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ABSTRACT

This application note is created to build a description about a self-calibratable, high precision and low-cost
current detection solution based on MSPMO internal OPAs. This document describes the calibration method,
paired with MSPMO internal OPA usage. At the end, it also shows the test performance across different
temperature.

Project collateral discussed in this application note can be downloaded from the following URL: https://
www.ti.com/lit/zip/slaaee6.
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1 Introduction
The features of this solution are shown below:

* It supports bi-directional current detection.

» It can self-calibrate the voltage offset and GAIN setting of the OPA.

* |t can do dynamic GAIN setting to reach high accuracy across low to high current.
» The detection error at room temperature can reach to +0.25% at +2A load.

» The current consumption can reach 8 pA with 1THz sample rate.

As this solution is mostly developed for MSPMO Gauge solution, the following section describes how to detect
and test the discharge and charge current of a battery. For other current detection use cases, you can also take
this note as a reference.

The solution is combined of three parts. All the software and hardware are reused by MSPMO Gauge solution.
You can find all of them at MSPMO Current Detection Development package. You can also find the MCU code
under the SDK (mspm0_sdk_xxx\examples\nortos\LP_MSPMOL1306\battery _gauge).

» ltis the hardware board that is used to evaluate the current detection solution with MSPMOL130x integrated.

© ®B Texas INSTRUMENTS
MSPHMO gauge board Vi.2

4
p“%@‘:ﬁ&* FES
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Figure 1-1. MSPMO Current Detection Hardware Board
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* ltis the software project based on MSPMOL130x.
~ = Current_Detection_MSPMOL1306
ot Generated Source
¥ Binaries
k¥ Includes
= Debug
= Driver
= targetConfigs
[= ticlang
= UserConfig
[g App.c
[H Apph
[¢ main.c
L# mspm0I1306.cmd

Figure 1-2. MSPMO Current Detection Software Project
« ltis the GUI. It is written by python, which is mostly used to read the test data from the board.

u1 Gauge Viewer = o X B Gauge Viewer = o X
File Help File Help
MCU COM Toal M COM Toal MCUCOM Tool M COM Toal
UART Configuration UART Configuration
Port selection: XDS110 Class Application/User UART (COM48) > Port selection: Intel(R) Active Management Technology - SOL (COM3) v
Poat status:

Boud rate: 115200 ~ | Port status: Port COMA48 open success!

MeuData runfile: File open Data transmit

UART operation: Connect Disconnect

MCU Test Data

Counter: [so01 Abs empty SOC (36): [4.1
Cell vottage (mv): 5739 Absfull SOC (%): (997
el current (ma): 621 Empty Matrix count: |6

Cell avg voltage (mv): 3736 Full Matrix count: |2

N UART aperation: Connect
Cell avg current (ma):  [621 Defta cap (mah):  [856 Testonss seiecion: DT =

Cell temperature (°C): |25 Deta SOC (%):  [28.5 — e P

Normalized SOC (%) [38.3 Cali SOC (%): 243

Customized 50C (%) [35.7 Dischorge cydles: [0 Sourcemeter Test Data

Smooth SOC (%): |?3.7 Waming flags: ‘ o Counter: [
State of health (9%): o ] systemstate: P ] cellvottage (mv): |
Norm full ap (mahy: [0 | pattery state: L Cell current (mA): |
SR oA pro | cusomaan b ] ‘SmData Conversion

Norm remain cop (mAh): 1211 Custom date2: [0 Battery circut parameter fil generation (Must pulse CHG/DHG Smoata):

Cus remain cop (meh): 1079 Custom data3 o [ | [ Fite open Conversion
Row norm full cap (mah): [3160 Custom datos o Flash saved batiry runfile gensration:

cali ocv (mV): 3546 Custom datas: o [ || Fite apen Conversion

Figure 1-3. MSPMO0 Gauge GUI Project

SLAAEE6 — OCTOBER 2023 A Self-Calibratable Current Detection Solution Based on MSPMO 3
Submit Document Feedback
Copyright © 2023 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/SLAAEE6
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLAAEE6&partnum=

13 TEXAS
INSTRUMENTS

Hardware Introduction www.ti.com

2 Hardware Introduction

Figure 2-1 is a hardware high-level block diagram, showing all the used pins by this demo. The solution
demonstrates testing the current at ADC channel 13, the temperature at ADC channel5 and voltage at ADC
channell.

