage it toggling the BAL<x>_ON bit. This is only valid for channels
that were initially set for balancing, meaning that their corresponding enabled bit (BAL<x>_ON) was set to
‘1" upon the BAL_START 0 — 1 transition. To add new channels to the balancing, the thread must be
restarted by applying the new configuration and toggling the BAL_START bit.

- Additionally, certain failures (e.g., NTC OT, Cell UV, Cell Balancing UV, etc.) have the same effect as
a pause commanded by the MCU. If failure is present, balancing is inhibited. It is released when the
fault disappears, and the corresponding flag is cleared by the MCU, unless something different is
indicated in the dedicated section (refer to BAL OVC in Section 4.5.3.1 section).

. The MCU may update the PWM duty-cycle by writing the BAL<x>_TH time.
- The modification will take effect at the end of the ongoing PWM cycle.

. The MCU may update the BAL_TIMER_MAX_TH threshold anytime

. The MCU may stop balancing anytime by programming BAL_START = 0.

- In this case, BAL_TIMER will be forced to saturate to its upper bound, so that the stop condition is
verified on all cells.
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4.5.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 51. Balancing electrical parameters

T LT A i

RpsoN_BAL Balancing FET resistance NORMAL, T, = 150°C
IBAL Balancing current Design Info 200 mA | Sx
IBAL_LEAK_CONV Balancing leakage current when converting 150 nA | Sx

From BAL<x> ON command to
10% of VDS

TBAL_FALL Balancing FET Vpg fall time 1V < VegLL < 5V 10 pus | Sx
CBAL =68nF, RgaL = 220
From BAL<x> OFF command to
90% of VDS

TBAL_RISE Balancing FET Vpgrise time 25 us | Sx

1V < VggLL <5V
CBAL = 68nF, RBAL =220

Balancing timer threshold

TBAL_TIMER 0 BAL<x>_TH (7 bit), BAL_PRE_SCAL = 1 0 65024 s Sx
TBALpygg = 5125 * CODE

Balancing timer threshold
TBAL_TIMER_1 _ BAL_PRE_SCAL =0 0 508 's  Sx
BAL<x>_TH (7 bit), TgarrimMER = 45 * CODE

Balancing swap period between even and odd
channels, available in Timed mode

TBAL_SWAP_PERIOD BAL_SWAP_PERIOD (3 bit), Guaranteed by SCAN 4 512 s Sx
TpaLswappEriop = 4s*260PF

TeAL_swap_UPDATE  Balancing swap period settling time Guaranteed by SCAN 3.5 555 s Sx

TeAL_PwM_PERIOD | Balancing base period for PWM mode Guaranteed by SCAN 8% 32 +8% s Sx
Balancing ON period for PWM mode

TeaL pwm puty  BAL<x>_TH(4:0) (5 bit), Guaranteed by SCAN 1 32 s | Sx
TBALpwMpypy = 15* (CODE + 1)
Safety timer watchdog threshold used in PWM mode

TBAL TIMER MAX BAL_TIMER_MAX_TH (16 bit), Guaranteed by SCAN 0 65535 s Sx

N N TBALT MERy 43 = 15T CODE
453 Balancing Overcurrent detection (BAL OVC)

Balancing FETs are protected with overcurrent detection via VDS monitor:

This diagnostic is always active when balancing is enabled (STANDBY and NORMAL MODE) and covers the
failures listed in the following table.
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4.5.3.1 Diagnostics

Table 52. Balancing diagnostics

lt:;:(l-zt Assertion condition | IC reaction to assertion | Release condition = reac;ll::rto flag Maskable

When the
balancing

channel is turned

The BAL<x>_0OVC
flag is set

The balancing
FET is turned OFF

The Balancing

When BAL<x>_ON=0, the

ON, in case the and BAL<x>_ON When the FET FET is kept BAL<x> balancing
FET current rises is reset is in the OFF SFF and shal(lj diagnostic is masked, the
BAL above IgaL_oc If in STANDBY, ;t/f\tLe; t:eovc e BAL<x>_OVC flag can
ovC for an interval the IC moves to flag c;(n_b o B AL<?(> ON always be cleared
longer than NORMAL and the cleared by bit to 1 a_gain BAL_OVC_BAL_MSK=1
TeaL_oc. the FAULT pin is MCU FAULT pin is masks reaction on
BAL<x> OVC asserted released balancing pins (Sx)
fault is . Ifin NORMAL, the
acknowledged FAULT pin is
asserted
4.5.3.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 53. Balancing overcurrent detection electrical parameters

S N KT

IBaL_oc Balancing overcurrent threshold 1000 mA

TeAL_oC Balancing overcurrent filter time 16 22 us Sx
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4.6 Ground loss detection (GND LOSS)

The L9988 implements two separated ground reference pins, a Digital Ground (DGND) dedicated as reference for
the noisy internal analog/digital circuitry and an Analog Ground (AGND) dedicated to the low-power and sensitive
internal analog circuitry.

A monitoring unit to detect disconnection of the digital ground affecting ground references is implemented. The
GND LOSS monitor is active in NORMAL and STANDBY mode.

If Vbanp — VaeND 2 VTH_GND_Loss occurs for an interval longer than Tenp Loss FiL, the GND_LOSS flag is set.

4.6.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T; according to the operating range in Table 5.

Table 54. ADCV BIST electrical parameters

oo Lin s e e

VTH_GND_LOSS Ground loss detection threshold 025 0.4

TGND_LOSS_FIL Ground loss filter time 300 us -

4.7 Current Conversion Routine (CCR)
The IC features a double pair of CSA pins, CSAN0/1 and CSAPO0/1, which can be used
. to sense the instantaneous pack current with a(n) (over) current sense ADC CS
. to perform Coulomb Counting with a second independent ADC CC

471 (Over) Current Sense ADC (CS ADC)

The L9988 integrates a 20-bit fully differential sigma-delta ADC CS operating on the CSAP0 and CSANO pins and
capable of performing acquisition of the pack instantaneous current using an external shunt resistor connected
between the pins.

With a RgyynT equal to 100 uQ, the CS can measure an operative current included in the range of (-1500A,
1500A) and a full-scale current between (-1800A, 1800A).

This CS can be enabled by programming CS_EN = 1.

The acquisition starts Tcs_starT after the receival of the Start of Conversion (SOC) trigger command. It lasts
Tcs_FILTER, Which is programmable using the CS_FIL 3-bit field. Moreover, a third time Tcs _caLis necessary to
post-elaborate the conversion data.

The total conversion time is TCS_CONV= TCS_START+TCS_FILTER+TCS_CAL

The result of the last instantaneous current acquisition is available in the CS_MEAS register field, along with the
corresponding CS_DATA_READY bit (clear-on-read), and it is encoded in 2’s complement. Register data is
always available in NORMAL, but it is reset once the device moves to any low-power state.

To calculate the instantaneous current measured on the CSAPO and CSANO pins in the current conversion
routine, see below for calculation.

CSmeas=Vcs_REs * (20-bit CS_MEAS register CODE converted in decimal value)/ Rgpynt,
in which
Vcs REs = 0.18/219 v
Rshunt = 100 uQ
20-bit CS_MEAS register CODE = 0x23919 = 145689
Therefore, Ves meas= (0.18/219 * 145689) = 50 mV and CSyeas = Vcs Meas ! Rshunt = 500A
In NORMAL MODE, the instantaneous current measurement can be performed in the following way:
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1. Start of Conversion (SOC) command by SPI
- The MCU can send an SOC command, by writing the write-only field SPI_SOC in the CONV_SOC
register, according to the Tcs_convand the Tapcv_on (defined in 4.4) time. Note that the voltage
conversion routine is synchronized with the current conversion routine: the start of conversion of voltage
cells is generated synchronously (in parallel) to the current sense ADC sampling trigger.
- A new SOC command cannot interrupt or re-start an ongoing conversion, and the command is
discarded.

- After the end of voltage and current routines, the MCU can read the SPI registers with diagnostic results
and conversions.

- Diagnostics are executed only after SOC command, except for short-circuit detection (if enabled,
continuously running)

Figure 26. Timing diagram of SOC command by SPI

SOC (by SPI) . SOC (by SPI)
VOLTAGE ROUTINE _bte <_steri (ceLs) X step2vesi ) X sTeEP > bLE
Tes cow
CURRENT ROUTINE DLE X INST CURR > XCHECK > IbLE
Tec sameie ™ Toc FuTer norpsL
ADC CURR CC CCpg > coprt] XK coprt] copt] XK CCpx1]
ADC CURR SC iLoap > ILOAD X oAb oAb S oap oAb X ILOAD
REG MAP OLD VALUES > CELLSIST.CURR > VBS/. > > _NEWIVALUES
MCU read

2. Start of Conversion (SOC) command by internal timer

- The MCU can configure an internal timer (using the HF main oscillator) to send a periodic SOC
command every TcycLE_NORMAL, Which is programmable using the 3-bit CYCLE_NORMAL field (refer
to Section 4.4).

- To synchronize internal routines with readout, the IC generates an interrupt at the end of routines to
allow MCU SPI readout.

- Diagnostics are executed automatically each TcycLe_normaL(flag set during single step),
- except for short-circuit detection (if enabled, continuously running).

- If the SOC internal timer is disabled during TcycLE_NoRMAL. the routine will be not interrupted until its
end. After that, a new SOC by SPI is accepted.

Figure 27. Timing Diagram of SOC command by Internal Timer

SOC (by Internal Timer) SOC
VOLTAGE ROUTINE e <_step1(ceris) > step2 vbsi.) X STEP > DLE
CURRENT ROUTINE ipLe_ > INST CUF;R )(T XCHECK > _IDLE
ADC CURR CC ccp X: ccpm?m); coprt] X cepr] X cClx]
ADC CURR SC oan X oan oAb ¢ oan oD »¢ itoap < ILoAD
REG MAP olovalues < CELLSINST.CURR K VBS/ > < NEW VALUES
INTERRUPT X IDLE ST <BE
ToYCLE_NORMAL

MCU read

The MCU can switch from one mode to the other by the SPI configuration bit SOC_SEL. If SOC_SEL =0
(default), the CCR is triggered by SPI command. If SOC_SEL = 1, the CCR is cyclically executed every
TcycLE_NORMAL seconds.

SOC_SEL is automatically reset to 0 in STANDBY MODE to disable TcycLE NorRmAL trigger and allow the new
TcycLe_sTanDBY (defined below) periodicity. In this way, as soon as the device exits STANDBY MODE going to

NORMAL MODE, the CCR routine is waiting for a new SOC by SPI or enables again the internal timer setting
SOC_SEL =1.
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If the periodic SOC is selected, SOC by SPI will be no longer accepted and the internal mechanism starts at the
end of current routine if running. If the periodic SOC is disabled, a SOC by SPI is accepted after the end of the
last running routine, otherwise ignored.

No shadow register memory will be implemented, register map values are updated as soon as the conversions
are ready. Therefore, the MCU can synchronize readout considering routine duration after a SOC by SPI or
configuring interrupt generation for SOC by internal timer.

The status of the current routine is reported by the CCR_BUSY flag: when set, the routine is ongoing. In case a
single routine step does not end within Tccr_TimMeouT, the CCR_FAIL latch is set (cleared upon read).

In STANDBY MODE, the CS will be cyclically activated for a duration Tcs_on(refer to Section 4.2.1) in the time
period TcycLE_sTaNDBY (€.9.1s, defined by the Internal Real Time Clock RTC; refer to Section 4.13.1) to realize
the cross-check (refer to Section 4.7.3) and the overcurrent detection (refer to Section 4.7.1.2).

Since in this state, the CS ADC and the CC ADC must be synchronous to automatically perform the cross-check,
TCS_FILTER must be aligned with the filter time TCC_FILTER_STANDBYOf the Coulomb Counter defined in

Section 4.7.2.1 (note that Tcc_FiLTER sTANDBY is @ subset of Tcs FiLTER)-
Then, Tcs_ on = Tes_sTART * Tes_FILTER + Tes_caAL = Tes_sTART + Tcc_FILTER_STANDBY + Tcs_cAL

An example of a timing diagram of current conversion routine in STANDBY MODE with a focus on synchronism
between CS and CC is shown in Section 4.7.2.

4.7.1.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range of Table 2; T according to the operating range of Table 5.

Table 55. Instantaneous current measurement electrical parameters

CS ADC full scale differential input o CSAPO
VCS_DIFF_FS voltage, CSAPO — CSANO Design info -180 180 mV CSANO
CS ADC operating differential input . i CSAPO
VCSfDIFFﬁOP voltage, CSAPO — CSANO DeS|gn info 150 150 mV CSANO
Maximum differential voltage CSAPO
between CSAPO or CSANO pin Lo
Vcs_ass_or with respect to GND to have CS Design info -300 300 | mv CSANO
parameters guaranteed
CS ADC bit number: encoding is in I . CSAPO
NBiT cs 2's complement Design info 20 bit CSANO
CSAPO
Vcs REs CS ADC resolution LSB calculated on 0.18/220-1 v
CSAPO
Tcs START CS ADC settling time Guaranteed by SCAN 60 us
- CSANO
Tcs_FILTER_000 CS_FIL =000 136 us
Tcs_FILTER_001 CS_FIL =001 264 us
Tcs_FILTER_010 CS_FIL=010 1.04 ms
Tcs_FILTER 011 CS FIL=011 2.08 ms CSAPO
CS ADC filter time
Tcs_FILTER_100 CS_FIL =100 4.16 ms CSANO
Tcs_FILTER_101 CS_FIL = 101 8.32 ms
Tcs_FILTER_110 CS_FIL =110 16.64 ms
Tcs_FILTER_111 CS_FIL =111 66.56 ms
CSAPO
Tcs_cAL CS ADC post-calibration time Guaranteed by SCAN 27 35 us CSANO
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Tcer_TIMEOUT Single routine step timeout Guaranteed by SCAN

Lys

CSAPO and CSANO inputs

CS ADC offset error, including shorted to GND on PCB. CSAPO
CSoFFSET_ERR . . ) 0 6 LSB

post-soldering and ageing effects'!")  Guaranteed by test bench CSANO

characterization

CScaIN_ERR 105 A CS ADC gain error, including -40°C < Ty< +105°C -0.1 0 0.1 % CSAPO

nonlinearities, including post-
CSGAIN_ERR 125 | soldering and ageing effects") +105°C < Ty < +125°C 05 0 05 % CSANO
Vs _NOISE_000 CS_FIL =000 9 16 WUVRMs
Vcs_NOISE_001 CS_FIL = 001 6.5 12 WVRMs
Vcs_NOISE_010 CS_FIL=010 3.2 8 uVRMS
Ves NOISE_011 | Standard deviation over a CS_FIL =011 2.3 6.5 MVRMs CSAPO
Vcs noise_10 | POPUlation of 100 samples CS_FIL =100 16 45 | PVrms CSANO
Vcs_NOISE_101 CS_FIL =101 1.1 3 uVRMS
Ves_NOISE_110 CS_FIL=110 0.8 25 | UVRms
Vcs_NOISE_111 CS_FIL =111 0.4 15 WVRws

CS total measurement error in low

; , : [Vcsapo - Vesanol < 5mV, CSAPO

CSLow_RNG_ERR | range including post-soldering and T +105°C -20.6 206 LSB  Soanod

ageing effects

1. Single-shot samples are characterized by a superimposed Gaussian noise, with zero-mean and VCS_NOISE standard
deviation

4.7.1.2 Overcurrent detection (OVC)

The IC can protect the battery pack from overcurrent events due to overload conditions, in both charge and
discharge directions, by sensing the voltage across the external shunt resistor with the current sense ADC.
Overcurrent thresholds Voyc_cHe_tH (charge) and Vove_pcHe_TH (discharge) can be programmed via SPI using
the OVC_CHG_TH and OVC_DCHG_TH fields respectively.

This diagnostic can be enabled using the OVC_EN bit and it is available in both NORMAL and STANDBY states;
if the CS detects an overcurrent condition in charge or discharge, the corresponding OVC_CHG and OVC_DCHG
flags will be set. Propagation delay from diagnostic assertion to FAULT pin assertion is Toyc_REACT_NORMAL in
NORMAL and Tovc_REAcT_sTANDBY in STANDBY.

To avoid false detections, overcurrent thresholds shall only be modified while OVC_EN = 0 and CS_EN = 0. This

diagnostic is executed every time a new sample (requested by SOC in NORMAL MODE or by cross-check in
STANDBY MODE) from CS ADC is available and covers the failures listed in the following table.
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4.71.21 Diagnostics

Table 56. Overcurrent diagnostics

Fault type Assertion condition & reactlpn to Release condition & MR e (DL, Maskable
assertion clear

. When
CS_EN=0, the
overcurrent
. The OVC_CHG diagnostic is
flag is set If (v masked, the
«  If(Vesapo— +  Ifin STANDBY, v CSA)PS OVC_ICHG gag
Vesano) < the 1C moves to Vg\S/’;NgHG - g:’e’;f‘e‘(’j"ays e
: Vove CHG TH» NORMAL and _LnG_IRy . FAULT pin is
Overcurrent in charge the OV GHG the FAULT pin the OVC_CHG reloased . W
fault is is asserted flag can be B
; cleared by OVC_EN=0,
acknowledged. | °® If in NORMAL, MCU the overcurrent
Fhe FALrJtL-:; pin diagnostic is
IS asserte masked, the
OVC_CHG flag
can always be
cleared
. When
CS_EN=0, the
overcurrent
: The diagnostic is
OVC_DCHG
— If (V. - masked, the
. If (Vesapo — flag is set V( CSA)Pg OVC_DCHG
Vcsano) > . If in STANDBY, Vg\s//;NECHG - flag can always
Overcurrent in VovC_DCHG_TH; :\Tg ll?CIVIIZEVGS to the ~ | FAULT pin is be cleared
; and
discharge the OVC DCHG released
OVC DCHG sends a FAULT | . When
fault is signal f'f‘g Ca;é’e OVC_EN=0,
acknowledged. If in NORMAL, ;\:/IeCaLrJe Y tlje overc_:ur_rent
the FAULT line diagnostic is
is asserted masked, the
OVC_DCHG
flag can always
be cleared
471.2.2 Electrical Parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range of Table 2; T according to the operating range of Table 5.

Table 57. Overcurrent electrical parameters

Programmable overcurrent threshold in

Vovo_cre 1 charge (16 bit); OVC_CHG_TH 1180 o mv SO
- _ * _ _
H VOVCCHGTH = 8VCS_RES CODE
Programmable overcurrent threshold in
Vove_pere discharge (16 bit); OVC_DCHG_TH 0 180 mv | SN0
TH vV = 8V, *CODE - -
- OVCDCHGTH CS_RES
Vovc . CSAPO
Overcurrent thresholds resolution 2.746 uVv
_TH_RES CSANO
Tovc_REACT CSAPO
- Overcurrent reaction time of FAULT pin NORMAL MODE 1 ps | CSANO
_NORMAL FAULT
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Tovc_ReacT STANDBY MODE
_STANDBY_VI VIO connected to VSTBY, 1.15 1.43 ms
O_VSTBY TvsSTBY_SOFT_START
Tovc_ReAcT STANDBY MODE CSAPO
_sTanDByY_vi | Overcurrent reaction time of FAULT pin VIO connected to VCORE, 1.9 26 ms CSANO
O_VCORE TVCORE_SOFT_START FAULT
Tovc_ReACT STANDBY MODE
_STANDBY_VI VIO connected to VCC, 1.15 1.45 ms
0_vce Tvce_SOFT_START
4.7.2 Coulomb Counting ADC (CC ADC)
For better monitoring of the state of battery (e.g. State of Charge (SoC)), the L9988 provides a Coulomb Counter
block.

The Coulomb Counting operation requires the MCU to track the charge added/subtracted from the battery pack
over time. The IC helps track the charge variation AQ in the battery pack by acquiring and accumulating the
current.

The Coulomb Counting function exploits a dedicated ADC CC operating on the CSAP1 and CSAN1 pins. To
enable it and the related accumulation function, the CC_EN bit must be set. The ADC will start acquiring data
after the Tcc_starT settling time.

Voltage samples measured on the 100pQ RSHUNT are accumulated in the Nacc (32-bit register, split in the
CC_MSB and CC_LSB fields) after the Tcc_sampLetime, while the N_SAMPL_CNT (CC_SAMPL_CNT 24-bit
register, splitin CC_SAMPL_CNT_MSB and CC_SAMPL_CNT_LSB) counts the number of samples stored in
the accumulator.