I ; °

Temp Sensor 1.8V LDO

PA22(ADC_CHS5)

PA22
ADC
PAO(TX)

v PA18 SV GPIO PA1(RX)
OPA

PA17

Figure 2-1. MSPM0 Gauge Board Block Diagram
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>
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=
w
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MSPMOLxx

This design can use these MSPMO features:

High precision 12-bit ADC for temperature, current and voltage detection.

Integrated high precision chopper OPAs for current detection.

5V tolerant open-drain 1/O with UART or 12C function to communicate with masters under different power
rails.

Lower to 1.62 V working voltage to support single battery full voltage range.

Lower to 1.1 yA STANDBY current with SRAM retention for battery application,

Here, a quick introduction for the hardware board is provided and how to use it. For the battery, you can insert
it into the default socket or connect it to the backup battery supply input. Debug and UART COM port is used to
connect to PC, which can download the code or communicate with the GUI.

Note
Pay attention to the MCU power switch supply jumper. For downloading, connect VMCU to VEX, then
the MCU are supplied with 3.3 V, which can ensure the voltage matching with the debugger. For
evaluation, connect VMCU to VIn, then the MCU is supplied with 1.8 V LDO. It can ensure the best
analog performance.
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Backup battery i | : - attery CHG/DHG
supply input connector
! 4

() % Texs INsTRUMENTS *
MSPHO cll'ge board V1.3

=7En
=58

W il X N ey )
Debug and UART COM port  MCU power supply switch “Reserve debug pin
VEx: For downloading code
Vin: For evaluation

Figure 2-2. Gauge Board Instructions

3 Software Introduction

The software project is shown in Figure 3-1. The project and files related to the current detection has four parts.
For other files, they are same for all the MSPMO projects.

v = Current_Detection_MSPMOL1306 [Active - Debug]
! Generated Source

#¥ Binaries

m¥ Includes

= Debug
[ & Driver {«—Driver: MCU init and peripherals control

= targetConfigs

& ticlang

& UserConfig User_Config: User related parameters

configuration

i - App: Customer's application cod

B Apph pp: Customer's application code
{_lel main.c [«—Main: Main function

# mspm0I1306.cmd

Figure 3-1. Software Project View

For UserConfig part, it is included in Section 6.2. For the driver part, it includes all the MPSMO peripheral
initialization and low-level function. Section 5 provides a description on how the current detection work. For the
App part, it includes the high-level software function calling, which is the place for customers to customize their
own functions. For the Main part, it includes the highest system function code.

4 Gauge GUI Introduction

In this demo, a Gauge GUI will be used to record MCU data, run battery test case, and do data conversion. This

GUI has two pages. First is MCU COM Tool, used to communicate with MSPMO and record the MCU transmitted
battery running data. Second is SM COM Tool, used to communicate with the source meter, run battery test case
and record the test data sent from the source meter.
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The used function for current detection is to receive the battery running data from MCU, shown in the function
1 of Figure 4-1. The data is saved automatically in excel with a name “time-McuData.xIsx”, after the battery test
case settled in SM COM Tool is finished or you stop the test by pressing the "Disconnect" button.

B | Gauge Viewer

File Help

MCU COM Tool SM COM Tool

O X

UART Configuration

Port selection: XDS110 Class Application/User UART (COM48) v
Function 2

Baud rate: 115200 v | Port status: ‘Port COM48 open success!

McuData runfile: l File open Data transmit

UART operation: Connect Disconnect

Function 1

Counter:

MCU Test Data

[s001 | Abs empty soc (%): [4.1

Cell voltage (mV): [3739 | Abs full soC (%):

[00.7

Figure 4-1. MCU COM Tool Function

For the SM COM Tool, the used function for current detection is function 1, shown in Figure 4-2. It is used to
control the source meter to run the battery testcase to test the current detection performance and show the data
measured by source meter on the GUI. After the test is finished, the record data sent from source meter is saved
in excel with a name “time-SmData.xlIsx”. If you want to recreate this part, for the software, you need to at least
install NI_VISA. For hardware, you need to buy a USB to rs232 wire and a keithley 2602A source meter.

MCU COM Tool SM COM Tool

UART Configuration
Port selection: Intel(R) Active Management Technology - SOL (COM3) v
Foat status:
.
Function 1
UART operation: Connect

Testcase selection: | Battery charging

Test control: Start test

Sourcemeter Test Data

End test

Counter:

Cell voltage (mv): ‘

Cell current (mA): ‘

SmData Conversion

Battery circuit parameter file generation (Must pulse CHG/DHG SmbData):

Flash saved battry runfile generation: Fu ncti on 2

File open

File open

Conversion

Conversion

Figure 4-2. SM COM Tool Function
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5 Current Detection and Calibration Method
Here is the current detection block diagram. We can see that this solution utilizes:

+ Two high precision internal OPAs. One OPA used as a buffer for DAC. Another used to generate gain for the
voltage across the shunter resistor.

* One internal DAC. Used to generate dynamic bias voltage for current detection paired with OPAO.

+ Flexible internal gain, which is the key point to realize different detection range. If you increase the gain, then
the detection range will be smaller, but its resolution will be increased as well.

* Internal SAR ADC. Used to calibrate and detect the voltage output from OPAOQ.

PA22

—— Charger/ Load

R1 |pa18(A7)
------i 2 MCU

Rs

PA17 o 3

s P '

’ : : \V ‘A13
| AN - - - - o ADC
R3 R4
v GAIN

Figure 5-1. Current Detection Block Diagram

5.1 MSPMO OPA Introduction

An introduction is provided about the MSPMO OPA parameters to help you get a better understanding on how to
get the best OPA performance and what is the OPA limitation.

5.1.1 OPA input and output limitation

OPA has some parameters related to operation limitations. If above the parameters, the linearity of OPA will get
worst. That means the detection current is limited to a certain range.

The key parameters are common-mode voltage range and voltage output swing. Figure 5-2 shows the limitation
value of MSPMOL130x, when set VDD as 1.8 V and RRI=1. For this device, to reach the typical open-loop
voltage gain value on data sheet, output voltage should be controlled into a smaller voltage range (0.3 V
~VDD-0.3 V), compared with voltage output swing range. If above the range, the open-loop gain will be
decreased. In this current detection demo, it doesn’t take the open-loop gain into consideration which has
smaller influence than other two parameters, especially under low gain setting.
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VDD=1.8V
1.5V 1.74V

1.5V
------ +
Common-mode \ Voltage output Open-loop

voltage range OPA1> swing voltage gain
/ 0.3V

0.06V

-0.1V v

Figure 5-2. MSPMO0 OPA Limitation

5.1.2 OPA Accuracy Influence
The OPA gain accuracy is influenced by three parameters:

* The first is the input bias current.
* The second is the input DC voltage offset.
* The third is the OPA noise.

As the MSPMO OPA uses CMOS technology, the gate is physically isolated from the conduction channel to
create an input that is truly high impedance. Its input bias current parameter is mostly combined of the leakage
from ESD structures, protection diodes, and/or parasitic junctions. That means, input bias current can have
positive or negative flow depending on the conditions. Unlike with bipolar amplifiers implementation, in this
hardware design, that is why a matching resistor is not used at the OPA noninverting input. From calculation, the
bias current influence to the OPA output is below than 1 mV, which also can be calibrated later.

For input voltage offset, chopper function is more helpful to reduce its influence. After enabling the chopper
function, the max of input offset voltage goes from 3.5 mv to 0.5 mV, shown in the chapter 7.17 of MSPMOL1306
datasheet. The chopper function realizes this result by modulating the input signal and demodulating the output
signal. For the input signal, it will keep the same after modulation and demodulation. For input voltage offset, it
starts to take effect after signal modulation, and will do demodulation with signal together. As a result, chopper
function changes the DC voltage input offset to an AC voltage output offset and do no effect to the input signal.

For the OPA on MSPMO, it has an ADC assisted chopping mode. After enabling ADC hardware oversampling,
the chopper frequency is controlled by ADC sampling frequency (see Figure 5-3). As the hardware sampling
times is an even number, the sampling times at the positive voltage output offset and negative voltage output
offset will be the same. After the final averaging, the AC voltage offset can be removed through the digital

filter, which means you don’t need a hardware filter anymore! Because chopper technology cannot truly remove
the voltage offset, when you calculate the output voltage range, you need to take the voltage offset into
consideration, besides of the voltage output swing range limitation. As the voltage offset calibration shown in the
current detection demo, the voltage offset parameter will mostly affect the detection current range.