In NORMAL MODE, if the CC ADC is enabled, the Coulomb Counter is continuously running after the MCU start
command by setting the bit CC_START, a new acquisition starts upon completion of the previous conversion and
the Tcc_sampLE is aligned to the ADC filter time Tcc_FiLTER_NORMAL (defined by the internal HF oscillator), which
is programmable using the CC_FIL_NORMAL 2-bit field. For the first current sample only, after the Coulomb
Counter settling time Tcc_sTART NORMAL. it is necessary the ADC filter settling time Tcc_FILTER_START_NORMAL-
In this case, the MCU compensates externally the Coulomb Counter; in fact, the State of Charge is obtained
considering the number of accumulated samples NgampLe_cnT and the MCU internal timer (with the accuracy of
MCU oscillator).

With a RgyunT equal to 100 pQ, in NORMAL MODE the CC can accumulate an operative current included in the
range of (-750A, 750A) and a full-scale current between (-900A, 900A).

To prevent temporal incoherence between samples accumulated in the Coulomb Counter registers, the
Tcc_FILTER_NORMAL setting is sampled upon CC_START setting. Changing Tcc_riLTER_NORMAL On the fly is not
allowed.

Figure 28. Coulomb Counter ADC block diagram

NsampLe_ont = 24 bit

End Of Conversion Samples
——
+ Counter
Nacc = 32 bit
In NORMAL mode: CC continuously running Enable
(Tec_riTer_norwAL ) 20 bit in NORMAL,
i ~ —| CCADC + Accumulator
In STANDBY mode: CC cyclically activated 12 bitin STANDBV
(TCYCLEisTANDBV )
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Figure 29. Timing diagram of Coulomb Counter accumulation in NORMAL MODE

CC_socC
Tec_rurer_normac(internal HF Osc.)
ADC CURR CC >< ILOAD_CC_SAMPLE ILOAD_CC_SAMPLE ILOAD_CC_SAMPLE
ADC CURR CC s,
——r —
DIGITAL CORRECTION e Cao s e il E<alio >Gats >
COULCMB COUNTER Coulomb counter [x] X coufomb counter [x+1] X

N_SAM PLES N_Samples [1] >< N_samples [x] + 1 4

TDL‘_S-—-I.‘PLE - T'I':_F\L_ER_I-.GRI.‘—.L

The MCU shall periodically poll the Coulomb Counter to retrieve the charge information, but the accumulator size
guarantees relaxed polling periods: if the Coulomb Counter reaches the maximum or minimum value, the flag
CC_ACC_SAT is set to ‘1. Meanwhile, the accumulation has stopped and CC_MSB, CC_LSB and
CC_SAMPL_CNT are frozen.

The following procedure must be implemented to guarantee proper data synchronization between accumulator
and sample counter:

Procedure 4 - Coulomb Counter readout
1. MCU reads CC_MSB field
a. The CC_MSB is cleared upon read, the Coulomb Counter and the Sample Counter are
reset and restart accumulation.
b. A snapshot of CC_LSB, CC_SAMPL_CNT_MSB, CC_SAMPL_CNT_LSB is loaded into
the corresponding registers
2. MCU reads the CC_LSB, CC_SAMPL_CNT_MSB, CC_SAMPL_CNT_LSB register (cleared
upon read)
Periodical read of the Coulomb Counter can be useful for the following purposes:
. In algorithms relying directly on the CC for determining the SoC

. In algorithms exploiting Kalman filters for tracking the SoC. The periodical read of the CC helps evaluate
the average current value, which can be used to adapt the process noise covariance matrix, thus improving
the accuracy of the cell model estimators.

If the Procedure 4 is executed using write commands instead of read commands, the accumulator registers will
not be cleared, and it is possible to poll the Coulomb Counter without resetting it.

Disabling the Coulomb Counter by setting CC_EN = 0 does not reset the accumulator. The MCU shall follow the
readout procedure described above to empty the Coulomb Counter.

The CC_SAMPLE_SAT flag reports the status of the samples counter. It saturates when the register holds
2NSAMPLE_CNT_1 and a new sample is generated. In this case, the CC_SAMPLE_SAT is set to ‘1. Meanwhile, the
accumulation has stopped and CC_MSB, CC_LSB and CC_SAMPL_CNT are frozen.

In STANDBY MODE, if the CC ADC is enabled, the Coulomb Counter is reset and then cyclically activated for a
duration Tcc_on(defined in Section 4.2.1) in the time period TcycLe_sTanpey. MCU can select this cycle time
TCYCLE_STANDBY(by internal RTC) much longer (e.g. 1s) than TCC_FILTER_STANDBY (defined by the internal HF
oscillator and programmed using the CC_FIL_STANDBY 2-bit field) to reduce power consumption.
Tcc_FiLTER_sTANDBY replaces Tce_FiLTER_NORMAL before the first trigger of the TcycLe_sTanDBY-

Furthermore, the MCU should select a proper threshold (Ext. Gain) for charge/discharge detection wake up
(CC_WUP, refer to Section 4.7.2.2) considering cycle time.

With a RgyynT equal to 100uQ, in STANDBY MODE the CC can accumulate an operative current included in the
range of (-1.5A, 1.5A) and a full-scale current between (-1.75A, 1.75A).

Note that the TcycLE_sTanDBY is the same for voltage/current activation in STANDBY MODE.

With reference to Figure 31, and considering the Coulomb counting auto-zero feature described in
Section 4.7.2.4,
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Tcc_on= (1 + AZconfig) * (Tec_sTarRT Tec_FILTER _STANDBY * Tec_cAL) = 2 * (Tcc_sTarRT* Tcc_FILTER_STANDBY
+Tec_caL)

Figure 30. Timing diagram of current sense measurement and Coulomb Counter accumulation in

STANDBY MODE
AZeourg =1 CC_SOC (Intemal RTC) cc_soc
Tose T CS_START Tes_murer = Tee_pLter_stanpey
ADC CURR CS INST CURR S e < oy
Tes ca Data cross
ADC CURR CS 7 o~ check \
DIGITAL CORRECTION e G N sy
Twae TCC,START TCC_F\LTER_STANDEV (HF Osc) TCC,START Tee FILTER_STANDBY
ADC CURR CC DXware X ser )X _1oan ce sawpe XX set X coorrser X e s
ADC CURR CC TCC_CAL TCC_CAL
DIGITAL CORRECTION die ED S T D stby
COULOMB COUNTER Coulomb counter [x] > Coulomb counter [x+1]
N_SAMPLES N_samples [x] > N_samples [x] + 1
TCC_S—UFLE = TC‘(CLE_ST»HDEY (RTC s TCC_FILTEF{_ST—.HDEY (Internal HF Osc.
4.7.2.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Accuracy data refers to a characterization method using single instantaneous samples. They shall not be derived
from processing the accumulation results.

Table 58. Coulomb Counter electrical parameters in NORMAL MODE

V, CC ADC full scale differential input Desian info 9 CSAP1

CC_DIFF_FS_NORMAL voltage, CSAP1 - CSAN1 9 CSAN1

CC ADC operating differential input Lo CSAP1

Ve DIFF_oP_NORMAL voltage, CSAP1 - CSAN1 Design info -7’5 5 MV csANt
Maximum differential voltage between

CSAP1 or CSAN1 pin with respect to Lo CSAP1

Vce_aBS_OR_NORMAL GND to have CC parameter Design info -200 200 |mV CSAN1

guaranteed

CC ADC bit number: encoding is in R . CSAP1

NBIT_cC_NORMAL 2’'s complement Design info 20 bit CSAN1

. LSB calculated on CSAP1

20-1

Ve RES_NORMAL CC ADC resolution DIFE_FS_NORMAL 0.09/2 \4 CSAN1

. I . CSAP1

Nacc Coulomb Counter accumulator size Design info 32 bit CSANA

. . . CSAP1

N SAMPLE_CNT Coulomb Counter sample counter size  Design info 24 bit CSAN1

N 1 CSAP1

Tcc START_NORMAL Coulomb Counter settling time (") Guaranteed by SCAN 60 us CSAN1

) N CSAP1

Tce FILTER_START NORMAL | ADC filter settling time Guaranteed by SCAN 520 us CSANA

_ CSAP1

TCC_FILTER_NORMAL_00 Programmable ADC filter time for CC_FIL_NORMAL =00 1.04 ms CSAN1
Coulomb Counter accumulator (2 bit)

(2) — CSAP1

TCC_FILTER_NORMAL_01 CC_FIL_NORMAL =01 2.08 ms CSANA
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CSAP1
Tce_FILTER_NORMAL_10 Programmable ADC filter time for CC_FIL_NORMAL =10 4.16 CSAN1
Coulomb Counter accumulator (2 bit)
@ _ CSAP1
Tcc_FILTER_NORMAL_11 CC_FIL_NORMAL =11 8.32 ms CSANA
T L CSAP1
CC_CAL_NORMAL CC ADC post-calibration time () Guaranteed by SCAN 27 35 us CSANT
CSAP1 and CSAN1 inputs
. . shorted on PCB, with 0V
CC offset error, including post- ’ CSAP1
CCOFFSET_ERR_NORMAL . ; 3) common mode, -9 9 LSB
soldering and ageing effects. Guaranteed by test bench CSAN1
characterization
o o CSAP1
CCGAIN_ERR_NORMAL_105 | CC gain error, including non- -40°C =T = +105°C -0.1 0.1 % CSAN1
linearities, including post-soldering
CCGAIN_ERR NORMAL 125 | and ageing effects.* +105°C = Ty = +125°C 0.5 05 % ggﬁm
AP1
VCG_NOISE_NORMAL_00 CC_FIL_NORMAL =00 3.2 4 MVRMS g: AN
Standard deviation over a population
vV of 100 samples. Design information ' ~c F|L NORMAL = 01 23 3 vV CSAP1
CC_NOISE_NORMAL_01 only: SoC is assumed to be evaluated - - HYRMS | csaN
over a high number of samples CSAP1
Vce NOISE_NORMAL_10 reducing noise impact of a factor CC_FIL_NORMAL =10 1.6 2 MVRMS CSAN1
VNsAMPLE_CNT
_ CSAP1
Vce NOISE_NORMAL_11 CC_FIL_NORMAL = 11 1.1 1.5  UVRms CSANA
CC total measurement error in low [Vesapt — Vesanil < 5mV, CSAP1
CCLow_RNG_ERR_NORM range including post-soldering end TJ <+105°C, NORMAL -38.1 38.1 LSB
ageing effects state CSAN1

1. TCC_START_NORMAL = TCC_START_STANDBY and TCC_CAL_NORMAL = TCC_CAL_STANDBY as they share the same device
blocks.

2. The possible values of TCC_FILTER are the same in NORMAL and STANDBY state since the same system blocks are shared, but it is
possible to configure them independently of each other in NORMAL and in STANDBY state with the dedicated configuration bits,
CC_FIL_NORMAL and CC_FIL_STANDBY respectively.

3. Single shot samples are characterized by a superimposed Gaussian noise, with zero-mean and VCC_NOISE_NORMAL standard deviation.

Table 59. Coulomb Counter electrical parameters in STANDBY MODE

CC ADC full scale

V -V V
CC_DIFF_FS_STAND | i ot input voltage, | Design info CC_DIFF_FS_NO CC_DIFF_FS_NOR '\, CSAP1
BY CSAP1 - CSAN1 RMAL/512 MAL/512 CSAN1
CC ADC operating
V
CC_DIFF_OP_ differential input voltage, = Design info -150 150 puv CSAPT
STANDBY CSAP1 - CSAN1 CSAN1
Maximum differential
voltage between CSAP1
Vce_ABS_OR_ or CSAN1pin with o CSAP1
STANDBY respect to GND to have Design info -200 200 mV CSAN1
CC parameter
guaranteed
CC ADC bit number: CSAP1
NBIT cc sTANDBY | encoding is in 2's Design info 12 bit
7= CSAN1
complement
LSB calculated on CSAPA
Vce Res_sTanpey | CC ADC resolution DIFF_FS_NORM 0.09/220 \% CSAN1

AL
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N Coulomb Counter Desian info bit CSAP1
ACC accumulator size 9 CSAN1
Coulomb Counter . . CSAP1
N_sAMPLE_CNT sample counter size Design Info 24 ot CSAN1
Tce START. Coulomb Counter Guaranteed by 60 s CSAP1
STANDBY settling time (1) SCAN H CSAN1
Tcc_FILTER_STANDB CC_FIL_ 104 ms CSAP1
Y_00 STANDBY = 00 ’ CSAN1
Tec_FLTER_ Programmable ADC filter CC_FIL_ 2.08 ms CSAP1
STANDBY _01 time for Coulomb STANDEY =01 CSAN1
TCC_FILTER gf“{;}ef acoumulator (2. ¢ gy 416 e CSAP1
STANDBY _10 it) STANDBY =10 ’ CSAN1
Tce_FILTER CC_FIL_ 8.32 ms CSAP1
STANDBY _11 STANDBY = 11 : CSAN1
CC ADC post-calibration ' Guaranteed by CSAP1
ToC_CAL_STANDBY i (1) SCAN 27 % us CSAN1
CSAP1 and
CSAN1 inputs
. . horted on PCB
CC offset error, including sh ’
CCOFFSET_ERR_ post-soldering and with OV common 4 4 LSB CSAP1
STANDBY ageing effects.®) mode, CSANT
: Guaranteed by
test bench
characterization
CC gain error, including
CCGAIN_ERR non-linearities, including | -40°C <T,< 05 0.5 o CSAP1
STANDBY 125 post-soldering and +125°C : : ° CSAN1
ageing effects®)
Vee_NoIsE_ - CC_FIL_ 5 W, CSAP1
STANDBY 00 Standard.dewatlon over STANDBY = 00 RMS CSAN1
- a population of 100
Vee Noise_ samples. Design ~ CC_FIL_ 15 v CSAP1
STANDBY 01 information only: SoCis | STANDBY = 01 : RMS CSAN1
- assumed to be
Vee_Noise_ evaluated over a high CC_FIL_ 1 W, CSAP1
STANDBY 10 number of samples STANDBY =10 RMS  csAN1
- reducing noise impact of
Vee_Noise_ afactor NsaympLe_cnt  CC_FIL_ CSAP1
STANDBY 11 STANDBY = 11 0.5 HVRus CSAN1
\V; _
CC total measurement l\/CSAP1| <
CCLow_RNG_ERR_S | efror in low range CSAN1 = 5 LSB CSAP1
TBY including post-soldering 17'2“\£’ 5 CSAN1
end ageing effects £+105°C,
STANBY state

1. TCC_START_NORMAL = TCC_START_STANDBY and TCC_CAL_NORMAL = TCC_CAL_STANDBY as they share the same device

blocks.

The possible values of TCC_FILTER are the same in NORMAL and STANDBY state since the same system blocks are shared, but it is

possible to configure them independently of each other in NORMAL and in STANDBY state with the dedicated configuration bits,
CC_FIL_NORMAL and CC_FIL_STANDBY respectively.

deviation.

Single shot samples are characterized by a superimposed Gaussian noise, with zero-mean and VCC_NOISE_STANDBY standard
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4.7.2.2 CC state transition behavior - charge/discharge detection (CC_WUP)

The L9988 can monitor pack current while in STANDBY state, in order to detect leakage conditions in both charge
and discharge directions using the Coulomb Counter ADC. This diagnostic is not available in other FSM states.

This feature can be activated by having the Coulomb Counter enabled (CC_EN = 1) and programming
CC_WUP_EN = 1 (enabling the wakeup source).

When the IC moves to STANDBY from NORMAL MODE

. The Coulomb Counting accumulator (CC_MSB and CC_LSB) and sample counter (CC_SAMPLE_CNT)
are reset and disabled in order to start from a zero-charge initial condition.

While in STANDBY MODE:

. The Coulomb Counter accumulator (CC_MSB and CC_LSB) and sample counter (CC_SAMPLE_CNT)
are kept ON

. The CC ADC cyclically (Tcc_on in the time period TcycLE_sTanDBY) Monitors the voltage across the
external shunt resistor (after the settling time Tcc_starT), COnverting the CSAP1/CSAN1 pair with the
programmed Tcc_FiLTER_sTANDBYfilter time

. After a Tcc_sampLE = TcYCLE_STANDBY, current samples are accumulated in the CC_MSB and CC_LSB
registers and the counter CC_SAMPLE_CNT is incremented. The accumulation result is compared to the
CC_WUP_THRESHOLD: if higher, a leakage is detected. The diagnostic covers both charge/discharge
leakage as the check is performed on the absolute value of the signal. Leakage detection leads to self-
wakeup in NORMAL state for FAULT pin assertion.

When the L9988 moves from STANDBY to NORMAL state:
. The CC ADC is disabled until the device completes the transition to NORMAL state

. At this point, the full-scale current range is changed, and the CC ADC stops working, waiting for an SPI
command by the MCU using the CC_START bit . The accumulator maintains the stored data until the MCU
clear request.

. The transition to NORMAL is over. The leakage diagnostic is disabled.

User SW can set the 8-bit CC_WUP_TH field, taking into account the TcycLE_sTanDBY to configure the threshold
applied to the Coulomb Counter accumulator (CC_MSB and CC_LSB) for waking the system up.

4.7.2.21 Diagnostics

Table 60. Charge/discharge wakeup monitor diagnostics

Fault type Assertion condition 1 reactl.on L2 Rele.a.se 18 R G (9 Maskable
assertion condition flag clear

. When CC_EN=0, the

. If Coulomb Counter Charge/Discharge
accumulator (CC_MSB and . The Wakeup monitor
CC_LSB) reaches, oritis CC WUP . Once in diagnostic is masked,
Charae!/ higher than flag is set NORMAL, the CC_WUP flag can
d'schgarge CC_WUP_THRESHOLD, an . The IC the . FAULT always be cleared
i : .
detection excessive charge/discharge moves to CC_WUP pin is Wh
condition is detected en
cC WUP NORMAL flag can be released CC WUP EN=0. the
- IfCC_SAMPLE_CNT ) IS:t::JeLT N ﬂecaljed by Charge/Discharge
saturated pin is Wakeup monitor

asserted diagnostics is masked,
. If CC_ACC_SAT is set to ‘1’ the CC_WUP flag can
always be cleared
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4.7.2.2.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 61. Charge/discharge detection electrical parameters

Test

Coulomb Counter wakeup threshold

CC_WUP
5 = . Guaranteed CSAP1
¥023 1)
THRLEDSHO CC_WUP_TH (8 bit) L, bySCAN 0 255%2 LSB GSANT
CC_WUP_THRESHOLD = CODE *2
1. Referto VCC RES STANDBY.
4.7.2.3 Coulomb Counting redundancy check

The Coulomb Counter accumulator (CC_MSB and CC_LSB) is redundant for safety reasons. So the current
samples converted by the unique CC ADC connected to the CSAP1 and CSAN1 pins are accumulated in two
accumulators monitoring each other. In case they return different values, the flag CC_RED_FAIL is set.

In NORMAL MODE, the CC_RED_FAIL flag will be set, and the FAULT pin will be asserted until the MCU clears
the flag.

In STANDBY MODE, the CC_RED_FAIL will wake up the device, going to NORMAL MODE and triggering the
FAULT pin until MCU readout.

This feature can be activated by having the Coulomb Counter enabled (CC_EN = 1) and programming
CC_RED_FAIL_EN = 1 (enabling the wakeup source).

The MCU can send the CC_RED_FAIL_INJ command in NORMAL MODE to perform a fault injection in the
redundant accumulator value. In this case, the CC_RED_FAIL is expected to be set by internal monitoring
because of the difference between the two accumulators.

4.7.2.31 Diagnostics

Table 62. CC redundancy check diagnostics

Fault type | Assertion condition | IC reaction to assertion | Release condition ICf::;cctll::rto Maskable

The . When CC_EN=0, the CC
. If the two CC_RED_FAIL ;e.dundatpcy.checkk -
Counter . If in STANDBY, . Once in \wavs be cl gg ca
CcC accumulators the IC moves to NORMAL, the . FAULT always be cleare
redundancy return different NORMAL and the CC_RED_FAIL pin is When
fail values, the FAULT pinis flag can be released _
CC_RED_FAIL asserted cleared by MCU gg_rsclizuaal;ﬁlcl_y_sh'\je c% the
fault is . Ifin NORMAL, the diagnostics is masked, the
acknowledged FAULT pin is CC_RED_FAIL flag can
asserted always be cleared
4.7.2.4 Coulomb Counting Auto-Zero (AZopfig)

The IC features an auto-zero configuration to compensate for the offset on the Coulomb Counter input pins
CSAN1 and CSAP1 only in STANDBY MODE and to obtain the electrical characteristics listed in Section 4.7.2.1.