ADC oversampling = 4
Enable

chopper
T T |:>

Figure 5-3. MSPMO Chopper Function
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The OPA noise is the key parameter that mostly affects the current detection performance. However, after
enabling the chopper function, you can efficiently reduce part of the noise (1/f noise), because the chopping
shifts the base-band signal to the chopping frequency beyond the input stage’s 1/f region. Paired with software
averaging filter, you can control the total AC noise to an acceptable level.

5.2 Current Detection Method

In this part, equations will be used to show how to do the current detection with dynamic GAIN setting by
changing the resistor value of R3 and R4 in Figure 5-1.

Equation 1 shows the OPA1 output voltage. | is the current to be tested. Voffset includes the influence of voltage
offset and bias current.

VDAC + 0PA0 — IRg Ry R1 Rp R3 +Ryq
Vo = (—Rl TR, *Rl + IRs)(l + R_3) + Voffset = R{+ RZVDAC +opra0 + R{ T R; IRS) R3 + Voffset (1)

The OPA1 output voltage is recorded as a reference for the current calculation, when | = 0. Here Vref is used to
represent it in Equation 2.

R1 R3 + Ry
Vref = R{FR;~ Rz YDAC + 0PA0 + Voffset (2)

When | != 0, the gap between OPA1 output voltage and Vref will be as shown in Equation 3.

Ry  R3+Ry

Vo~ Vref = R{7R; Rz RS (3)

After that subtraction, you can remove the Voffset influence and the current can be calculated using Equation 4.

Vo—Vref R3 R1+Rp

I= Rg R4+R3 Ry (4)

The thing to consider when changing the gain is the Common Voltage(Vc), as changing the gain setting can
cause the structure unsymmetrical. If you take Vc into consideration, the OPA1 output voltage can be as shown
in Equation 5.

Vpac + ora0 —IRs — V¢ Ry Ry Rp
Vo= ( R{+R; "Ry +IRg + Ve =V )\ 1+ g7 | + Voffset + Ve = | gy r; VDAC+ 0PA0 T Ry Rz IRs  (B)

R3 + Ry R1 *R3 +Ry "
) R3 + Voffset + <R1+R2 Rz 1)*Ve

To control the structure mismatch influence, you need to control the voltage level of Vc. That is why you need to
assign the MCU GND to be closed to the Rs on the PCB layout.

5.3 Current Calibration Method
This section shows how to use ADC to calibrate the circuit in order to get a more accurate result.

To realize this calibration, you need to make some changes to the peripheral setting. For these working
structures and used ADC channels, see Figure 5-4. For the total calibration, it is suggested to do it under 0
loading/charger. Otherwise, it influences the GAIN factor calibration accuracy. For the condition when the current
cannot ensure to be 0 after the MCU power on, see Section 8.3 for a further description. In the following part,
every calibration detail following the real code calibration flow is shown.
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PA22

R2 3

0 Charg

AMAA,
VWY l
| .|

T
s
o

-

'

'

PA1BIAT)

~

er/ Load
R1

]

MCU

Rs
Structure 1 (R12/R1 calibration)

; R2
: 0 Charger/ Load
E R1 | patear
frome mcu (W] MCU
g Rs §
H - 5 PA17 = :
! : : —T: ’
S 5'" | | e &
R3 R4 | | R3 R4

GAIN < 7 GAIN

Structure 2 (OPA1 offset calibration) Structure 3 (R3/R34 calibration; Vref calibration)

Figure 5-4. Current Calibration Structure

5.3.1 (R1+R2)/R2 calibration

For more information, see structure1 in Figure 5-4. ADC channel 12 and ADC channel 7 is used to test the
voltage divided by R1 and R2. You will also increase the DAC output to make OPA1 output closed to the ADC
full range, to increase the accuracy. In order to reduce the resistance influence of GPIO trace, choose to test the
voltage at OPAO internal ADC trace directly, instead of the GPIO output (PA22/A4). Equation 6 is the calibration
equation based on ADC detected numbers:

R1+Ry _
Ry

___Nam
Na12 —Na7

(6)

In this current detection demo, as the VDD=1.8 V and the selected internal reference is 1.4 V. In order to get
a high changeable OPA1 voltage output range with GAIN32 and GAIN16 setting paired with DAC change, we
choose to make (R1+R2)/R1 = 8.