With reference to the following figures, during TcycLe_stanpy the Coulomb Counter is cyclically activated for a
duration of Tcc_on= (1 + AZconfig) * (Tcc_sTarRT* Tcc_FILTER_sTANDBY * Tcc_caL)-

Since the CS ADC and the CC ADC must be synchronous to automatically perform the cross-check, Tcs_FILTER
must be aligned with the filter time Tcc_FiLTER_sTANDBY: then Tcs_on= Tecc_on— (AZconﬁg * (TCC_START+
Tcc_FiLTER_sTANDBY * Tcc_cal)), considering also that Tcs starT = Tce_sTART (With Tec_sTART _NORMAL =

Tcc_sTART STANDBY = Tcc_sTarT defined in Section 4.7.2.1) and Tes _caL = Tee_cat (With Tcc_caL_NORMAL =
TCC_CAL_STANDBY = TCC_CAL defined in Section 4.7.2.1).
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Figure 31. Timing diagram of current conversion routine in STANDBY MODE

AZ g =1 CC_soC cc_socC
TWAKE TCSfSTART TCS_F\LTER = TCC_FILTER_ST&NDEW
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DIGITAL CORRECTION e N Sty
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TWAKE TCC_START TCC,FILTER,STANDBV

ADC CURR CC

ADC CURR CC =3 Toeson \,
DIGITAL CORRECTION e &=

CC OFFSET

TCYCLE;ST-.NDEY ‘

CODE_ILOAD CODE_AZ
l AVAILABLE AVAILABLE |

Y

Coulomb Counter accumulator will integrate the CODE_|LOAD
and CODE_AZ (subtracted) to reduce offset integration

4.7.3 CS-CC cross-check (X-CHECK)

When both Instantaneous Current Measurement ADC (CS ADC) and Coulomb Counting ADC (CC ADC) are
enabled (CS_EN =1 and CC_EN = 1), a real-time cross-check between instantaneous samples can be
performed, both in NORMAL and STANDBY MODE.

In NORMAL MODE, if the Coulomb Counter is continuously running after setting the CC_START bit, samples are
cross-checked whenever the Start of Conversion (SOC) command is sent by the MCU via the SPI or by the
internal timer (every TcycLE_NoRmALSecoNds), with the enable bit XCHECK_CS_CC_EN = 1. If the Coulomb
Counter is not running, the cross-check is not executed.

Performing the x-check does not alter the instantaneous current measurement thread, nor the synchronicity with
the cell voltage measurement. In fact, as shown in the following figure, the instantaneous current sample is
acquired immediately, while the x-check is delayed, aligning the instantaneous CS to the Coulomb counter
running in the background (CS and CC are asynchronous). On the other hand, Tcs_FiLTER is automatically
aligned with the filter ime Tcc_riLTER_NORMALWHEN the x-check is performed

Figure 32. CS & CC X-Check in NORMAL MODE

1 1 Tx.cHecK 1
— el

INST
INST CS IDLE CURRENT X-CHECK

CC SAMPLE +
cc CC SAMPLE CC SAMPLE X-CHECK CC SAMPLE CC SAMPLE

SOC = 1 & X-CHECK_CS_CC_EN = 1

The WAIT time duration can reach a maximum value of TWA|T= TCC_START_NORMAL"' TCC_FILTER_START_NORMAL"'
Tcc_FILTER_NORMAL-

The x-check conversion lasts for Tx.cHeck= Tcs FILTER = Tcc FILTER NORMAL (the result is available after the
additional time required for the calibration Tcg C;L= Tce caL with TCE; CAL NORMAL = TcC CAL STANDBY =
Tcc_caL defined in Section 4.7.2.1), and follows this strafegy: S S
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. If the absolute values of both samples are greater than 9350 LSB of CS ADC, the following condition will
be checked:
Equation 2 — Cross-check condition (high range)
) |CUR st 4l
if |CURNsteg| 2 |CURNST | = = > [CURNsT g = CURINST (| S 5% &
CHECKHIGHTH_NoRMAL
2)
) |CUR1NSTCC|
if |CURNsteg| < |CURinsToc| = = > [CURNsTs = CURINST | < 5
CHECKHIGHTYH _noRMAL
. If the absolute value of at least one sample is less than or equal to 9350 LSB of CS ADC, the following

condition will be checked:
Equation 3 — Cross-check condition (low range)

|CURNsTos = CURNsT | < XCHECK Lowpyy NoRMAL 3)
. The following out-of-range check is also executed:
Equation 4 — Cross-check condition out of CC operative range (values are expressed in LSB of CS

ADC)

|CUR1NSTCS| < 218543 — XCHECKouTry_yoRmaL

|CUR1NSTCC| < 218543 = XCHECK ouTyyy_yormaL

To confirm the diagnostic execution, the XCHECK_CS_CC_END flag (cleared upon read) will be set when the
check is over. In case one of the conditions above is not verified, the XCHECK_CS_CC_FAIL flag will be set
(cleared upon read) and the FAULT pin is asserted. The cross-check circuit is duplicated to control its correct
functionality. In case functional and redundant circuits give different results, XCHECK_CS_CC_END_MISMATCH
and/or XCHECK_CS_CC_FAIL_MISMATCH (both cleared on read) are asserted.

During the cross-check execution, CC_EN and CS_EN settings must not be modified.

In STANDBY MODE, if XCHECK_CS_CC_EN = 1, the x-check is automatically performed upon each transition to
TcycLE_sTanpBy- In fact, as shown in the following figure, CS and CC are synchronous.

Figure 33. CS & CC X-Check in STANDBY MODE

TCYC LE_STANDBY = TCC_SJ?I'-JFLE

'y

Azconﬁg =1 i Tcs_ou | i
| : |
1 1 1
INST
INSTCS
CURRENT
cc CC SAMPLE

I
: ! — X-CHECK

Tec_on

Tec on = (1 +AZeonig) * (Tec_start + Tec mirer_stanoey T Tec_cal))

. *
Tes_on= Tec_on—(AZeonig * (Toc_smrt + Toc_purer_stanosy + Tec_cal))

In STANDBY MODE, the x-check conversion follows this strategy:

DS15145 - Rev 1 page 107/184



L9988

Functional description

. If the absolute values of both samples are greater than 290 LSB of CS ADC and
(X_CHECK_HIGH_TH_STBY =10 or X_CHECK_HIGH_TH_STBY = 11), the following condition will be
checked:

Equation 5 — Cross-check condition (high range)

) |CUR st 6l
if |CURNstes| 2 |CURINsT | = = > [CURNsTg = CURINST 0| S 3% L

CHECKHIGHTH _sTRY

(5)
if |cur < |cur = = > |cUR CUR o |CURWsrel
INST INSTee| = = INSTcg — INSTcco| S

cs cc cs cc XcHECK G Hr sTRY

. If the absolute value of at least one sample is less than or equal to 290 LSB of CS ADC or
X_CHECK_HIGH_TH_STBY =00 or X_CHECK_HIGH_TH_STBY = 01, the following condition will be
checked:

Equation 6 — Cross-check condition (low range)

|CUR1NSTCS - CURINSTCC| < XCHECK Lowry _srpy (6)
. The following out of range check is also executed:
Equation 7 — Cross-check condition out of CC operative range (values are expressed in LSB of CS

ADC)

|CURINSTCS| <437 = XCHECKouryy; srpy

(7)

|CURINSTCC‘ <437 = XCHECKouryyy srpy

To confirm the diagnostic execution, the XCHECK_CS_CC_END flag (cleared upon read) will be set when the
check is over. In case one of the conditions above is not verified, the XCHECK_CS_CC_FAIL flag will be set
(cleared upon read) and the IC moves to NORMAL MODE and the FAULT pin is asserted.

The behavior described above makes the out-of-range check usable as overcurrent detection criteria during
STBY mode: in that case, the MCU is in charge of decoding the XCHECK_CS_CC_FAIL flag as an overcurrent

condition.
4.7.3.1 Diagnostics
Table 63. Cross-check diagnostics
Fault type Assertion condition 1 reactl.on L Release condition IS el i Maskable
assertion clear
. If in NORMAL
and Equations
2,3,4 are not . The
verified, the XCHECK_CS_ . When
XCHECK_CS_ CC_FAIL flag is XCHECK_CS_
CC_FAIL fault set Once in CC_EN=0the
X-CHECK is If in STANDBY, NORMAL, the cross-check
acknowledged the IC moves to XCHECK_CS_ FAULT pin is diagnostics is
CS-CC Fail . If in STANDBY NORMAL and CC_FAIL flag released masked, the
and Equations the FAULT pin can be cleared XCHECK_CS_
5,6,7 are not is asserted by MCU CC_FAIL flag
verified, the Ifin NORMAL, can always be
XCHECK_CS_ the FAULT pin cleared
CC_FAIL fault is asserted
is
acknowledged
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Lys

4.7.3.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 64. X-check electrical parameters (values are expressed in LSB of CS ADC)

XCHECK_LOW_T X_CHECK_LOW_TH_NOR LSB CSAP0O CSANO
H_NORMAL_00 MAL =00 (default) CSAP1 CSAN1
XCHECK_LOW_T X _CHECK_LOW_TH_NOR 87 LSB CSAPO CSANO
H_NORMAL_01 Programmable x-check MAL = 01 CSAP1 CSAN1
threshold for low range (2
XCHECK_LOW_T | bit) in NORMAL MODE X_CHECK_LOW_TH_NOR 17 LSB CSAPO CSANO
H_NORMAL_10 MAL =10 CSAP1 CSAN1
XCHECK_LOW_T X_CHECK_LOW_TH_NOR 175 LSB CSAPO CSANO
H_NORMAL_11 MAL = 11 CSAP1 CSAN1
XCHECK_HIGH_T X_CHECK_HIGH_TH_NO 128 CSAPO CSANO
H_NORMAL_00 RMAL = 00 CSAP1 CSAN1
XCHECK_HIGH_T X_CHECK_HIGH_TH_NO 64 CSAPO CSANO
H_NORMAL_01 Programmable x-check RMAL = 01 (default) CSAP1 CSAN1
threshold for high range (2

XCHECK_HIGH_T | bit) in NORMAL MODE X_CHECK_HIGH_TH_NO 32 CSAPO CSANO
H_NORMAL_10 RMAL =10 CSAP1 CSAN1
XCHECK_HIGH_T X_CHECK_HIGH_TH_NO 16 CSAPO CSANO
H_NORMAL_11 RMAL = 11 CSAP1 CSAN1
XCHECK_OUT_T X_CHECK_OUT_TH_NOR 0 LSB CSAPO CSANO
H_NORMAL_00 MAL =00 CSAP1 CSAN1
X

CHECK_OUT_T Programmable x-check X_CH_ECK_OUT_TH_NOR 14564 LSB CSAPO CSANO
H_NORMAL_01 threshold for out of CC MAL = 01 (default) CSAP1 CSAN1

tive scale range (2

XcHeck out 1 OPerd g X_CHECK_OUT_TH_NOR CSAPO CSANO
H_NORMAL 10 bit) in NORMAL MODE MAL = 10 29127 LSB CSAP1 CSANA
XCHECK_OUT_T X_CHECK_OUT_TH_NOR 72817 LSB CSAPO CSANO
H_NORMAL_11 MAL = 11 CSAP1 CSAN1
XCHECK_LOW_T X _CHECK_LOW_TH_STB 58 LSB CSAP0O CSANO
H_STBY_00 Y =00 (default) CSAP1 CSAN1
XCHECK_LOW_T X_CHECK_LOW_TH_STB 73 LSB CSAPO CSANO
H STBY 01 Programmable x-check Y =01 CSAP1 CSAN1

— threshold for low range (2
XCHECK_LOW_T | bit) in STANDBY MODE X_CHECK_LOW_TH_STB 87 LSB CSAPO CSANO
H_STBY_10 Y =10 CSAP1 CSAN1
XCHECK_LOW_T X _CHECK_LOW_TH_STB 17 LSB CSAPO CSANO

H_STBY_11

XCHECK_HIGH_T
H_STBY_00

XCHECK_HIGH_T

H STBY 01 Programmable x-check

threshold for high range (2

XCHECK_HIGH_T | bit) in STANDBY MODE
H_STBY_10

XCHECK_HIGH_T
H_STBY_11

Y=11

X_CHECK_HIGH_TH_STB
Y =00

X_CHECK_HIGH_TH_STB
Y = 01 (default)

X_CHECK_HIGH_TH_STB
Y=10

X_CHECK_HIGH_TH_STB
Y= 11

Follow Eg. (6)— Cross-check
condition (low range)

Follow Eq. (6) — Cross-check
condition (low range)

4

CSAP1 CSAN1

CSAPO CSANO
CSAP1 CSAN1

CSAPO CSANO
CSAP1 CSAN1

CSAPO CSANO
CSAP1 CSAN1

CSAPO CSANO
CSAP1 CSAN1
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XCHECK ouT_T X_CHECK_OUT_TH_STB LSB CSAPO CSANO
H_STBY_00 Y =00 CSAP1 CSAN1
X

CHECK_OUT_T Programmable x-check X_CHE_CK_OUT_TH_ 29 LSB CSAPO CSANO
H_STBY 01 threshold for out of CC STBY = 01 (default) CSAP1 CSAN1

i le range (2

XcHeck oyt 1 | operative scale rang X_CHECK_OUT_TH_ CSAPO CSANO
H_ STBY 10 bit) in STANDBY MODE STANDBY = 10 73 LSB CSAP1 CSAN1
XCHECK_OUT_T X_CHECK_OUT_TH_ 146 LSB CSAP0O CSANO
H_STBY _11 STBY =11 CSAP1 CSAN1
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4.8 Short-Circuit detection (SC)

4.8.1 Short-Circuit ADC (SC ADC)

The L9988 protects the battery pack from dangerous short-circuit conditions by sensing the voltage across the
external shunt resistor with a dedicated 10-bit ADC SC, which is continuously running and operates on the
CSAPO and CSANO pins.

Short-circuit thresholds Vsc_cHe_TH (charge) and Vsc_pcHe_TH (discharge) can be programmed via SPI using
the 9-bit SC_CHG_TH and SC_DCHG_TH fields respectively.

The SC detection can be enabled by setting the SC_EN bit and it is continuously available in both NORMAL and
STANDBY states. If the SC ADC detects a short-circuit in charge or discharge, the corresponding SC_CHG and
SC_DCHG flags will be set; the propagation delay from diagnostic assertion to LATCH pin assertion is
Tsc_LATcH_REACT_NORMAL in NORMAL and Tsc_LATCH_REACT_STANDBY in STANDBY.

With a RsqunT equal to 100 pQ, the SC ADC can measure a full-scale current between (-3600 A, 3600 A).

To avoid false detections, short-circuit thresholds shall only be modified while SC_EN = 0. During NVM download,
SC ADC is switched OFF even if SC_EN = 1. The diagnostic is executed every time a new sample from SC ADC
is available and covers the failures listed in the following table.

4.8.2 Diagnostics

Table 65. Short-circuit detection

Fault type | Assertion condition e reactllon to Release condition [CReas foniicliiag Maskable
assertion clear
. The SC_CHG
flag is set . LATCH pin is
g released When SC_EN=0, the
Ifin STANDBY, . One or both short-circuit detection is
the IC moves roups of CB masked, the SC_CHG
If (VCSAPO - to NORMAL ° If (VCSAPO - 9 p ﬂag can a|Ways be
v < d the LATCH Vesano) > back-to-back
CSANO) an CSANO cleared
Short v pin is asserted Vv MOSFETSs are
Circuit in SC_CHG_TH ifin NORMAL SC_CHG_TH, turned ON SC_LATCH_MSK=1
Charge the S.C—CHG tth ATCH bi ’ the SC_CHG (according to masks reaction on the
fault is e assorteg flag can be Table 70 (Pre- LATCH pin
acknowledged. e i cleared by MCU Drivers driving SC HS MASK=1
oth groups o commands), refer masks reaction on the
CB MOSFETs .
are turned to Section 4.10.2 Pre-Drivers
OFF for details)
The
SC_DCHG flag . LATCH pin is
is set released When ‘SC_.EN=0, the .
If in STANDBY, . One or both Shoi_ccljrctl:t detection is
the IC moves f CB masked, the
If (Vcsapo — . If (Vesapo — groups o
v( cs ) g to NORMAL v( cs ) 2 back fo-back SC_DCHG flag can
Short VCSANO and the LATCH VCSANO MOSFETs are always be cleared
Circuit in SC_DCHG_TH: pin is asserted SC_DCHG_TH, turned ON SC_LATCH_MSK=1
Discharge the S,C—DCHG If in NORMAL, the SC_DCHG (according to masks reaction on the
fault is the LATCH pin flag can be Table 70 (Pre- LATCH pin
acknowledged. is asserted cleared by MCU Drivers driving SC HS MASK=1
Both groups of commands), refer masks reaction on the
CB MOSFETs to Section 4.10.2 Pre-Drivers
are turned for details)
OFF
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4.8.3

Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 66. Short-circuit diagnostic electrical parameters

Tstconons | | Typ—| ar. Ui P |

Vsc_DIFF_Fs

Vsc_DpIFF_op

Vsc_aBS_OR

NBIT sc

Vsc_Res

Tsc_caL

SCOFFSET_ERR

SCGAIN_ERR

Vsc_CHG_TH

Vsc_DCHG_TH

Tsc_ADC_SWITCH_ON

Tsc_ADC_REACT

TSC_LATCH_REACT_NORMAL

TSC_LATCH_REACT_STANDBY_VIO_VSTBY

TSC_LATCH_REACT_STANDBY_VIO_VCORE

SC ADC full scale differential
input voltage, CSAPO — CSANO

SC ADC operating differential
input voltage, CSAPO — CSANO

Maximum differential voltage
between CSAPO or CSANO pin
with respect to GND to have CS
parameters guaranteed

SC ADC bit number: encoding is
in 2’'s complement

SC ADC resolution

SC ADC post-calibration time

SC ADC offset error, including
post-soldering and ageing
effects(")

SC ADC gain error, including
non-linearities, including post-
soldering and ageing effects")

Programmable short-circuit
threshold in charge (9 bit);
14 ==V *CODE
SCcHGry SC_RES
Programmable short-circuit
threshold in discharge (9 bit);

Vscpengry = ~ Vsc_res* CODE

SC ADC first activation time

SC ADC reaction time to
SC_CHG and SC_DCHG flags
setting

Short-circuit reaction time of
LATCH pin

Design info -360
Design info -300
Design info -500
Design info

LSB calculated on
DIFF_FS

Guaranteed by
SCAN

CSAPO and CSANO
inputs shorted to
GND on PCB.
Guaranteed by test
bench
characterization

-40°C < Ty < +125°C | -1

SC_CHG_TH -359.29

SC_DCHG_TH 0

NORMAL MODE

STANDBY MODE

VIO connected to
VSTBY,

TvSTBY_SOFT_START

STANDBY MODE

1.15

1.9

CSAPO
360 mV
CSANO
CSAPO
300 mV
CSANO
CSAPO
500 mV
CSANO
CSAPO
10 bit
CSANO
CSAPO
0.36/210-1 \
CSANO
CSAPO
27 us
CSANO
CSAPO
0 1 LSB
CSANO
CSAPO
0 1 %
CSANO
CSAPO
0 MV csANO
CSAPO
359.29 mV CSANO
CSAPO
300 us
CSANO
CSAPO
850 us
CSANO
CSAPO
1 gs | CSANO
LATCH
CSAPO
1.43 ms
CSANO
LATCH
2.6 ms
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Tost conctons | in_| .| x|t |_Pn |

VIO connected to

VCORE,

TVCORE_SOFT_START CSAPO

STANDBY MODE CSANO
TSC_LATCH_REACT_STANDBY_VIO_VCC xICOCconnected o 115 145 |'ms LATCH

Tvce_SOFT_START

CSAPO

T Short-circuit reaction time of 106 |ms CSANO
SC_CBMOS_REACT turning OFF CB MOSFETs : VGx
VSx

1. Single shot samples are characterized by a superimposed Gaussian noise, with zero-mean and VSC_NOISE standard deviation
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4.9 GPIOs

The device features 2 GPIOs configurable according to the table below. In detail, the GPIO0 and GPIO1 can be
configured as digital input/output or analog input connected to the external NTC (or to another sensor) using the
GPIO<x>_CONF 2-bit field. The GPIOs configured as input are protected against back-feeding towards VTREF
and VCC in case of an external short-to-battery event.

Table 67. GPIO configuration

GPIO<x>_CONF Configuration

00 ADC Input (absolute)

01 (default config, for pins not configured as alternate functions by default) ADC Input (ratiometric)

10 Generic Digital Input

11 Generic Digital Output (push/pull)

GPIOs can be used as simple I/O driven/read via dedicated registers:
. When configured as digital output, the GPIOs can be driven according to the GPO<x> bit.
. The input buffer status can be read via the GPI<x> bit.

- When configured as digital input, an internal weak pull-down/pull-up can be configured programming
GPIO<x>_PU_PD.

Table 68. GPIO weak pull-up/pull-down configuration

GPIO<x>_PU_PD Configuration

0 (default) Weak pull-down (Rgpio_wk_PD)

1 Weak pull-up (Rgpio_wk_pu)

Unused GPIOs shall be connected to AGND. They shall be left programmed as analog input via GPIO<x>_CONF.
491 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 69. GPIOs electrical characteristics

Tstconions iy w7 |

VePIo_ouT_HiGH | GPIO high output value ISOURCE = 2mA Vy|0-0.4 Vv GPIOx
Vepio_ouT Low | GPIO low output value ISINK = 2mA 04 'V | GPIOx
VGPIO_IN_HIGH | GPIO high input level 2 V  GPIOx
VGPIO_IN_HYS GPIO input buffer hysteresis 0.1 05 |V GPIOx
Raeprio_wk_pu GPIO weak pull-up resistor GPIO<x>_PU_PD =1 0.4 1 1.6 MQ | GPIOx
Rapio_wk_pD GPIO weak pull-down resistor GPIO<x> PU PD=0 0.4 1 1.6  MQ GPIOx
Repio_ExT_PU GPIO external pullup resistor for Application information -1% 47 +1% KQ | GPIOx

open-drain configuration

Application information,

C .
GPIO_EXT GPIO external bypass capacitor including parasitics

150 pF  GPIOx

PU/PD disabled, 0 < Vgpiox <

ILEAK GPIO_Hiz | GPIO leakage current in HiZ 5V

05 0 05 pA GPIOx

fsw_apio GPIO switching frequency 42 | KHz GPIOx
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410 HS pre-drivers and CB MOSFETs

The L9988 integrates two high-side pre-driver stages designed to manage the opening/closing of a variable
number NposreT of couples of common-source back-to-back n-MOSFETs (Circuit Breaker (CB) MOSFETs, MOS
18-1D and MOS 2S-2D) which provide the pack connection to external loads and the charger.

4.10.1 Driving output

The drivers control the MOS 1S-1D and MOS 2S-2D through direct gate charge/discharge of the MOSFETs gate-
source voltage.

Figure 34. High-side CB back-to-back MOSFETs driving configuration

Mis Mip

L

Fios W
T

Mzs Mg
— T
R}GS 'I.'i.

An external VGS pull-down resistance R1gs and Rygg shall be connected externally.

4.10.2 Driving commands
The MOSFET pairs are managed in the different states as follows:
. NORMAL MODE: MOS 1S-1D and MOS 2S-2D according to the table below

. STANDBY MODE and POWER DOWN MODE: the enabling bit HS_CMD_EN is automatically reset to
keep MOS 1S-1D and MOS 2S-2D ON or OFF following the HS_CMD_IN1 and HS_CMD_IN2 bits

. SLEEP MODE: MOS 1S-1D and MOS 2S-2D always OFF

The driving of the high-side MOSFETs will be executed according to the following table, depending on:
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. Detection of a Short-Circuit (SC) from the logic OR of SC_CHG and SC_DCHG bits, according to
SC_HS_MASK (refer to Section 4.8.2)

. Detection of CP undervoltage from bit VCP_UV (refer to Section 4.3.2)

. Detection of MCU lock-step error from bit FCCU_FAIL, according to bit FCCU_REACT (refer to
Section 4.12.4)

. The status of HS_IN1 and HS_IN2 pins when HS_CMD_EN=1 (refer to Table 70) )

Table 70. Pre-drivers driving commands

N N

(SC =1 AND SC_HS_MASK = 0)

OR
VCP_UV =1 0 0 o 11 o
OR
(FCCU_FAIL = 1 AND FCCU_REACT =
1)
HS_IN1 0 X 1 X X
HS_IN2 X 0 1 X X
] L According to According to According to
MOS 1S-1D driving HS_CMD_IN1 HS_CMD_IN1 OFF 'OFF ' hs cMmD_IN1
} . According to According to According to
MOS 28-2D driving HS_CMD_IN2 HS_CMD_IN2 OFF OFF "5 cMD_IN2

The meaning of the SPI commands HS_CMD_IN1 and HS_CMD_IN2 is as follows:

. HS_CMD_IN1 commands the MOS 1S-1D MOSFETSs (logic ‘1’ MOS ON; logic ‘0’ MOS OFF)
. HS_CMD_IN2 commands the MOS 2S-2D MOSFETSs (logic ‘1’ MOS ON; logic ‘0’ MOS OFF)
The direct gate control shall be intended as:

. ON state: (V(VGx) — V(VSx)) = Vasx > Vas_oN

. OFF state: (V(VGx) — V(VSx)) = Vgsx < VGs_oFF

Figure 35. Pre-drivers principle architecture

1
I
! L9988 |
| vCP i |
! | |
! | |
I ! !
|
| Ext CB MOS 1
i 1 Gate pin VGx :
| Tum ON/OFF e ‘
I SPlcommand =%
| HS_CMD_INx l'PD s
1
I
I : Vasx
! 1
I
! c
I <
: Ext CB MOS
| Source pin VSx :
I
! :
' |
! 1
: Ipp vs piac l . 4‘
1
| I
| 1
! :
! 1
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4.10.3 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 71. Pre-drivers electrical characteristics

i . e o

Equivalent capacitive load

on VG1/VG2 pins (single Application info, using recommended MOSFETs

CHsbRv_LOAD 20 30 nF | VGx, VSx

couple of back-to-back listed in Table 72

MOS)
VGs oN VG1/VG2 ON voltage VygsT > 7V 8.5 10.5 12 Vv VGXx, VSx
VGs_ON_LB

VG1/VG2 ON voltage 5V < VypsT <7V 6.2 \Y VGx, VSx

LB: LOW BATTERY

I(CHG) = I(DCHG) = 0.450mA

VGes oFF VG1/VG2 OFF voltage 100 mV | VGx, VSx
- V(VSx) = OV
| VG1//G2 Current source in | V(VGX) - V(VSx) = 0V 015 069 mA VGx VSx
PU steady state V(VSx) = 0V ' ' ’
lpy_PEAK :)’;1‘(’%2 Current source | bocian info 50 135 'mA  VGx, VSx
| VG1NG2 Currentsink in ~ V(VGX) - V(VSx) = 1.4V 40 330 |mA |Vex VSx
PD steady state V(VSX) = 0V '
Ipp_PEAK VG1/VG2 Current sink Design info 230 590 mA VGx, VSx

peak

From received HS_INx command for the Vggx
transition from 0V to 7.2V, V(VSx) = 0V

Cload(VG1) < 120nF
THs_oN Turn-ON time Cload(VG2) = Cload(VG1) - 30nF (+2nF) 26 ps | VGx, VSx
using recommended MOSFETs listed in Table 72

Including digital synchronization jitter of HS_IN1
and HS_IN2 inputs

Equal to Ths on(VG2) - Ths_on (VG1)

considering the worst case scenario of capacitive 10 us | VGx, VSx
load mismatch where NyosreT1 = 4 and

NmosreT2 =3

THs_ON_MATCH | Turn-ON time match

From received HS_INx command for the Vggy
transition from 10.5V to 100mV, V(VSx) = 0V

Cload(VG1) < 120nF
THs_oFF Turn-OFF time Cload(VG2) = Cload(VG1) - 30nF (+2nF) 10 pus | VGx, VSx
using recommended MOSFETs listed in Table 72

including digital synchronization jitter of
HS_IN1 and HS_IN2 inputs

Equal to Ths_orr(VG2) -Ths_orr (VG1)

Turn-OFFE time match consid_ering the worst case scenario of capacitive 16 us | VGx, VSx
load mismatch where N\yosreTq = 4 and

NmosreT2 = 3

THS_OFF_MATCH

Number of couples of
NMOSFET1 MOSFETSs connected to 1 4 VGx, VSx
VG1
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i . e [P

Number of couples of

NMOSFET2 MOSFETs connected to 1 3 VGx, VSx
VG2
NMOSFET1-2 (NmosreT1 - NMOSFET2) 0 1 VGx, VSx
Rigs Rags | 2temal VGS pulldown Application info 20% 1 +20% MQ VGx, VSx
’ resistor
. . . HS_IN1,
VHs_IN_H HS_IN High level threshold | Tested in production 1.3 1.7 \% HS IN2
. . HS _IN1,
VHs_IN_L HS_IN Low level threshold ' Tested in production 0.9 13 |V HS IN2
Note: External components are excluded from safety analysis. No internal diagnostics will be implemented in the

device; ST will provide the failure rates to the system integrator, who will implement externally the safety
mechanisms needed to reach the system ASIL target.

Table 72. Recommended external MOSFETs

Vps max | Ves_max Ip [A] Pror [W] | Rbpson[mQ] Qq [nC]
\"/ \"
Part number Maker V] Gsth [V] @25°C @25°C @Ves=10V @Ves=10V

2 min, 3
TPWR7904PB Toshiba MAX
Jiedie 1.2 min, 2.5
JMSL040SAGQ Microelectronics 40 20 MAX 349 139 0.75 116
. . 1.2 min, 2

STL325N4LF8AG | ST Microelectronics | 40 16 MAX 373 188 0.75 95
NVMFS5C410NL A ON Semiconductor | 40 20 2 MAX 330 167 0.82 143
4104 Diagnostics - V§1, VS2 ADC converters

The IC includes two dedicated ADC voltage converters used to measure the source voltage on pins VS1 and VS2
of each MOSFET back-to-back couple and to allow the MCU to perform a diagnostic of the CB MOSFETSs status.

This measurement is available only in NORMAL MODE by setting the command HS_DRV_DIAG_EN = 1. The
converted values are provided to the MCU in read-only registers VS1_ADC and VS2_ADC to perform a double
check diagnostic of pre-drivers (in parallel with the conversions through external dedicated ADCs). In detail, to
perform the diagnostics in NORMAL MODE, HS_CMD_INx is set to 0 and one of the two couples of common
sources back-to-back CB MOSFETs is turned OFF for a certain period of time during which it is possible to check
whether the source VSx is stuck by reading the value V(VSx) with the ADC. If everything is fine, the source will be
discharged, and the conversion will be equal to OV. To allow VSx to discharge during the diagnostic, a pull-down
current Ipp_vs_piac (refer to Figure 36) is automatically activated when HS_CMD_INx is set to 0 and the
corresponding driver is turned OFF. Only after the discharge is completed (approximately after a time interval
equal to [Cload(VSx) * (V(VSX) / Ipp_vs piac)], with Cload(VSx) capacitive load connected to the VSx pin) will the
diagnostics be enabled by setting HS_DRV_DIAG_EN to 1 and, at the end of the measurement, the
VS1_DATA_READY and VS2_DATA_READY cleared on read registers are set.
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Figure 36. V81, VS2 diagnostics scenario

4
HS_CMD_INx
tls]
lpo_vs pisc [MA]
t[s]
V(VSx) [V]
After the discharge is completed,
the diagnostics will be enabled by
setting HS_DRV_DIAG_EN =1
4 v t[s]

= Cload(VSx) * (V(VSX) / lap, vs piac)

4.10.4.1 V81, VS2 ADC Built-In-Self-Test

The L9988 allows testing the integrity of the VS1, VS2 ADCs setting the VS1_VS2_BIST_EN bit. During this
procedure, the inputs of the ADCs are disconnected and a fixed voltage (ADC_VSgranGEe /2) is provided at the
ADCs input; the results of the conversions are compared with an internal threshold and VS1_BIST_DONE,
VS2_BIST_DONE cleared on read registers are set. The VS1_BIST_FAIL and VS2_BIST_FAIL cleared on read
registers are set according to the BIST result.

4.10.4.2 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 73. VS1, VS2 ADC converters electrical characteristics

T L T R

NBIT_ADC_ VS VS1, VS2 ADCs bit number bit | VS1VS2
ADC_VSRaANGE :ﬁ;,eVSZ ADCs voltage measurement 0 256V VS1VS2
) Design info. LSB calculated
ADC_VSRgs VS1, VS2 ADCs resolution (LSB) on ADC_VSRaNGE 100 mV | VS1VS2
ADC_VSacct1 | VS1, VS2 ADCs accuracy 1 0V < V(VSx) <6V -300 300 mV VS1VS2
ADC_VSacce | VS1, VS2 ADCs accuracy 2 6V < V(VSx) < 19V -5 +5 % | VS1VS2
Tconv_Apc_vs | VS1, VS2 ADCs total conversion time 128 us  VS1VS2
IPD_vs DIAG Pull-down current for VSx discharge 40 50 |60 MA | VS1VS2
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4.1 Oscillators

This section describes the device oscillators.

4111 Low frequency standby oscillator (OSC_STBY)
The low frequency standby oscillator operates at fstgy_osc and is always active.

4.11.1.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 74. Standby oscillator electrical parameters

fsTBY_OSC Oscillator frequency 8% 500 +8% KH
4.11.2 High frequency main oscillator (OSC_MAIN)
The high frequency main oscillator operates at fiyain_osc and is only active in NORMAL state and in POWER
DOWN state.
4.11.2.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 75. Main oscillator electrical parameters

fmaIN_osc Oscillator frequency 6% 16 +6% MHz

4.11.3 Normal oscillator monitor

When in NORMAL, the main and standby oscillators (OSC_MAIN and OSC_STBY) are monitoring each other. In
case of frequency drift detection or main oscillator stuck, the OSC_FAIL flag is set (cleared upon read), FSO1,
FSO2 lines are asserted (both LOW) and the IC moves to POWER DOWN state.

In case the standby oscillator is stuck, the IC will move to SLEEP state. A new wakeup attempt can be detected
as soon as the standby oscillator recovers.

If an oscillator is stuck, this is detected in Tosc_sTuck_TIMEOUT.

The oscillator monitor is covered by BIST at each wakeup from low-power states. In case of failure, the
CLK_MON_SELFTEST_FAIL is set (cleared upon read). This flag has to be checked at least 13 ms after the
power-up.

It is possible to check the completion of the execution of oscillators monitor BIST through the flag
CLK_MON_SELFTEST_DONE.

4.11.3.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 76. Normal oscillator monitor electrical parameters

T A (T

fosc_MON_ERR Oscillator delta frequency threshold Guaranteed by SCAN

Tosc_STUCK_TIMEOUT Oscillator stuck detection timeout Guaranteed by SCAN 2 ms -
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4.11.4 XTAL oscillator

The L9988 is equipped with the XIN and XUOT pins that permit to connect an external XTAL oscillator (fxtaL)
used to provide the internal real time clock and the internal RTC wakeup.

In case the external crystal is not connected, the MCU can set the bit XTAL_DISABLE in NORMAL MODE to use
an internal oscillator (frrc_int) With a relaxed accuracy during STANDBY MODE.

During STANDBY MODE, the XTAL oscillator working according to XTAL_DISABLE is monitored by the standby
oscillator monitor as described in Section 4.11.5. In case XTAL_DISABLE = 0 and the crystal is not connected,
the standby oscillator monitor fault is detected in STANDY MODE or in POWER DOWN MODE and the device
moves to SLEEP MODE.

4.11.4.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 77. XTAL Oscillator electrical parameters

symoel | puamater et contions | bin. .| x| un| PN

Oscillator frequency with XTAL, C1_xtaL, C2_xTAL, Rd_xTAL:
f . - XTAL 059 32. 59
XTAL orystal efer 1o Tl 78 0.5% 32.768 +0.5% KHz XIN XOUT
XTAL R :
TxTAL_STARTUP A XTAL Oscillator start up time » C1xraL G2 xrats Ra xra 1 s XINXOUT

refer to Table 78

Oscillator frequency without

-6% 32.768 +6% KHz -
crystal

fRTC_int

Table 78. External components list for XTAL Oscillator

Rd xTAL | XTAL resistor connected to XOUT pin 5% +50 ppm/K
C1_xTAL | XTAL capacitor connected to XIN pin 82 pF 5% +30 ppm/K
Co_x7aL | XTAL capacitor connected to Ry xTaL 15 pF +5% +30 ppm/K
XTAL XTAL crystal connected to XIN and XOUT pins 32.768 KHz | +50ppm -

411.5 Standby oscillator monitor

When in STANDBY or in POWER DOWN MODE, the standby oscillator (OSC_STBY) and the XTAL oscillators
are monitoring each other. In case of frequency drift detection, the device will move to SLEEP state.

Even if either of the two oscillators is stuck, the IC will move to SLEEP state.
A new wakeup attempt can be detected as soon as the standby oscillator recovers.
If an oscillator is stuck, this is detected in Tosc_sTuck_TIMEOUT STBY.

4.11.5.1 Electrical Parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 79. Standby Oscillator monitor electrical parameters

o (A A

fosc_MON_ERR_STBY Oscillator delta frequency threshold Guaranteed by SCAN 25

Tosc_sTuck_TiMEOUT sTBY | Oscillator stuck detection timeout Guaranteed by SCAN 100 ms -
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412 Digital /10

4121 Fault interrupt (FAULT)

FAULT is a push-pull output asserted in case of failures detected during the Voltage Conversion Routine (refer to
Section 4.4), the Current Conversion Routine (refer to Section 4.8), the Cell Balancing (refer to Section 4.5) or
related to Q&A Watchdog (refer to Section 4.16.1). It is intended to interrupt MCU activity upon failure detection.
Several failures can be redirected to the FAULT line depending on their masking bit according to each diagnostic
described in the dedicated sections.

Table 80. FAULT interrupt pin

Asserted after

. Cells/VBS/VPP/GPIO monitor diagnostics fault, cell
temperature monitor fault and Cell/AIN/GPIO open
load diagnostics fault during VCR (if enabled, detection
in NORMAL or STANDBY)

. QOVC detection, CC redundancy check, CS-CC cross-

As soon as check during CCR (if enabled, detection in NORMAL
related SPI Push- or STANDBY)
FAULT [HIGH | flags are ul | *  Charge/discharge detection CC_WUP (if enabled, OFF OFF
properly P detection only in STANDBY)
cleared . Balancing OVC detection (if enabled, detection in
NORMAL or STANDBY)

. Q&A watchdog fail (if enabled, detection in NORMAL)

. VBP-VBS compare fail (if enabled, detection in
NORMAL or STANDBY)

. Cyclic CRC error (if enabled, detection in NORMAL or
STANDBY)

The FAULT pin is available in NORMAL MODE.

In the following figure, an example of cell UV diagnostic in STANDBY MODE triggering the FAULT pin after the
transition in NORMAL MODE is illustrated.

Figure 37. Cell UV detection in STANDBY MODE

L
ADC VOLT OLD VALUE (OK) > NEW VALUE (NOT OK)

Flag cleared by SPI

UV flag

J

STATUS STANDBY mode NORMAL mode

FAULT pin

RST1 /

5 /
| \/
g \

1
!
Push/Pull enabled in !
1
1
1

UV detected comparing NORMAL mode and
the CELL VOLT ADC following internal flags
uv, oV ...

with digital threshold
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4.12.1.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 81. FAULT electrical parameters

VEAULT Low FAULT low voltage IFAULT = 2mMA FAULT
VEAULT_HIGH FAULT high voltage IFAULT = 2MA Vyio — 0.4 V FAULT
4.12.2 Latch interrupt (LATCH)

LATCH is a push-pull output asserted in case of failures related to the short-circuit detection (refer to Section 4.9).
Itis intended to interrupt MCU activity upon failure detection.

Table 82. LATCH interrupt pin

Asserted after short-circuit detection
Push-pull | (if enabled, detection in NORMAL or = OFF OFF
STANDBY)

As soon as related SPI

LATCH HIGH
flags are properly cleared

The LATCH pin is available in NORMAL MODE.

In the following figure, an example of short-circuit detection in STANDBY MODE triggering the LATCH pin after
the transition in NORMAL MODE is illustrated.

Figure 38. Short-circuit detection in STANDBY MODE

Tsc_filter

ADC CURR SC iLoaD XX ILOAD )(I ILOAD > ILOAD 3 ILOAD > ILOAD — TLOAD

Flag cleared by SPI

1
SC flag j
1

NORMAL mode

STATUS STANDBY mode

LATCH pin

RST1 /

Push/Pull enabled in
NORMAL mode and
following internal flags
SC_CHG, SC_DCHG

SC detected comparing
ADC CURR SC with
digital threshold

4.12.2.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 83. LATCH electrical parameters

VL ATCH_LOW LATCH low voltage ILATCH = 2mA LATCH
VLATCH_HIGH LATCH high voltage ILATCH = 2mA Vyio — 0.4 vV LATCH
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4123 Fail Safe Output (FSO)

FSO is a push-pull output asserted in case of power supply failures or SPI ERROR or oscillator monitor faults in
NORMAL MODE state. If enabled for LDO3 (VTREF) and LDO4 (VSTBY), detection is possible also in STANDBY
MODE after the transition in NORMAL MODE. The pins FSO1 (active high) and FSO2 (active low) are driven with
opposite polarity if VIO is in its operating range. The status of FSO1 and FSO2 pins filtered are available via SPI
by reading the bits FSO1_ECHO and FSO2_ECHO (in NORMAL MODE).

Figure 39. FSO1 and FSO2 active level

Power failure

FS01

Power failure

FS02

Table 84. Fail safe output FSO1, FSO2 pins

Active POWER

As soon as related Asserted in case of power supply
FSO1 HIGH SPI flags are properly ' Push-pull = diagnostics failures, SPI ERROR  OFF OFF LOwW
cleared or normal oscillator monitor fail
As soon as related Asserted in case of power supply
FSO2 LOW SPI flags are properly | Push-pull = diagnostics failures, SPI ERROR | OFF OFF LOW
cleared or normal oscillator monitor fail
4.12.3.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 85. FSO1, FSO2 electrical parameters

VEso_Low FSO low voltage IFso = 2mA FSO1, FSO2

VESO_HIGH FSO high voltage lrso = 2mA Vyio — 0.4 v FSO1, FSO2
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412.4 MCU lock-step error detection (FCCU)

MCUs have an internal error checking logic reporting any misbehavior on clock, power-supply, ECC, memory,
lock-step execution, etc. The status of such error-checking logic is reported by one or more MCU digital outputs
that can be sensed by an external monitor to determine the MCU functional status.

The IC embeds such a monitoring unit, called FCCU, which can be enabled via FCCU_MON_EN. To prevent
inadvertent RST1 assertion after having enabled the FCCU, all the enabled checkers shall be correctly served
before their fault deglitch timer expires. Further details about normal conditions and fault deglitch timers are
available in the checkers sub-paragraphs. Since the FCCU cannot be served if the MCU is under reset, the
FCCU_MON_EN bit will automatically be reset by the IC whenever RST1 output is asserted.

Signal output of the MCU error logic may vary according to different implementations. The FCCU offers
programmability for adapting to different MCU models (FCCU_PROT).

The FCCU supports up to two monitor inputs: FCCU1 and FCCU2. Before being processed, signals input on the
FCCU pins are first deglitched with an up/down counter Trccy_puLse FiL, Programmable via FCCU_PLS_FLT.

Figure 40 describes the FCCU logic architecture, which is composed of the following parts:

. Level checker: checks coherency on FCCUXx signal levels (available in both single-ended and differential
versions)

. Phase checker: checks coherency on FCCUXx relative signal phases (only available for differential
protocols)

. Time checker: checks stuck @ faults on FCCUx signals (available in both single-ended and differential
versions)

Figure 40. FCCU logic diagram

TIME CHECKER

Rising edge
detector

UP/RST
Trecu_norm_oeT/Treeu_FAULT_DET

FCCU_PROT

Rising edge
detector

UP/RST
Teccu_noru_oet/ Trccy_FAuLT DET

PHASE CHECKER

Fccut Il— Pbo

UP/RST
Trccu_PuLSE_DELAY. X

000,001,101
110,111

others.

Fccu2 l— Pbo

FCCU_PROT
LEVEL CHECKER

UP/RST

Trecu_norm_oet/Trocu_FauLT_pET

Depending on the configured FCCU_PROT, the logic blocks are treated as reported in the table below.

Table 86. FCCU checkers behavior according to FCCU_PROT configuration

FCCU_PROT Level checker HEED Time checker Recommended for
checker

Enabled on both

000, 001, 101, 110, 111  Disabled Enabled FCCU1/FCCU2 Dual-rail and time-switching protocols
Enabled on both . . . o

010 FCCU1/FCCU2 Disabled Disabled Differential bi-stable protocol

011 Enabled on FCCU1 | Disabled Disabled Single-ended bi-stable protocol

100 Disabled Disabled Enabled on FCCU1 | Single-ended time-switching protocol
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When either of the enabled blocks sets its error output, the event will be latched in the FCCU_FAIL flag. The IC
will react by turning off the circuit breakers after Teccu _peLay (programmable via FCCU_DELAY). Such a reaction
can be masked by setting FCCU_REACT = 0.

4.12.4.1 Level checker
When enabled, this block checks the level of the deglitched signals according to the following truth tables.

Table 87. Level checker behavior for FCCU_PROT =010

0

1 No error

X X Error

Table 88. Level checker behavior for FCCU_PROT = 011

- - S

0 Error

1 No error

If the error condition lasts longer than Teccu_FauLT DpeT (Programmable via FCCU_FAULT_DET_TIME), the block
will set its error output. Conversely, if the error condition is removed for longer than Teccu NORM_DET
(programmable via FCCU_NORM_DET_TIME), the block error output will be reset.

4.12.4.2 Phase checker

When enabled, this block checks that signals on FCCU1 and FCCU2 are in counter-phase. If levels overlap for
longer than Teccu puLse_peLay (programmable via FCCU_PLS_DLY), the block will set its error output.
Conversely, if the error condition is removed for longer than Trccy NorwM_DET (Programmable via
FCCU_NORM_DET_TIME), the block error output will be reset.

4.12.4.3 Time checker

When enabled, the time checker block verifies whether the input signal period is within defined limits. This is done
counting the time between two signal rising edges. When using the smallest deglitch filter (Trccu_puLse_FiL o),

minimum detectable pulse duration is Trccu_puLSE_DET-

Table 89. Time checker behavior for FCCU_PROT = 000, 001, 101, 110, 111

Period < Trccu NORM_DET Period < Trccu NORM_DET No error
Period < TFccu_NORM_DET Period > Trccu_FAULT DET Error
Period > Teccu_FAULT DET Period < Trccu NORM_DET Error
Period > Trccu_FAULT DET Period > Teccu_FAULT DET Error

Table 90. Time checker behavior for FCCU_PROT = 100

Period < Trccu_NORM_DET No error

Period > Trcou_FAULT DET Error

If the error condition lasts longer than Teccu_FauLT DET (Programmable via FCCU_FAULT_DET_TIME), the block
will set its error output. Conversely, if the error condition is removed for longer than Teccu NORM_DET
(programmable via FCCU_NORM_DET_TIME), the block error output will be reset.
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4.12.4.4 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 91. FCCU1, FCCU2 electrical parameters

o i o

FCCU1,

VECCU_HIGH FCCU high voltage FoCU2

. FCCU1,

VEccu_HYs FCCU hysteresis voltage 0.1 05 'V FCCU2

. FCCU1,

Rrccu_pp FCCU pull-down resistor 04 1 1.6 MQ FCCU2

FCCU Normal state _ FCCU1,

TFCCU_NORM_DET 00 detection time FCCU_NORM_DET_TIME = 00 1 ms | cocU2

FCCU Normal state _ FCCU1,

TFCCU_NORM_DET 01 detection time FCCU_NORM_DET_TIME = 01 32 ms FCCU2

FCCU Normal state _ FCCU1,

TECCU_NORM_DET 10 detection time FCCU_NORM_DET_TIME =10 60 ms FCCU2

FCCU Normal state _ FCCUT1,

TFCCU_NORM_DET_11 detection time FCCU_NORM_DET_TIME = 11 180 ms | tocu2

FCCU Fault state _ FCCUT1,

TECCU_FAULT_DET 00 detection time FCCU_FAULT_DET_TIME = 00 1 ms  cocu?

FCCU Fault state _ FCCU1,

TFCCU_FAULT_DET 01 detection time FCCU_FAULT_DET_TIME =01 32 ms FCCU2

FCCU Fault state _ FCCU1,

TFCCU_FAULT_DET_10 detection time FCCU_FAULT_DET_TIME =10 60 ms FCCU2

FCCU Fault state _ FCCU1,

TFCCU_FAULT_DET_11 detection time FCCU_FAULT_DET_TIME = 11 180 ms | cocu2

. L _ FCCU1,

Trccu_PULSE_DELAY 0  Phase shift detection time | FCCU_PLS_DLY =0 2 M Eccu?

. L _ FCCU1,

Trccu_PULSE DELAY_1  Phase shift detection time | FCCU_PLS_DLY =1 4 M Eccu?

Minimum detectable pulse _ FCCU1,

TFccu_PULSE_DET width FCCU_PLS FLT=0 4 s ECCU2

FCCU input deglitch filter _ FCCU1,

TFCCU_PULSE_FIL_0 time FCCU_PLS FLT=0 2 s ECCU2

FCCU1,

i i : FCCU2

TECCU PULSE FIL 1 ECCU input deglitch filter FCCU_PLS_FLT = 1 4 us

- |ftime FCCut,

FCCU2

Delay between FCCU fault FCCU1

TFCCU_DELAY 00 detection and CB FCCU_DELAY =00 0 ms  Eccu2
MOSFETs switch OFF

Delay between FCCU fault FCCU1

Trccu_DELAY_01 detection and CB FCCU_DELAY =01 2 ms FCCUQ‘
MOSFETs switch OFF

Delay between FCCU fault FCCU1

TFccu_DELAY_10 detection and CB FCCU_DELAY =10 4 ms FCCU2’
MOSFETSs switch OFF

Delay between FCCU fault FCCU1

Trccu_DELAY_11 detection and CB FCCU_DELAY = 11 8 ms FCCU2’

MOSFETs switch OFF
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4.12.5 MCU reset (RST1)
RST1 is a push-pull output that is set in order to reset the MCU.
The pin is active low, and it is asserted in case of VCORE undervoltage and VCORE overvoltage diagnostics
(refer to Section 4.3.5.1), WD1 and WD2 fail (refer to Section 4.16.1 and Section 4.16.2). It is used to reset
certain registers in the register map - specifically, those registers listed under Reset Sources that include
rst1_sync or rst1_sw_reset_sync.

Table 92. RST1 pin

Asserted in case of VCORE_UV,
VCORE_DEEP_UV, VCORE_OV,
VCORE_OT, Q&A watchdog and second
watchdog fails

After the TRST1_LOW
RST1 LOW reset time de-assertion | Push-pull
filter

OFF OFF

The RST1 pin is available in NORMAL MODE. In the following figure, the timing diagram for a power up sequence
by wake detection in SLEEP MODE with the indication of TrsT1_| ow is illustrated.

Figure 41. Power up by wake detection in SLEEP MODE

<10ms

Trst1_Low S 1ms S 9ms

STATUS Sleep Normal Mode

S ‘
WakeUp detection I i ]
RST1 s s l

: wakeup | WakeUp completed (1ms) uC init

: ongoing | Device fully working but uC can’taccess And can startthe SPI communication within 10ms
| by SPI because it is still under Reset

4.12.5.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 93. RST1 electrical parameters

VRST1_HIGH RST1 high voltage Vyio — 0.4 RST1

VRsT1_LOW RST1 low voltage 0.4 v RST1

TRsT1_LOW Reset time de-assertion filter 1 ms  RST1
4.12.6 Software reset (SW_RST) — hardware reset (device reset: RST2)

RST2 is a digital input that can generate the reset of some blocks of the L9988, which is a hardware reset. The
pin is active high.
The same reset is also possible by sending a SW_RST sequence via SPI, which is a software reset.

Table 94. Blocks reset by software reset and hardware reset

PRN Watchdog
Q&A Watchdog
FCCU1, FCCU2 Digital IN pins
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Digital OUT fault pins (LATCH, FAULT, FSO...)
GPIOs Digital INJOUT

Voltage Conversion Routine

(Cells, GPIOs Analog IN, Internal nodes, Diagnostics)
Voltage ADC logics

Current Conversion Routine

(CS, Coulomb Counter)

CS ADC logic

CC ADC logic

CC Accumulators

Short Circuit Detection

RTC and Cyclic Activation

Safety: Current (X-CHECK CS-CC)

Safety: Voltage (ADC Swapping, Plausibility check VBS vs. Sum of Cells, etc.)
Cyclic CRC trimming/Configuration Registers

Balancing and related Diagnostics

To generate a software reset by SPI, the following procedure shall be implemented. Once triggered, the software
reset procedure will reset some R/W and CR SPI registers to their default values according to the register map
table and the blocks listed in Table 90.

Procedure 5 — software reset SW_RST

1. MCU writes 0xE1 in the write-only field SPECIAL_KEY in the SPECIAL_REG register to enter
partial reset mode

2. MCU writes Ox1E in the write-only field SPECIAL_KEY in the SPECIAL_REG register to
confirm reset

Frames must be sent exactly in this sequence, otherwise registers will not be reset. The user SW can eventually
trigger a re-download of the configuration from the Non-Volatile Memory (NVM).

To generate a hardware reset by the RST2 pin, the following sequence must be followed. RST2 is masked until
RST1 is released. When RST1=1, the reset will be accepted only if the RST2 pulse lasts longer than TrsT2 FIL.

Figure 42. RST2 assertion in the power up sequence by wake detection in SLEEP or STANDY MODE

WakeUp detection I
RST1

TRSTZ FIL H
RST2 MASKED RST2 OBSERVED " RST2 MASKED
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4.12.6.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 95. RST2 electrical parameters

VRsST2_HIGH RST2 high voltage RST2

VRsT2_HYS RST2 hysteresis voltage 0.1 0.5 V RST2

TRST2_FIL RST?2 filter time 5 10 us RST2

RrsT2_PD RST2 pull-down resistor 0.4 1 1.6 MQ RST2
4127 Data ready interrupt (INTC)

INTC is a push-pull output that is used to interrupt MCU activity at the end of voltage and current conversion
routines if SOC by internal timer is enabled. The INTC pin generates a positive edge at the end of the voltage
conversion routine and the current conversion routine, and it automatically generates a negative edge at the new
SOC.

The INTC pin stays high for at least T\ytc_puLse to inform the MCU that measurement data is available also in
case the new SOC is generated during TiNTc_pULSE-

Table 96. INTC pin

At new SOC command Asserted at the end of VCR and CCR if OFF OFF

INTC HIGH by internal timer Push-pull SOC by internal timer is enabled

4.12.7.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 97. INTC electrical parameters

VINTC_HIGH INTC high voltage Vyio - 0.4 RSTA

VINTC_Low INTC low voltage 0.4 v RST1

TINTC_PULSE INTC pulse time 10 us INTC
4.12.8 RTC wakeup state (RTCWPST)

RTCWPST is a push-pull output that is set to 1 when the RTC wake up procedure has concluded (refer to 4.13).
The pin is available in NORMAL state, and it is active high.

Table 98. RTCWPST state pin

RTCWPST | HIGH As soon as RTC WUP flag is properly Asserted after RTC WUP

cleared, internal RTC counter is reset Push-pull procedure has concluded OFF OFF
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4.12.8.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 99. RTCWPST electrical parameters

VRTCWPST_HIGH RTCWPST high voltage Vyio — 0.4 RTCWPST
VRTCWPST_LOW RTCWPST low voltage 0.4 \ RTCWPST
4129 Edge-triggered wakeup (WAKE)

WAKE is a digital input sensitive to positive edge only by default (after OFF state transition). It is intended to wake
up the L9988 from low-power modes, forcing the transition from SLEEP to NORMAL state or from STANDBY to
NORMAL state.

The wake up occurs when a toggle (according to the programmed edge) of the WAKE pin is detected, and it
keeps the new level for a time longer than Twake_FiL-

The status of the WAKE pin filtered is available via SPI by reading the bit WAKE_ECHO (in NORMAL MODE).

The WAKE_EDGE_CONFIG bit can be programmed in NORMAL MODE to select rising (“0”) or falling (“1”)
detection.

Table 100. WAKE pin

Programmable: RISING Digital Active, the IC moves to  Active, the IC moves to

WAKE | Jefault), FALLING . input Ignored '\ ORMAL MODE NORMAL MODE

Figure 43. Wake detection by rising edge and GO2SLP request

WAKE-PIN . \—1\7
\ \
Y “ )
STATUS Sleep Normal Mode Sleep Normal Mode Sleep Normal Mode
*
| |

go2sleep Request I I
P 4
Go2sleep is accepted both when WAKE=1 or WAKE=0

In order to avoid a floating input in case of pin open, passive pull-up/down resistors are integrated:

. Pull-up in case of falling edge configuration. In this way there will be a current flowing in WAKE pin only
when it is low.

. Pull-down in case of rising edge configuration. In this way there will be a current flowing in WAKE pin only
when it is high.

. Current estimated in passive pull-up/down is S5pA.
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Figure 44. WAKE digital input structure
3 3V

alllng edge config
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4.12.9.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 101. WAKE electrical parameters

TWAKE_FIL WAKE filter time WAKE
Vwake TH+  WAKE rising edge threshold voltage 13 15 17 |V WAKE
VWAKE_TH- WAKE falling edge threshold voltage 1 11 125 v WAKE
Vwake Hys  WAKE hysteresis voltage 100 500 mV  WAKE
Rwake_pu WAKE pull-up resistor 04 1 16 MO | WAKE
Rwake_pp WAKE pull-down resistor 04 1 16 MO | WAKE

41210 Level-triggered wakeup (IGN)

IGN is a high-voltage digital input sensitive to positive level. It is intended to wake up the L9988 from low-power
modes and vice-versa, according to the ignition switch position.

A wakeup condition is triggered if a voltage higher than V|gN_HigH is applied to the IGN pin for an interval longer
than Tign_FIL
The status of the IGN pin filtered is available via SPI by reading the bit IGN_ECHO (in NORMAL MODE).

Similarly, the device moves to a low-power state if a voltage lower than Vign_HigH - Vign_Hys is applied to the
IGN pin for an interval longer than Tign_FiL and, after this, a GO2SLP or GO2STBY command is sent by SPI.
Note that a GO2SLP or GO2STBY command is ignored if a voltage higher than V\gn_HigH is applied to the IGN

pin.
Once a state transition has been initiated, the IGN source will be masked until the transition is complete.

Table 102. IGN pin

m@ ﬁg&;’f NORMAL STANDBY SLEEP

Active.
Digital If LOW and GO2SLP cmd is sent via SPI, ' Active. If HIGH, the ' Active. If HIGH, the
IGN - HIGH in;?ut the IC moves to SLEEP MODE. IC moves to IC moves to

If LOW and GO2STBY cmd is sent via NORMAL MODE. NORMAL MODE.

SPI, the IC moves to STANDBY MODE.
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In order to avoid floating input in case of pin open, a passive pull-down is integrated. In this way, there will be a
current flowing in the IGN pin only when it is high. The current estimated in passive pull-down is 5 pA.

Figure 45. IGN digital input structure
3.3v

%
4]

4.12.10.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 103. IGN electrical parameters

VIGN_HIGH IGN high voltage

VIGN_HYs IGN hysteresis voltage 0.1 0.5 Vv IGN
TIGN_FIL IGN filter time 450 550 us IGN
Rien_PD IGN pull-down resistor 0.4 1 1.6 MQ IGN

41211 VCC selection (VCCSEL)
VCCSEL is a digital input used to configure the VCC regulated output voltage of LDO1.
In detail:
. if VCCSEL = 0, that is the pin is connected to AGND, Vy¢c = 3.3V
. if VCCSEL = 1, that is the pin is connected to VPRE_CC pin, Vycc = 5V

Figure 46. VCCSEL digital input structure and external connection

VPRE_CC

_\I_

VCCSEL | >
RvceseL_pp
j— GND

AGND
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4.12.11.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 104. VCCSEL electrical parameters

VVCCSEL_HIGH VCCSEL high voltage VCCSEL
VVCCSEL_HYS VCCSEL hysteresis voltage 0.1 0.5 \Y VCCSEL
RvceseL_Pp VCCSEL internal pull-down resistor 0.4 1 1.6 MQ  VCCSEL
TvceseL_FiL VCCSEL filter time 5 us | VCCSEL
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413 Internal RTC wakeup

The RTC wakeup procedure exploits the XTAL oscillator (with or without crystal) to generate the selectable time
period TcycLe sTanpeyProgrammed via SPI using the CYCLE_STANDBY 4-bit field.

Procedure 6 — Internal RTC Wakeup

A counter will register the number NcycLe stanpBy Of TcycLE sTAaNDBY cycles that have occurred

since entering the STANDBY state. Any time the NORMAL state is entered from STANDBY:

. The latest NCYCLE_STANDBY can be read by the MCU in the read-only 24-bit
N_CYCLE_STANDBY_STATUS field, divided into N_CYCLE_STANDBY_STATUS_MSB
(12-bit) and N_CYCLE_STANDBY_STATUS_LSB (12-bit) registers.

When NcycLe _sTanpsy reaches the maximum number (programmed via SPI using the

N_CYCLE_STANDBY 24-bit field divided into N_CYCLE_STANDBY_MSB (12-bit) and

N_CYCLE_STANDBY_LSB (12-bit), different from 0x00; in case N_CYCLE_STANDBY = 0x00,

the internal RTC Wakeup is disabled), the MCU is woken up by entering NORMAL MODE state

and:

. the pin RTCWPST is asserted.

. the SPI flag RTCWUP is set. This flag is cleared on read by the MCU

. when the flag is cleared, the NcycLE sTanDBy is reset.

Note that N_CYCLE_STANDBY=0x00 means that internal RTC is disabled when the device enters STANDBY
MODE state. In this case, the L9988 is in full STANDY MODE state, with no cyclic activation.

If the cyclic activation is needed, N_CYCLE_STANDBY=0x00 should be above 0, and depends on how long the
device needs to stay in STANDBY MODE state.

4131 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 105. Internal RTC wakeup electrical parameters

Test

Maximum number of TcycLE sTANDBY Cycles before
device moves to NORMAL STATE; with 0x00
configuration, internal RTC wakeup is disabled 1 (224-1)
NeycLe_stanpsy = CODEN_cycLE_STANDBY

NcYCLE_STANDBY

Time period during which the voltage and current
conversion routines are cyclically performed in
TcycLE_sTANDBY STANDBY MODE (4 bit) 1 16 S -

TcycLe_stanpsy = 1s*(CODEcycre_stanppy + 1)
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414 SPI interface
The IC integrates a SPI Target peripheral to be connected to the MCU.

4141 Physical layer - SPI target
The SPI pins are:
. NCS: Chip select (digital input, weak pullup Rin_pu)
. SDI: Serial data input (digital input, weak pull-down Riy_pp)
. SDO: Serial data output (digital output). The output buffer is connected to VIO.
. SCL.: Serial clock (digital input, weak pull-down Riy_pp)

Weak pull-down resistors on SDI and SCL pins and wake pull-up resistor on NCS pin are always enabled to
address open failures.

Figure 47. SPI physical layer

NCS

SDI
SCL

Table 106. SPI target quick look

Protocol Out of frame
Single frame length (NBIT) 40 bit
Frame protection 6 bit CRC
Max. frequency 4 MHz
CPOL 0

CPHA 1
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Figure 48. SPI target timing diagram
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4.14.1.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 107. SPI target electrical characteristics

SCL clock frequency (50% duty cycle), NCS, SDI,
fok_spi oLk _spi = 1MoLk Application info MHz SDO. SCL
L _ o NCS, SDlI,
Tek L Time interval for SCL = LOW Application info | 120 ns SDO, SCL.
L _ o NCS, SDlI,
Telk_H Time interval for SCL = HIGH Application info | 120 ns SDO, SCL.
Propagation delay (time passed after NCS. SDI
tmiso_vALID propagating SCL rising edge @ SDO CrLoap = 60pF 50 'ns SDO‘ SCL
active) ’
Time passed after NCS H/L edge @ first T NCS, SDI,
toLk LEAD SCL edge Application info | 240 ns SDO, SCL
t SDI input setup time (time passed after SDI Application info | 90 ns NCS, SDlI,
MOSI_SETUP | 4ata valid @ sampling SCL falling edge) PP SDO, SCL
SDI input hold time (time passed after NCS. SDI

tmosi_HoLD propagating SCL falling edge @ SDI data  Application info | 90 ns

“not valid anymore”) SDO, SCL
Ti d after SCL = LOW before NCS NCS, SDI
teik_seTup HI/T_]ZS;ZSG atter elore foik_spi=4 MHz | 240 ns SDO, SCI:
Ti ljt L =LOW before N N DI
(LK _LAG Lmeegg:sed after SCL = LOW before NCS foLk_spi =4 MHz | 240 ns sgg gCL
Ti NCS L/H ith SCL N DI
cucons | T peSSad st NOSLH e SCL -4tz 20 SR
t Minimum time for NCS = HIGH when SPI f =4MHz 2 s NCS, SDI,
NO_DATA_MAIN | 4dress is in 0x00 - 0x44 range CLK_SPI HS 'spbo, scL
t Minimum time for NCS = HIGH when SPI | ¢ =4MHz 8 s NCS, SDI,
NO_DATA_STBY | 4qdress is in 0x45 - Ox4A range CLK_SPI H SDO, SCL
tmiso. IS 'I:lir:nze passed after NCS L/H edge to SDO = CLoap = 60pF 240 s ggg zléll_
Time passed after NCS H/L edge to SDO _ NCS, SDI,
tmiso_acc active CLoap = 60pF 240 s SDO. SCL.
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VNGs_HIGH NCS high voltage

VNes_HYs NCS hysteresis voltage 0.1 05 'V NCS
VSDI_HIGH SDI high voltage 2 v sDI
VsDI_Hys SDI hysteresis voltage 0.1 05 'V SDI
VsCL_HIGH SCL high voltage 2 vV scL
VscL_Hys SCL hysteresis voltage 0.1 05 'V | sCL
Rin_pPu Weak pull-up resistor to 3.3V 0.4 1 16 MQ NCS
RiN_PD Weak pull-down resistor 0.4 1 16 MQ SDI, SCL
VsDO_HIGH SDO high voltage ISOURCE = 2MA | Vy0-0.4 vV  SDO
Vspo_Low SDO low voltage IsiNk = 2mA 04 'V | SDO
4.14.2 Protocol layer

This section defines the communication protocol layer. The protocol is 40 bits, out of frame.

4.14.2.1 Single read/write
The following table describes the protocol for managing single read/write commands.

All registers of the L9988 can be accessed, in NORMAL state, performing single read/write operations on the SPI
target.

In case the received CRC is not correct, the frame will be discarded, the CRC error flag SPI_CRC_ERR will be
asserted in the status register COMM_ERR_SPI and, at the next SPI access, an SPI ERROR frame will be
issued. The FSO1 and FSO2 lines will be asserted.

In case a wrong clock cycle number is received before NCS de-assertion, the frame will be discarded, the SDO
data will not be reliable, an error flag (SPI_SHORT_FRAME or SPI_LONG_FRAME) will be asserted in the
register COMM_ERR_SPI and, at the next access, an SPI ERROR will be sent on the SDO. The FSO1 and FSO2
lines will be asserted. The SPI_LONG_FRAME error will not be set in case the received number of clock cycles is
multiple of 40 (NBIT) to be compatible with BURST Read.

In case the MCU tries to address a non-existent register, the SPI_WRONG_ADD flag is asserted in the register
COMM_ERR_SPI and an SPI ERROR frame will be sent at the next SPI access. The FSO1 and FSO2 lines will
be asserted.

In case the MCU sends a frame with a wrong frame counter, the frame will be discarded, the
SPI_FRM_CNT_ERR flag will be asserted in the register COMM_ERR_SPI and an SPI ERROR frame will be
sent as a response to the next SPI access. The FSO1 and FSO2 lines will be asserted.

Table 108. Single read/write frame format

27

8
c e
B = a 3 2
O = Address % © ¢  DATAWRITE CRC
=« 4 g 8
@ o
L
g
o & & g ¢
¥ W  Address feedback % 8 o DATA READ CRC
i

In the following table, all fields of the MISO/MOSI frame are described.
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Table 109. Read/write frame fields

I T S NS

0 = Read
R/W 1 Used to distinguish between read/write operations
1 = Write
0 = No Error
SPIERR 1 Used to signal an incorrect frame 1 = Error in the previous
frame
Address / Address Identifies the register address for the read/write operation. Used
7 [0-127]
feedback also for burst commands.
RSVD 4 Reserved for MOSI 0
IERR[3]: Fault interrupt IERR[2]: Latch interrupt
IERR[3:0] 4 IERR[1]: Fail Safe Output 1
IERR[0]: Fail Safe Output 2
Frame counter 1 Toggles at each frame
Reserved 1 Reserved bit for MOSI and MISO 0
£ ; : ; ; ; Read: X
DATA WRITE 20 Spe::;lfles the register con_tent to be written in write operations.
Don'’t care in read operations Write: [0 to 220_1]
DATA READ 20 Returns the register content in both read/write operations [0 to 220-1]
CRC 6 Checksum sized for high coverage (hamming distance = 3) [0-63]

The SPI ERROR frame, issued on MISO after a wrong frame, is composed by SPIERR =1, address feedback
corresponding to 0x7F and DATA READ storing the details of errors.

Table 110. SPI ERROR frame

D OOV T MIN| T~ | © N~ N~ [ ~ ™
OO MOMO MM O | o™ N - -~
woy 4

[a)]

= =S A a4
& AR
[=Sie] L x [T
o & Address feedback o 3 2 IR R AN

3 5 v 8 & 0x00 k @5 2 & CRC

S o Ox7F L (0] g O Z ¥ s O
» § o £ 9z x
C _ El El | %

@ o

» 2 P

4.14.2.2 Burst read

The SPI burst access can be used to reduce the time needed to readout long data series of consecutive
addresses inside the range from 0x00 to 0x44.

This access is achieved by the MCU asserting the NCS and sending N*NBIT clock cycles on SCL, where N is the
number of burst frames to be read from the L9988. Each NBIT MISO frame is a complete SPI frame as described
in Table 102 and Table 103, starting with the first ADDRESS FEEDBACK requested in the previous frame. The
successive frames will contain the ADDRESS FEEDBACK + 1 register and so forth.

First (N-1) * NBIT MOSI frames are dummy 0 frames, while the last NBIT frame is considered a single read/write
access as described in Section 4.14.2.1. Since the protocol is out-of-frame, the feedback at this last MOSI frame
will be sent at the next SPI access.

In case a wrong number of clock cycles is sent by the MCU, the last frame will be not reliable, and the pointed
register will be lost. At the next access to the SPI target, an SPI ERROR frame will be sent, and an error flag
(SPI_SHORT_FRAME or SPI_LONG_FRAME) will be asserted in the status register COMM_ERR_SPI.
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Figure 49. SPI burst read

NCS -| r

SCK || | |
Note: In case there is an SPI error frame before a burst read command, then all the burst answers will contain info

about the previously detected fault.

4.14.2.3 CRC

In case of single read/write access, the SPI frame is equipped with a 6-bit CRC code to guarantee information
integrity. Corrupted frames received will be discarded, the SPI_CRC_ERR error flag will be set and, at the next
SPI access, an SPI ERROR frame will be issued. The FSO1 and FSO2 lines will be asserted in case
SPI_CRC_ERR is set.

Table 111. SPI target CRC calculation information

Parameter Value

Length 6 bit
Polynomial X6+ x5+ x2+x +1
Seed 0x38

During burst communication, the CRC is generated for each single NBIT frame on MISO, while a single CRC is
expected on the MOSI frame for the last NBIT frame.

4.14.2.4 Frame counter

In case of single read/write access, the frame counter bit toggles at each SPI frame, starting from 0, to allow
frame loss detection on both the sender and receiver side.

The MCU must send a frame counter bit coherent with the expected frame counter of the device; otherwise the
frame will be discarded, the SPI_FRM_CNT_ERR error flag will be set, and a SPI ERROR frame will be sent on
the next SPI access. The FSO1 and FSO2 lines will be asserted in case SPI_FRM_CNT_ERR is set.

The frame counter bit is available on the MISO frame, to be checked at the MCU side with respect to the MCU
internal frame counter.

During burst access, the frame counter is provided by the MCU for the last NBIT frame. For the MISO frame, the
same internal frame counter is sent for each single NBIT frame, valid for the entire burst read access.
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4.15 Configuration lock

To prevent inadvertent modification of Safety Relevant Registers (SRR) and Safety Latent Registers (SLR)
(highlighted with this color code in the register map), such register map sectors are protected by a lock field.

By default, SRR/SLR registers are locked. To configure the device, the following procedure shall be implemented:

Procedure 7 - configuration lock/unlock

1. The MCU writes 0x55 in the write-only field SPECIAL_KEY in the SPECIAL_REG register to
enter in partial unlock.

2. The MCU writes 0x33 in the write-only field SPECIAL_KEY in the SPECIAL_REG register to
confirm the unlock.

3. The MCU changes any configuration register within Tcrg TiMEOUT

4. The MCU re-applies the lock by writing OxAA in the write-only field SPECIAL_KEY in the
SPECIAL_REG register

- If the Tcrg_TIMEOUT €XPpires, the lock is automatically re-applied.
Trying to write a protected register (SRR or SLR) without unlocking it will result in data being discarded.

Note: Writing lock-protected registers only alters the current configuration loaded in the SPI registers. To save the
configuration and guarantee a correct reload at each power up, the update must be pushed into the Non
Volatile Memory (NVM) as described in the dedicated section.

Note: For temporary modifications to the IC configuration, which do not need to be pushed in the Non Volatile
Memory (NVM), it is recommended to disable the Configuration Register Data Integrity Check
(CONF_CRC).

4151 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T, according to the operating range in Table 5.

Table 112. Configuration timeout

TcrG_TIMEOUT Configuration lock timeout
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4.16 Watchdog and MCU monitor

The L9988 offers a 2-level watchdog control approach. The first control level is given by means of a query &
answer watchdog (WD1). The second control level monitors the PRN input pin to assert the proper frequency
and is delivered by the MCU (WD2-PRN).

4.16.1 Q&A watchdog (WD1)
The L9988 implements a Q&A watchdog via SPI to verify MCU activity and monitor its computational integrity.

Figure 50. Watchdog timer simplified block diagram
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WDT enable

The Watchdog Timer (WDT, named WD1) is disabled by default, and the MCU must write the NVM bit
WD1_AUTO_EN and perform an NVM upload to enable the WD1 feature.

The NVM bit WD1_AUTO_EN can be written by the MCU once the device programming operation is completed to
enable the WD1 functions:

. If WD1_AUTO_EN = 0 (default), the WD1 is disabled
. If WD1_AUTO_EN = 1, the WD1 works according to the WDT_EN register.
With this bit, after the first power up of the device, the WD1 will not be enabled by default, so the MCU can be

configured with no time limit. At the end of the programming phase, the MCU must set the WD1_AUTO_EN bit to
“1” and run an NVM upload. Then, the WD1 will be enabled according to the WDT_EN register.

For safety reasons, in case of a CRC error during NVM download, the WD1_AUTO_EN bit will be set to “0” but
WD1 will be enabled according to the WDT_EN register.

Once enabled, the first refresh command should be received by the SPI before the long window timeout

twpT Long expires. All WDT configuration registers must be set during the long window. If the watchdog timer is
waiting for a refresh pulse inside the long window, the WDT_LONG_WNDW_ACTIVE bit in WDT_STATUS
register is set to 1, otherwise it is set to 0.

If the first refresh command is not received before the long window timeout, the error flag WDT_LONG_FAIL in
WDT_STATUS register is set, the FAULT and RST1 pins are asserted and the WD_RST_CNT error counter is
incremented. The WD_RST_CNT value is readable by SPI through the WD_RST_CNT_STATUS field in
WDT_STATUS_2 register.

The WD_RST_CNT has a maximum value, set in the WD_RST_CNT_MAX field in the WDT_CFG register
(default value 31), above which the WD_RESET_LATCH is set at 1 and the device enters POWER DOWN state.
The WD_RST_CNT is reset in SLEEP state. The WD_RESET_LATCH is reset in POWER DOWN state when
IGN is LOW (in detail, when V|gn < ViGN_HIGH - ViGN_Hys for an interval longer than Tign_FiL) to reach SLEEP
state.

During the long window timeout twpT | oNG. it is possible to disable the WDT by writing WDT_EN = 0.

Reprogramming of WD1 configuration is possible not only during the first long window, but also while WDT is
disabled (WDT_EN = 0 in WDT_EN register). This is useful when the software of the MCU needs to be updated
and the watchdog cannot be refreshed in the required times.

Table 113. Watchdog enable bit

0 0 Watchdog disabled
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1 0 Watchdog disabled (default)
0 1 Watchdog disabled
1 1 Watchdog enabled

Once disabled, it is possible to re-enable the WDT by writing WDT_EN=1 and starting the refresh sequence with
the long window timeout.

Once disabled, WDT_EN can be reset at its default if RST1 is asserted.

The activation status of WDT is also stored in the WDT_ON_STATUS bit of the SPI read-only register
WDT_STATUS: if equal to 0, WDT is not active; if equal to 1, WDT is active.

As soon as the first expected refresh command is received, the overflow counter is started, thus defining the
refresh window Twpt_ovr1 and Twpt_ovrz. With accuracy WDT_OVF_ACC, whose length is defined by the

WDT_OVF_CFG bit field of WDT_CFG register.

Table 114. Watchdog configuration table for WDT overflow counter

WDT_OVF_CFG WDT_OVF LSB TwopT_ovrityp TwpT_ovr2 typ
00

0.256ms 11.3ms 22.5ms
01 0.512ms (default) 22.5ms (default) 45.0ms(default)
10 1.024ms 45.0ms 90.1ms
11 2.048ms 90.1ms 180.2 ms

The WDT overflow counter status can be accessed through the dedicated WDT_OVF_STATUS bit fields in the
WDT_STATUS_2 read-only register. The WDT_OVF timer value in seconds can be retrieved by the following
reconstruction formula:

Twpr_ovr_starus = Dwpr_ovr_status® Dwpr_ovr_isB (8)

where DWDT_OVF_STATUS is the digital word stored in the WDT_OVF_STATUS bit field and AWDT_OVF_LSB
is the correspondent counter LSB as defined by the WDT_OVF_CFG bit field.

Example

DWDT_OVF_STATUS = 110010 (binary) — 50 (decimal)

WDT_OVF_CFG =10 — LSB = 1.024ms

Watchdog overflow counter status: TWDT_OVF_STATUS = 50 * 1.024ms = 51.2ms

Within this window, the watchdog expects a refresh pulse to reset the overflow counter and restart a new window.

If the refresh is missed before the overflow counter of Timeout 1 TwpTt ovrF1 has elapsed, the error flag
WDT_OVF1_FAIL in WDT_STATUS register is set, and the FAULT pin is asserted.

If the refresh is missed also when the overflow counter of Timeout 2 Twpt _ovr2 has elapsed, the error flag
WDT_OVF2_FAIL in the WDT_STATUS register is set, the RST1 pin is managed to reset the MCU, the WD reset
counter (WD_RST_CNT) is incremented, and the timer restarts waiting for a refresh command received by the
SPI before the long window timeout twpt | oNG €xpires.
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Figure 51. WDT operation — overflow counter failure
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The auto-retry procedure is activated by managing the RST1 pin. If WD_RST_CNT reaches
WD_RST_CNT_MAX, the bit WD_RESET_LATCH is set, the RST1 pin is asserted, and the device moves to
POWER DOWN state.

The refresh of the overflow counter must be performed by the MCU through a dedicated SPI frame including the
4-bit watchdog refresh command WDT_BINARY_CODE in the WDT_CMD register.

The watchdog circuitry compares the received watchdog refresh command with an internal Look-Up Table (LUT)
and answers with a corresponding 4-bit gray code (WDT_GRAY_CODE in WDT_CMD register) in the next frame.

Table 115. Watchdog Binary to Gray answer conversion

Binary Binary Binary Binary
— Gray — Gray — Gray — Gray

0x0 (0000) — 0x0 (0000) 0x4 (0100) — 0x6 (0110) 0x8 (1000) — 0xC (1100) 0xC (1100) — OxA (1010)
0x1 (0001) — 0x1 (0001) 0x5 (0101) — 0x7 (0111) 0x9 (1001) — 0xD (1101) 0xD (1101) — OxB (1011)
0x2 (0010) — 0x3 (0011) 0x6 (0110) — 0x5 (0101) OXA (1010) — OxF (1111) OXE (1110) — 0x9 (1001)
0x3 (0011) — 0x2 (0010) 0x7 (0111) — Ox4 (0100) 0xB (1011) — OXE (1110) OXF (1111) — 0x8 (1000)

The expected watchdog command order starts with number 0x0 (0b0000) and is incremented by 1 at each refresh
window if the command is correctly interpreted and no failure is detected. Once command number OxF (0b1111) is
reached, the sequence restarts with number 0x0 (0b0000), as shown in the following figure. The expected
watchdog command for the next frame is available in the WDT_EXP_BINARY_CODE field in the WDT_CMD
register, to have a recovery mode in case of sequence mismatch.
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Figure 52. Watchdog command order sequence

In case of a wrong WDT data command (command different from the expected sequence order), the watchdog
word fail counter WDT_FAIL_COUNT is incremented by 1. With the next valid watchdog data command, the fail
counter is decreased by 1.

If the WDT_FAIL_COUNT counter reaches the failure limit defined in WDT_COUNT_FAIL_1 according to the
WDT_WRONG_CMD_CFG field in the WDT_CFG register, the watchdog fail flag WDT_DATA1_FAIL in the
WDT_STATUS register is set and the FAULT pin is asserted.

If the WDT_FAIL_COUNT reaches the failure limit defined in WDT_COUNT_FAIL_2 according to the
WDT_WRONG_CMD_CFG field in the WDT_CFG register, the watchdog fail flag WDT_DATA2_FAIL in the
WDT_STATUS register is set, the RST1 pin is asserted and the WD_RST_CNT is incremented.

The failure counter limit can be programmed as shown in the following table.

Table 116. Watchdog configuration table for WDT data fail counter

WDT_WRONG_CMD_CFG WDT_COUNT_FAIL_1 WDT_COUNT_FAIL_2

00 (default) 1 (default) 3 (default)
01 2 4
10 3 5
1 4 6

The information about the number of encountered WDT data failures is stored in the dedicated
WDT_FAIL_COUNT_STATUS field of the WDT_STATUS_2 register.
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Figure 53. WDT operation — Word sequence failure
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4.16.1.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 117. Q&A watchdog electrical parameters

twpT_LoNG Initial long window
WDT_OVF_ACC TwbDT_ovFx accuracy -10 +10 %
4.16.2 Second watchdog (WD2 - PRN)

When the second watchdog is activated by the MCU with WDTDIS = 0, the MCU starts to refresh the watchdog
service through the PRN pin.

The status of the WDTDIS pin filtered is available via SPI by reading the bit WDTDIS_ECHO (in NORMAL
MODE).

The watchdog logic detects only the falling edge of the WDT signal coming on the PRN pin.

The status of the PRN pin filtered is available via SPI by reading the bit PRN_ECHO (in NORMAL MODE). A
WODT fault is generated when the WDT signal stops for more than typy.
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Figure 54. Second watchdog operation
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As a reaction to a WDT fault, the following events occur:

. RST1 is asserted to reset the MCU and the WDT timer is reset

. WD_RST_CNT is incremented

. The error flag WDT_FAIL is set to be cleared by the MCU after RST1 release.
. The WDT timer restarts if WDTDIS is LOW

If WD_RST_CNT reaches WD_RST_CNT_MAX, the bit WD_RESET_LATCH is set, the RST1 pin is asserted,
and the device moves to POWER DOWN state. The WD_RESET_LATCH is reset in POWER DOWN state when
IGN is LOW to reach SLEEP MODE. When the WDTDIS = 1, the WD2 is disabled. The WDTDIS implements a
passive pull-down to ensure the voltage level does not interrupt the WDT control in case of open connection.

The watchdog is reset in case RST1 is asserted.
4.16.2.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T; according to the operating range in Table 5.

Table 118. Second watchdog electrical parameters

twpH Window timeout for watchdog refresh

VPRN_HIGH PRN high voltage 2 v PRN
VPRN_HYS PRN hysteresis voltage 0.1 0.5 V PRN
TPRN_FIL PRN filter time 15 |2 25 us PRN
RprN_PD PRN pull-down resistor 0.4 1 1.6 MQ  PRN
VwpTois_HigH | WDTDIS high voltage 2 v WDTDIS
VwDTDIS_HYS WDTDIS hysteresis voltage 0.1 0.5 V WDTDIS
TwpTDIS_FIL WDTDIS filter time 15 |2 25 us WDTDIS
RwpTpis_PD WDTDIS pull-down resistor 0.4 1 1.6 MQ  WDTDIS
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4.16.3 RST1 LATCH timeout

The L9988 implements an internal timeout able to detect:

1. In NORMAL MODE, an unexpected RST1 assertion (e.g. persistent VCORE undervoltage) longer than
TRST1_LATCH_TIMEOUT

2. In STANDBY MODE, the missing end of the cyclic wakeup routine (triggered each TcycLE sTanpay) in a time
longer than TrsT1_LATCH_TIMEOUT

In these scenarios, the bit WD_RESET_LATCH is set, and the device moves to POWER DOWN state. If in

STANDBY MODE, the device reaches this state by first moving to NORMAL MODE.

The WD_RESET_LATCH is reset when IGN is LOW to reach SLEEP MODE.

4.16.3.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 119. RST1 LATCH timeout electrical parameters

symbas | Pt ot contors i . o | P

TRsST1_LATCH_TIMEOUT | Internal timeout for WD_RESET_LATCH assertion 125 15 175 |s RST1

417 Non Volatile Memory (NVM)

The IC allows saving key configuration parameters in the internal NVM. Refer to the register map file attached. All
registers marked with this color code throughout the document identify configuration registers stored in the NVM.

4171 NVM read/write operations

NVM data is automatically downloaded into local registers every time the IC performs the transition SLEEP to
NORMAL:

As the IC reaches NORMAL state, the following commands allow user interaction with the NVM:

. NVM_OP_CMD=0x3 triggers the NVM upload and download: this operation fetches the data previously
written into configuration registers and writes it to the relative NVM sectors, then it automatically triggers a
full NVM re-download in order to guarantee whole data consistency. The operation lasts Tnym_upLoaD and
during this time interval the MCU will not be able to perform R/W operations (any command will be
discarded)

. NVM_OP_CMD=0x5 triggers the NVM download, fetching the data from NVM sectors and writing it to the
configuration registers. The operation lasts Tnym_pownLoaDp and during this time interval the MCU will not
be able to perform R/W operations (any command will be discarded)

During NVM upload/download operations, NVM_READY flag is reset to ‘0’, indicating that the NVM is busy. Once

the task is complete, the NVM_READY is set high; as no NVM read/write operation is running, the NVM circuit is

kept under reset.

In order to guarantee data retention, the NVM write operation number must not exceed Nnyv_wRiTE_cycLEs: if

this limit is exceeded, data retention is not guaranteed. By the way, the IC will continue to accept and perform

every write operation, even if it is beyond the Nyvm wRITE_cycLes count. Every time a write operation is
performed, the IC automatically updates the NVM_UPLOAD_COUNT counter field, which is stored in the NVM as
well. The counter value is user-accessible, reading the NVM_UPLOAD_COUNT bit (read-only). The counter value
saturates at Nyym_ wRITE_cycLEs: if @ new write operation is done above the Nnyym_wRriTE_cycLEs limit, the
counter value is increased at Nyvm wRITE_cycLest1 and will never be updated anymore.

4.17.2 NVM data integrity checks

NVM content can be categorized into two main groups: trimming data and configuration data (used to configure IC
operation). All this data is organized into sectors, each of them individually protected by CRC. Trimming data and
configuration data do not share the same sectors.

Every time the IC performs an NVM download operation (either automatic or user-driven), an integrity check
against the NVM CRC (sector by sector) is performed as well. In case of check failure, the following actions are
performed:
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. The CRC check failing sector data is not downloaded into the local registers. This data is replaced by all
zeros. It is possible to mask this replacement by setting the NVM_CRC_FAIL_MSK bit before a download.
Hence, depending on the sector content, either function accuracy will not be guaranteed, or the IC
expected configuration will not be applied.

. In case at least one of the trimming sectors has failed the CRC check, TRIM_NVM_CRC_FAIL latch is set
(clear-upon-read). This bit is set to 0 if NVM_CRC_FAIL_MSK = 1 before a download

. In case at least one of the IC configurations sectors has failed the CRC check, CONF_NVM_CRC_FAIL
latch is set (clear-upon-read). This bit is set to 0 if NVM_CRC_FAIL_MSK = 1 before a download

. No other action is taken, i.e., no interruption/inhibition of IC functionalities.

Every time the user triggers an NVM upload and download operation, the corresponding sector CRC is updated
as well; this is done by the IC automatically.

Once an NVM upload command is issued, the NVM_VERIFY_ERR flag is asserted in case of upload procedure
fails. The assertion of this flag will inhibit the automatic download of the NVM content. If the MCU issues a specific
download NVM command, it will be executed despite the assertion of the NVM_VERIFY_ERR.

4.17.2.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 120. NVM electrical parameters

st condon. i T s _un|PY

N Number of allowed NVM write cycles to Guaranteed by 30 cycles | -
NVM_WRITE_CYCLES | g arantee data retention SCAN Y
NNVM_SECTORS Number of NVM sectors 17 sectors | -
NVMcapaciTY Capacity of NVM 4352 bit -
TNVM_UPLOAD NVM user sector upload time duration géaAr'jmteed by 25 ms -
TnvM DownLoaD  NVM full download time duration Guaranteed by 25 ms -

SCAN

Time required to turn on the entire internal power
TconFiG supply and to download the first four sectors of 1024 us -
NVM in SLEEP to NORMAL MODE transition

T NVM first sector download time duration in 128 s
NVM_TRIM SLEEP to NORMAL MODE transition H

4.17.3 Configuration register data integrity check (CONF_CRC)

In order to guarantee the integrity over time of NVM downloaded key trimming and configuration data, both safety
relevant and latent register content (highlighted with this color code in the register map) is automatically and
cyclically checked against corruption in NORMAL MODE: this is possible because local register data is provided
with a CRC signature, which can be checked periodically (with period TconF crc) When no operation is
performed on the NVM, i.e. the NVM circuit is in reset state.

In case of check failure, the following actions are performed:

. In case trimming data has failed the CRC signature check, TRIM_CYC_CRC_FAIL latch is set (clear-upon-
read)

. In case IC configuration data has failed the CRC signature check, CONF_CYC_CRC_FAIL latch is set
(clear-upon-read)

. No other action is taken, i.e., no interruption/inhibition of IC functionalities.

. In case of permanent data corruption, failure latch set pulse occurs every Tconr_crc

The user can decide to completely disable this integrity check by setting CYC_CRC_DIS to 1; after the feature
has been disabled, it is still possible to clear-upon-read both CYC_TRIM _CRC_FAIL and CYC_CFG_CRC_FAIL.

The local register CRC signature is managed in the following way:
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. Every time NVM data is downloaded into local registers (either automatic or user-driven), a CRC signature
is refreshed as well.
. Every time the user changes the local register data, the corresponding CRC signature is not automatically

updated, thus a CRC check failure is expected at the next execution cycle; by the way, as the user triggers
the NVM upload and refresh operation, after the NVM sector CRC has been automatically updated, the
local register CRC signature is updated accordingly, and no further CRC check failure is expected. In order
to mask the systematic CRC check failure explained just before, the user can use the CYC_CRC_DIS
feature; however, the systematic failure scenario can be used as a fault-injection test.

A CRC check is also performed during cyclic activation in STANDBY MODE and in case of CRC error the device
will move to NORMAL MODE and the FAULT pin is asserted.

4.17.3.1 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T; according to the operating range in Table 5.

Table 121. Configuration integrity check characteristics

TcoNF_cRC Configuration integrity check period

4.17.4 NVM fault internal upload during POWER DOWN state

In case the POWER DOWN state is reached because of persistent watchdog fails (WD_RESET_LATCH = 1), the
device will upload to the NVM a copy of all the information about faults related to MCU failure reported in the Fault
flag column below.

Uploaded fault information will be downloaded during SLEEP to NORMAL transition and can be read by SPI
accessing read-only flags with the “_ PDN_NVM” suffix.

Table 122. List of uploaded fault

Fault type m NVM flag (SPI READ ONLY)

VBST Undervoltage VBST_UV VBST_UV_PDN_NVM
VBST Overvoltage VBST_OV VBST_OV_PDN_NVM
VBST Overcurrent VBST_OVC VBST_OVC_PDN_NVM
CP Undervoltage VCP_UV VCP_UV_PDN_NVM

CP Overvoltage VCP_OV VCP_OV_PDN_NVM
VPRE Overvoltage VPRE_OV VPRE_OV_PDN_NVM
VPRE Undervoltage VPRE_UV VPRE_UV_PDN_NVM
VPRE Overtemperature VPRE_OT VPRE_OT_PDN_NVM
VCORE Overvoltage VCORE_OV VCORE_OV_PDN_NVM
VCORE Undervoltage VCORE_UV VCORE_UV_PDN_NVM
VCORE Deep Undervoltage VCORE_DEEP_UV VCORE_DEEP_UV_PDN_NVM
VCORE Overtemperature VCORE_OT VCORE_OT_PDN_NVM
VCC Undervoltage VCC_UV VCC_UV_PDN_NVM

VCC Overvoltage VCC_OV VCC_OV_PDN_NVM

VCC Overtemperature VCC_OT VCC_OT_PDN_NVM

VCC CAN Undervoltage VCC_CAN_UV VCC_CAN_UV_PDN_NVM
VCC CAN Overvoltage VCC_CAN_OV VCC_CAN_OV_PDN_NVM
VCC CAN Overtemperature VCC_CAN_OT VCC_CAN_OT_PDN_NVM
VTREF Undervoltage VTREF_UV VTREF_UV_PDN_NVM
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Fault type m NVM flag (SPI READ ONLY)

VTREF Overvoltage

VTREF Overtemperature

VSTBY Undervoltage
VSTBY Overvoltage

VSTBY Overtemperature

Internal Analog LDO OV
Internal Analog LDO UV
Internal Analog LDO OT

Number of NVM Upload performed

FSO1 Fail Safe Output 1

FSOO Fail Safe Output 0

RTC Wakeup Fault
SPI Fault
Watchdog Fault
Watchdog Fault
Watchdog Fault
Watchdog Fault
Watchdog Fault
Watchdog Fault
FCCU Fault

VTREF_OV
VTREF_OT
VSTBY_UV
VSTBY_OV
VSTBY_OT
VANA_OV
VANA_UV
VANA_OT

NVM_UPLOAD_COUNT

FSO1_ECHO
FSO2_ECHO
RTCWUP
COMM_ERR_SPI
WD_RESET_LATCH
WDT_OVF1_FAIL
WDT_OVF2_FAIL
WDT_COUNT_FAIL_1
WDT_COUNT_FAIL_2
WDT_FAIL
FCCU_FAIL

VTREF_OV_PDN_NVM
VTREF_OT_PDN_NVM
VSTBY_UV_PDN_NVM
VSTBY_OV_PDN_NVM
VSTBY_OT_PDN_NVM
VANA_OV_PDN_NVM
VANA_UV_PDN_NVM
VANA_OT_PDN_NVM
NVM_UPLOAD_COUNT_PDN_NVM
FSO1_ECHO_PDN_NVM
FSO2_ECHO_PDN_NVM
RTCWUP_PDN_NVM
COMM_ERR_SPI_PDN_NVM
WD_RESET_LATCH_PDN_NVM
WDT_OVF1_FAIL_PDN_NVM
WDT_OVF2_FAIL_PDN_NVM
WDT_COUNT_FAIL_1_PDN_NVM
WDT_COUNT_FAIL_2_PDN_NVM
WDT_FAIL_PDN_NVM
FCCU_FAIL_PDN_NVM
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4.18 Die temperature monitor (T,)
The L9988 monitors the junction temperature with two ADCs and a sensor placed close to the ADC stage to feed
the calibration algorithm.

The junction temperature measurements are stored in the TEMP_ADCO0_DATA and the TEMP_ADC1_DATA
registers and can be computed according to the following formula: Code*0.10887-89.988.

TEMP_ADCO_DATA= 0.10887* (12-bit TEMP_ADCO register CODE converted in decimal value) -89.988, in
which

12-bit TEMP_ADCO register CODE = 0x44E = 1102
Therefore, TEMP_ADCO_DATA = 0.10887*(1102)-89.988 = 29.98°C

TEMP_ADC1_DATA= 0.10887* (12-bit TEMP_ADC1 register CODE converted in decimal value) -89.988, in
which

12-bit TEMP_ADCH1 register CODE = 0x441 = 1089
Therefore, TEMP_ADC1_DATA = 0.10887*(1089)-89.988 = 28.57°C

4.18.1 Diagnostics

Table 123. Die temperature monitor diagnostics

Fault type Assertion condition [e reactlf)n to Release condition dlcacten Maskable
assertion to flag clear

If T, falls below

If T, rises above
J The Ty WARN_TH -

Thermal TJfWARNiTH the . Non
Warning TJ WARN fault is TJ_WARN flag To_warN_Hys, the None maskable
acknowledged is set TJ_WARN flag can
be cleared by MCU
. If T, rises above ]:II—Q: i:JS—eStD : !;TJ falls below
Thermal Ty sp_TH the J.SD_TH . . Non
Shutdown TJ SD fault is The IC moves Ty_sp_vs, the None maskable
acknowledged to POWER TJ_SD flag can be
DOWN state cleared by MCU
4.18.2 Temperature ADC cross-check

The two ADCs used for temperature calibration are continuously x-checking each other while in NORMAL and
STANDBY MODE states (during CYCLIC ACTIVATION) to ensure calibration algorithm integrity. In case a
mismatch is detected, the XCHECK_TEMP_FAIL latch is set.

To prevent latent failures affecting the detection, it is possible to perform a fault injection, by programming
XCHECK_TEMP_FAULT_INJ = 1 and verifying that XCHECK_TEMP_FAIL is set. After that, the fault injection can
be stopped programming XCHECK_TEMP_FAULT_INJ = 0 and verifying that XCHECK_TEMP_FAIL is clearable
on read.

4.18.3 Electrical parameters

All parameters are tested and guaranteed under the following conditions, unless otherwise noted: all supplies
according to the operating range in Table 2; T according to the operating range in Table 5.

Table 124. Die temperature monitor electrical parameters

Ty ERR Die Temperature Total Conversion Error -10

Ty sp_TH Thermal shutdown threshold 180 190 200 °C
Ty sb_Hys Thermal shutdown threshold hysteresis 5 6 7 °C
Ty WARN_TH Thermal warning threshold Guaranteed by SCAN 150 165 180 °C
Ty WARN_HYS Thermal warning threshold hysteresis Guaranteed by SCAN 10 °C
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TXCHECK_TEMP_TH Thermal x-check threshold
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5 Device register map

L9988 register map is available in the STSW-L9988FW software package
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Application information

Referring to the figure below, this section lists the layout recommendations and the components to be used in a
typical application circuit.

Figure 55. Typical application scenario

Latest Block diagram (wk472025)
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6.1 Layout recommendations

6.1.1 PCB stackup

In order to achieve the best performance in terms of accuracy and EMC, an optimal PCB layer partitioning must
be chosen. On a 4-layer board, the following stackup is recommended.

. Top layer: analog sensing lines

Battery sensing lines
- Cell sensing lines
- Current sensing lines
- NTC sensing lines
. 2nd layer: ground planes
— AGND under sensing lines
— DGND under digital lines
- GND_ESD under the ESD capacitors in the battery connector region
- PGND under the power supply circuit
- OSC_GND under the XTAL oscillator circuit
- LDO_GND under the LDO1(VCC) and LDO2 (VCC_CAN) circuits

. 3rd layer: analog forcing lines and balancing lines
. Bottom layer: digital lines and regulators
6.1.2 Ground connections

In order to achieve the best performance in terms of accuracy and EMC, care must be taken while designing
ground connections. The L9988 features 2 ground pins used as internal reference:

. AGND: is the reference plane for the analog circuitry and must be kept as “clean” as possible in order not
to catch noise from the nearby switching components. It can be used as the 2nd layer of the PCB to shield
voltage sense lines routed on the 1st layer.

. DGND: is the reference plane for the digital circuitry and it introduces noise on the PCB due to the logic
switching activity. It must be separated from the AGND plane and can be routed over the 2nd PCB layer.
It is also recommended to implement the following 3 ground planes:

. PGND: is the reference plane for the power supply circuit and for the buck regulators.
. OSC_GND: is the reference for the external XTAL oscillator.
. LDO_GND: is the reference for the LDO1(VCC) and LDO2 (VCC_CAN) circuits.

All the planes/lines mentioned above should be joined on the same node (KL31) and then connected to PACK-
through the RSHUNT resistor, thus measuring the system current.

6.1.3 Cell balancing and cell sensing lines

The sensing tracks of CELLs and NTCs must be kept away from the noisy paths. Concerning the cells, the
sensing paths and the balancing ones shall be split as close as possible to the cell input connector.

6.1.4 Current sensing lines

Regarding the current sensing circuit, it is good practice to reduce the number of contacts and ways to a minimum
to reduce possible thermal effects that lead to phase shifts between the CSAx inputs. Furthermore, it is necessary
to provide parallel tracks on the same side of the product, as symmetrical and shielded as possible.

6.1.5 Regulators

The buck circuit must be placed as close as possible to the corresponding device pin in order to avoid loops
generated by long traces and filter any ripple caused by current absorption peaks. The ground join must be
positioned as close as possible to the device pins.

DS15145 - Rev 1 page 156/184



L9988

Application information

Lys

6.2

Power supply circuit

Table 125. Recommended power supply components

Symbol Parameter Value s Required Comments
tolerance

Needs to be sized in order to avoid AMR
violation, considering hot-plug spikes, ISO

TVS for power suppl ) pulse, EFT and SURGE positive and
Dzgar line P PRY - Optional | negative pulses.
Proposed STMicroelectronics LDP01-28AY
and SM6F13AY
Tank ‘ 40uF
it
Cgar1 pzr\:vefzﬁzgllylrinc: @+ 50V 20% Mandatory
10uF)
Filtering capacitor for Improves EMC emission/immunity
Cgat2 ower gu F; line 100nF 50V 20% Optional | performances at high frequency. Place as
P PPY close as possible to IC pin.
Maximum forward voltage = 0.5V
D Reverse diode for Obti
BAT1 power supply line - ptional ' proposed STMicroelectronics STPS2L40UF
or PMEG060V030EPDZ
Maximum forward voltage = 0.5V
D Reverse diode for Obti
BAT2 power supply line - ptional ' proposed STMicroelectronics STPS2L40UF
or PMEG060V030EPDZ
Sized to match the cutoff frequency of battery
Filtering resistor for .Srigsér:]?ol#] l?rsequency is
RVBREF ﬁﬁ:fnzlijgpc'y line for ' 5600 1% Mandatory )
reference f¢ = mnRyERErCyBREF
Place as close as possible to device pin
Filtering capacitor for Sized to obtain cutoff frequency in
Cugrer | auery SUPRYINSTOr 470k sov 0% Mandatory = Sonjunction with Rygrer
reference Place as close as possible to device pin
ESD protection
Cesp_par | capacitor for power 47nF 100V 20% Optional

supply line
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6.3 Battery sensing circuit

Table 126. Recommended components for battery sensing circuit

Sized to match the cutoff
frequency of cell sensing

Filtering resistor for lines.
Rves battery sensing line 200Q 1% Mandatory The cutoff frequency is
1
fe= Gy
¢~ (2nRypsCyps)
Filtering capacitor for Sized to obtain cutoff
Cvas g capactor 47nF 50V 10% Mandatory frequency in conjunction with
battery sensing line R
VBS
Sized to match the cutoff
frequency of battery sensing
Filtering resistor for lines.
Rvee KL30 sensing input 2000 1% Mandatory The cutoff frequency is
1
fe= Gy
€~ (@nRypCyp)
Filtering capacitor for Sized to obtain cutoff
o ) . ; .
Cvpp KL30 sensing input 47nF 50V 10% Mandatory frequency |chonJunct|on with
VPP
ESD protection
Cesp_vBs capacitor for battery 47nF 50V 20% Optional
sensing line
6.4 Boost pre-regulator (VBST) circuit
Max .
tolerance
Proposed Onsemi NVTFS5C466NL
Mast Qg External FET MggT gate 16nC Mandatory
- charge Proposed NXP BUK9M24-40E
Mast Cise Extern.al FET MgsT input 860pF Mandatory
- capacitor
Rg MgsT Extgrnal '_:ET Mast gate 10Q Mandatory
- serial resistor
External FET MggT gate
R
GBST pull-down resistor 220KQ Mandatory
RsesT External shunt resistor 100mQ 10% Mandatory
18.8yF Output capacitor ESR 3mQ
Cest Output capacitance @ * 470F) 50V 20% Mandatory | proposed Murata
i GCM31CR71E475KA55
Inductor DC resistance
2.2uH min
_ 20mQ typ,
LesT Boost inductor 4.7uH typ - Mandatory 40mQ MAX
10pH MAX
Proposed TDK B82464P4103M000
Maximum forward voltage = 0.5V
DesT VBST external diode ) Mandatory Proposed NXP PMEG060V030EPDZ

Proposed Onsemi
NRVTSAF5100ET3G
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6.6

6.7

Charge pump (VCP) circuit

Crank

Ccp1

Ccp2

Table 127. Recommended components for charge pump circuit

Symbol Parameter Value L Required Comments
tolerance

Mandatory = Proposed AVX 08055C684K4Z2A

External tank
capacitor

External flying
capacitor

External flying
capacitor

680nF 50V 10%
33nF | 50V 30%
33nF | 50V 30%

Buck1 pre-regulator (VPRE) circuit

CvpPre

LvPre

CBT_VPRE

Dvpre

Mandatory = Proposed AVX 06035C333K4Z2A

Mandatory | Proposed AVX 06035C333K4Z2A

Table 128. Recommended components for Buck1 pre-regulator circuit

Symbol Parameter Value pS Required Comments
tolerance

VPRE external
output
capacitance
(decoupling
capacitors in
parallel)

VPRE external
output inductor

VPRE external
bootstrap
capacitor

VPRE external
diode

20pF
25V 10%

(2 * 10pF)

22uH 20%

0.47pF 25V 20%

Proposed TDK
CGA4J1X7S1E106K125AC

Mandatory

Proposed Murata
GCM31CR71C106KA64K

Inductor DC resistance 26.3mQ
Proposed TDK SLF12575T-220M4R0-
H

Mandatory

(Proposed Coiltronics
HCM1A0703V2-220-R)

(Proposed TDK CLF7045NIT-220M-D)

Proposed TDK
CGA3BE3X5R1E474K080AB

Mandatory

Mandatory

Buck2 regulator 1.125V-5V (VCORE) circuit

Symbol Parameter Value s Required
tolerance
0KQ

RseL

Proposed Murata
GCM188R71C474KA55

Proposed Vishay SS36

Table 129. Recommended components for Buck2 VCORE regulator circuit

Comments

VCORE
external
voltage
selection
resistor

10KQ
20KQ
30KQ
39KQ
51KQ
68KQ

1%

Mandatory

VCORE disabled
VycoRe = 1.125V
Vvcore =1.2V
Vvcore = 1.3V
Vvcore = 1.5V
Vvcore = 3.3V

VvcoRre = 5V
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Symbol Parameter Value Lo Required Comments
tolerance

Inductor DC resistance

135mQ typ,
VCORE 0
Lvcore external coil 22uH 20% Mandatory  149mQ MAX
Proposed Coiltronics HCM1A0703V2-220-R
(Proposed TDK CLF7045NIT-220M-D)
VCORE 68.F = Output capacitor ESR 1mQ to 10mQ
Cvcore | external output 20% Mandatory Proposed Murata GRT21BR61C226ME13L
capacitor (22uF*3//2.2uF)
Proposed Murata CGA3E1X5R1C225K080AC
6.8 3.3V/5V LDO1 (VCC) circuit

Table 130. Recommended components for LDO1 circuit

Output capacitor ESR 5mQ

Cvce External output capacitor = 10uF 20% Mandatory
Proposed Murata GCM188D70J106 ME36

6.9 5V LDO2 (VCC CAN) circuit

Table 131. Recommended components for LDO2 circuit

Symoo |~ Parsmetr——\te Faing o e Reqirod | Commanis

Output capacitor ESR 5mQ
External output 10uF 20% Mandatory

Cvce_can -
- capacitor Proposed Murata GCM188D70J106ME36

6.10 5V thermistor bias LDO3 (VTREF) circuit

Table 132. Recommended components for LDO3 circuit

Output
capacitor ESR
o l o 15mQ
xternal outpu o
capacitance (2 * 1uF) 30% Mandatory ig:ggts .
C1206C105K3R
ACAUTO

CvTREF

6.11 3.3V/5V standby LDO4 (VSTBY) circuit

Table 133. Recommended components for LDO4 circuit

Output capacitor ESR 3mQ

CysTBY | External output capacitor 4.7uF 10% Mandatory
Proposed Murata GCM31CR71E475KA55
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6.12 Internal analog LDO (VANA) circuit

Table 134. Recommended components for internal analog LDO circuit

Symoe | raneor Ve Raing W e erod | Commenis

Output capacitor ESR 1mQ to 10mQ

Cvana | External output capacitor 2.2uF 30% Mandatory
Proposed Murata GRM188R61E225KA12D

6.13 Cell sensing circuit

Table 135. Recommended components for cell sensing circuit

Symbol Parameter Value LS Required Comments
tolerance

Filters noise on cell sensing lines. The cutoff

frequency is fo = 1

Filtering resistor for 2000 1% Mandatory (2nRcELLCCELL)

RceLL >
cell sensing line
Sized to obtain 16.9KHz cutoff frequency on
cell sensing lines in conjunction with Cog
Filtering capacitor for o Sized to obtain cutoff frequency in
CeeLl cell sensing line 47nF | S0V 10% Mandatory conjunction with Rog L
ESD protection
Cesp_ceLL | capacitor for cell 47nF 100V | 20% Optional
sensing line
6.14 Cell balancing circuit

Table 136. Recommended components for cell balancing circuit

Symbol Parameter Value LB Required Comments
tolerance

Balancing resistor
ReaL for cell balancing 22Q  500mW | 10% Mandatory
line

Sized to obtain 110mA maximum balancing
current when cell voltage is 5V

Filters noise on balancing sensing lines. The

cutoff frequency is f = 1

Filtering capacitor for 68nF 50V 10% Mandatory (4mRpa1CBAL)

CaaL o
cell balancing line
Sized to obtain 53KHz cutoff frequency on cell
balancing lines in conjunction with Rga
Filtering capacitor for Filters noise on balancing sensing lines. The
Cso ; 47nF 50V 10% Optional ; _ 1
30 cutoff frequency is fr = ——————
pin €~ (2nRgaLCs0)
6.15 Current sensing circuit

Table 137. Recommended components for current sensing circuit

tolerance

CSAshunt 1500 1% Mandatory Proposed Vishay WSLP5931L1000FEA

R i
SHUNT resistor
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Symbol Parameter | Value Nk Required Comments
tolerance

Used to filter both differential and common-mode
noise on the CSAN0/1 and CSAPO0/1 inputs
The differential filter cutoff frequency is

fe= :
CSA ¢ Cecsa_cm
differential 4mResa\ Cesa_pipr + ——3—
Rcsa filtering 47Q  100mW 1% Mandatory
resistor The common mode filter cutoff frequency is
_ 1
J¢ = 2mResaCesacm
Sized to obtain 3KHz differential cutoff frequency in
conjunction with CCSA_D|FFand CCSA_CM
CSA
differential Sized to obtain 3KHz differential cutoff frequency in
Cesn piF filtering 560nF | 16V 10% Mandatory conjunction with Rcsa and Ccsa_cm
capacitor
CSA common Sized to obtain 100KHz cutoff frequency in conjunction
Ccsa_cm | mode filtering | 33nF | 16V 10% Mandatory = with Rcsa. Needed to pass BCl tests. Choose a
capacitor capacitor with low impedance up to 400MHz
CSAESD . _— .
. . Contributes also to filtering BCl. Choose a capacitor
0,
Cesp_csa protec_t|on 100nF | 50V 10% Optional with low impedance up to 400MHz
capacitor
6.16 Temperature sensing circuit

Table 138. Recommended components for temperature sensing circuit

tolerance

NTC pull-up

R, 0,
PUNTC biasing resistor 10KQ 10% Mandatory
Filters noise on NTC lines and protects against
short-to-battery
NTC filtering is fo= L
R ) 9 The cutoff frequency is fr =
FILNTC | ocictor 3.3KQ  250mW  10% Mandatory q yis fc R cCrnTe)
Power rating sized for withstanding short to
maximum operating battery voltage
Sized to obtain cutoff frequency in conjunction with
ilteri RriLNTC
Crunte | NIC f'.'tte”“g 10nF 50V 20% Mandatory
Capacitor Voltage rating shall be sized considering short-to-
battery failure
NTC ESD ) . o
Cesp NTC | protection 6.8nF 50V 20% Optional Voltage ra_ltlng shall be sized considering short-to-
- . battery failure
capacitor

6.17 GPIOs

Table 139. Recommended components for GPIO connection

symbos | rameer Vo g Mo ofrne| Rqures | Commons

CaPio_EXT GPIO external bypass capacitor 150pF Mandatory

GPIO external pull-up resistor for open-drain

) : 4.7KQ 1% Mandatory
configurations

Rapio_ExT_PU
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6.18

HS pre-drivers and CB MOSFETs

Table 140. Recommended components for CB MOSFETs connection

Rigs, Regs

External VGS pull-down resistance

Table 141. Recommended external MOSFETs

MQ

20%

Optional

Pror
Vbs max | Ves max Ip [A] Rpson [MQ] Qq [nC] .
Vasih [V

TPWR7904PB  Toshiba fMT)'? 3 170 0.79 85 Optional
JMSLO40SAGQ  Viedie 40 20 1.2min, 49 139 0.75 116 Optional

Microelectronics 2.5 MAX ’ P

ST 1.2 min, 2 .
STL325NALFBAG fuo 0 . 40 16 VAX 373 188 0.75 95 Optional
NVMFS5C410NL | ON Semiconductor 40 20 2 MAX 330 167 0.82 143 Optional
6.19 Unused pin connections

Figure 56. Unused pin connections

{ KL3GY

< <
g Mag

—

HS PRE-DRIVER

VGG 8 CAN LDO2
(£5%) 150mA

2,

wo.oNo  pano
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Besides, for other functions, when not used, recommended pin configuration is according to the following
Table 137.

Table 142. Typical unused pins connection

CSAN1 Current sense ADC1 negative input terminal Analog Short to CSAP1 and then connect to GND
2 CSAP1 Current sense ADC1 positive input terminal Analog Short to CSAN1 and then connect to GND
3 CSANO Current sense ADCO negative input terminal Analog Short to CSAPO and then connect to GND
4 CSAPO Current sense ADCO positive input terminal Analog Short to CSANO and then connect to GND
23 AIN5 NTC sensing input Analog Short to GND
24 AIN4 NTC sensing input Analog Short to GND
25 AIN3 NTC sensing input Analog Short to GND
26 AIN2 NTC sensing input Analog Short to GND
Analog
27 GPIOO General purpose /0 Digital in ' Pull-down to GND by 100kQ
Digital out
Analog
28 GPIO1 General purpose /O Digital in ' Pull-down to GND by 100kQ
Digital out
29 VS1 MOS 1S-1D source Analog Short to VG1 and pull-down to GND by 2MQ
30 VG1 MOS 1S-1D gate Analog Short to VS1 and pull-down to GND by 2MQ
31 VG2 MOS 2S-2D gate Analog Short to VS2 and pull-down to GND by 2MQ
32 VS2 MOS 2S-2D source Analog Short to VG2 and pull-down to GND by 2MQ
38 VBST Boost output voltage Power Short to VBP
39 BSTSW Boost switching terminal Analog Pull-down to GND by 100kQ
40 BSTSS Boost sensing terminal Analog Short to GND
50 WAKE Edge-triggered wakeup input Digital in = Short to GND if using IGN
51 IGN Level-triggered wakeup input (KL15) Digital in ' Short to GND if using WAKE
57 VCORESW | Buck2 VCORE switching node Analog Open
59 VCOREFB | Buck2 VCORE feedback voltage Power Short to VANA
60 VCORESEL ' Buck2 VCORE output voltage selection pin Analog Connect 51kQ
61 XOUT Ext oscillator output Analog Short to XIN with 1kQ
62 XIN Ext oscillator input Analog Short to XOUT with 1kQ
64 INTC Interrupt pin Digital out ' Pull-down to GND by 100kQ
65 RST1 Reset output. Reset MCU Digital out = Pull-down to GND by 100kQ
66 FSO1 Fail safe output (active high) Digital out = Pull-down to GND by 100kQ
67 FSO2 Fail safe output (active low) Digital out ' Pull-down to GND by 100kQ
70 RTCWPST | RTC wakeup state Digital out ' Pull-down to GND by 100kQ
71 LATCH z:tgzt:gfrr“pt outputin case of short-circuit Digital out ' Pull-down to GND by 100kQ
Fault interrupt output in case OV/UV/QOT etc. occur
AT O er DG Puldoun 0 GND by 100KD
detection described in detail in Section 4.12.1
74 PRN Watchdog pin Digital in ' Short to GND
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HS_IN2 MOS 2S-2D command Digital in ' Short to GND
76 HS_IN1 MOS 1S-1D command Digital in ' Short to GND
77 RST2 Reset input. Reset device Digital in ' Short to GND
78 WDTDIS Watchdogs disable Digital in | Pull-up to VIO with 10kQ
79 FCCU2 MCU lock-step error detection Digital in = Short to GND and program FCCU_REACT =0
80 FCCU1 MCU lock-step error detection Digital in = Short to GND and program FCCU_REACT =0
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7 Packaging and marking

Figure 57. Package TQFP80

Table 143. TQFP80 14x14 80L exposed pad down package dimensions (JEDEC ref. number MS-026-AEC-
HD

ST DATABOOK

S/ = I (= =N
o 0° 3.5° 7°

o1 0° - -

02 10° 12° 14°

o3 10° 12° 14°

A - - 1.20 15
A1 0.05 - 0.15 12
A2 0.95 1.00 1.05 15
b 0.22 0.32 0.38 9,11
b1 0.22 0.30 0.33 1
c 0.09 - 0.20 1
c1 0.09 - 0.16 1
D 16.00 BSC 4
D1 14.00 BSC 2,5
D2 VARIATIONS 13
D3 VARIATIONS 14
e 0.65BSC

E 16.00 BSC 4
E1 14.00 BSC 2,5
E2 VARIATIONS 13
E3 VARIATIONS 14
L 0.45 0.60 0.75

L1 1.00 REF

N 80 16
R1 0.08 - -
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ST DATABOOK

0.08 -

R2 0.20

S 0.20 - -

TOLERANCE OF FORM AND POSITION

aaa 0.20
bbb 0.20
1,7,20
cce 0.10
ddd 0.13

VARIATIONS

DATABOOK
I T N N X A
D2 - - 8.27
E2 - - 8.27
8.0x8.0 (T1)
D3 6.78 - -
E3 6.78 - -
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Figure 58. TQFP80 bottom and top view
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Figure 59. TQFP80 section A-A and section B-B
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Figure 60. PCB landpattern
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Notes

1. Dimensioning and tolerancing schemes conform to ASME Y14.5M-1994.

The top package body size may be smaller than the bottom package size by up to 0.15 mm.
Datums A-B and D are to be determined at datum plane H.

To be determined at the seating datum plane C.

Dimensions D1 and E1 do not include mold flash or protrusions. Allowable mold flash or protrusions is “0.25
mm” per side. D1 and E1 are maximum plastic body size dimensions including mold mismatch.

Details of the pin 1 identifier are optional but must be located within the zone indicated.
All dimensions are in millimeters.

S

No

8. No intrusion allowed inwards of the leads.
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9. Dimension “b” does not include dambar protrusion. Allowable dambar protrusion shall not cause the lead width
to exceed the maximum “b” dimension by more than 0.08 mm. Dambar cannot be located on the lower radius
or the foot. Minimum space between a protrusion and an adjacent lead is 0.07 mm for 0.4 mm and 0.5 mm
pitch packages.

10. The exact shape of each corner is optional.

11. These dimensions apply to the flat section of the lead between 0.10 mm and 0.25 mm from the lead tip.

12. A1 is defined as the distance from the seating plane to the lowest point on the package body.

13. Dimensions D2 and E2 show the maximum exposed metal area on the package surface where the exposed
pad is located (if present). It includes all metal protrusions from exposed pad itself. The type of exposed pad is
variable depending on leadframe pad design (T1, T2, T3), as shown in the figure below. The end user should
verify D2 and E2 dimensions according to specific device application.

—

T1 12 &

NOTE: number, dimensions and position of shown grooves are for reference only

14. Dimensions D3 and E3 show the minimum solderable area, defined as the portion of exposed pad which is
guaranteed to be free from resin flashes/bleeds, bordered by the internal edge of the inner groove.

15. The optional exposed pad is generally coincident with the top or bottom side of the package and not allowed
to protrude beyond that surface.

16. “N” is the number of terminal positions for the specified body size.
17. For tolerance of form and position see table.
18. Critical dimensions:

a. Stand-off

b. Overall width

c. Lead coplanarity
19. Component cross reference: see DMS spec. 8404938, DM00886812.
20. For symbols, recommended values and tolerances see table below
21. POA FORMAT & CONTENT spec. reference number is CD10033601.

22. A notch may be present in this area (MAX 2.0mm square) if center top gate molding technology is applied.
Resin gate residual not protruding out of package top surface.

Table 144. Tolerance definition

For flange-molded packages, this

The tolerance that controls the position of the terminal pattern with tolerance also applies for basic

aaa respect to Datum A and B. The center of the tolerance zone for each dimensions D1 and E1. For packages
terminal is defined by the basic dimension e as related to Datum A and | tooled with intentional terminal tip
B. protrusions, aaa does not apply to those

protrusions.

The bilateral profile tolerance that controls the position of the plastic
bbb body sides. The centers of the profile zones are defined by the basic
dimensions D and E.

coc The unilateral tolerance located above the seating plane wherein the This tolerance is commonly known as the
bottom surfaces of all terminals must be located. “coplanarity” of the package terminals.
ddd The tolerance that controls the position of the terminals to each other. This tolerance is normally compounded

The centers of the profile zones are defined by basic dimension e. with the tolerance zone defined by “b”.
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Parts marked as ES are not yet qualified and therefore not approved for use in production. ST is not responsible
for any consequences resulting from such use. In no event will ST be liable for the customer using any of these
engineering samples in production. ST’s Quality department must be contacted prior to any decision to use these
engineering samples to run a qualification activity.
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Appendix A Ordering codes

Table 145. Device label

T S S T R

L9988 Tray
TQFP80
L9988-TR Tape & Reel
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Table 146. Document revision history

03-Aug-2026 1 Initial release.
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