5.3.2 OPA1 Voffset calibration

The reason to do Voffset calibration is that you want to reduce its influence when calibrating R3/(R4+R3). For
more information, see structure 2 in Figure 5-4. You will change the signal connection on the OPA1 input, from
GND(MSEL) and PA18(PSEL) to OPAO output (MSEL and PSEL). By comparing the voltage at OPAO and OPA1
output, you know the OPA1 output offset. In this demo, two different GAIN settings are used, you need to do two
offset calibrations as well. Equation 7 shows the equation based on ADC detected numbers.
Nvoffset = Na13 — Na12 (7)
Although this adds some gain error as the R3 value will be a little different with difference structures, the key

reason why we change the structure is that the Voffset error is acceptable as the output voltage offset is small
after choopering, and a DAC offset is needed as the voltage offset can be bidirectional.
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5.3.3 R3/(R4+R3) calibration

For more information, see structure 3 in Figure 5-4. The structure of R3/(R4+R3) calibration is the same with
the final current test. The difference lies on that the DAC output is increased to make the OPA1 output to

be closed to ADC full range in order to get higher accuracy. Instead of testing the voltage at PA18, use the
calibrated (R1+R2)/R1 value and the detection result at A12 to calculate the PA18 voltage. This can help
increase the resolution and reduce the DAC noise, compared with directly connecting OPAO to PSEL MUX. For
this demo, you also need to do two different R3/(R4+R3) calibration. Equation 8 shows the equation based on
ADC detected numbers.

Rq N
R3 Ri+Rp A12
R4 +R3 ~ NA13 — Nyoffset

(8)

5.3.4 Vref calibration

For the Vref calibration, you control the OPA1 output voltage to be closed to 72 ADC reference voltage and then
save this value. For more information, see structure 3 in Figure 5-4. Peripheral setting is the same with the
final current detection structure. For this demo, two GAIN settings are used and two Vref calibration results are
needed to be saved.

6 Solution Evaluation Steps

6.1 Step1: Hardware Preparation
If you want to evaluate this total solution, you need to make the gauge board first.

In order to do the test and evaluate the current detection performance, you also need to prepare a source meter
or other battery test machines to control the battery charge and discharge.

6.2 Step2: Evaluation
Before you start, there are some settings related to evaluation in UserConfig.h.

UserConfig.h x

f f#define

DEBUG [/ nsmit calculated data to COM port

*Algorithm data output mode selection**F*EEkamkiikkikkkix
e OUTPUT_MODE (NO_OUTPUT)

#define OUTPUT MODE (UART_OUTPUT)

#dafin
[ /#deTl

D WO~

UL R K R S R R R R R R R RO R C.stomizec CO"_rig‘l"‘EtiO" Sett-_~gsx==================================
12 #define VCELL_FACTOR (
13 #define SHUNT_RESTSTOR_VALUE R (
14 #define NTC_PAIR_RESISTOR_VALUE (10000)
(
(

15 #define ADC_AVERAGE_TIMES
16 #define ADC_SAMPLE_TIME
17 #define CURT_CALI_TEMP_THD (5)

Figure 6-1. Mode Setting

If you enable the definition of “DEBUG”, you can see the current calibration data output from the UART1.

For different output modes, “UART_OUTPUT” means enabling data output through UART1. Then you can
observe the running parameters on the GUI. “NO_OUTPUT” means terminating the UART data output.

For customized configuration settings, you may need to make change for “VCELL_FACTOR”,
“SHUNT_RESISTOR_VALUE_R” and “NTC_PAIR_RESISTOR_VALUE” according to your hardware setup.

The hardware test setup is shown in Figure 6-2. You need the MSPMO Gauge board and a real battery for test.
You can insert the battery into the socket and charge or discharge it on J2. You can also connect a power supply
to J3 directly.

The detection data (Vcell, Icell, Tcell) comes from the MSPMO analog peripherals. Then it sends the data to the
GUI through UART1 on J4. The GUI can help to record the battery running data for further analysis.

SLAAEE6 — OCTOBER 2023 A Self-Calibratable Current Detection Solution Based on MSPMO 1
Submit Document Feedback
Copyright © 2023 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/SLAAEE6
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLAAEE6&partnum=

I3 TEXAS
INSTRUMENTS
MSPMO Gauge Solution Test Results www.ti.com

In order to ensure the voltage of programming pins mach with the debug port of MUC, when programming the
MSPMO, use a jumper to connect VMCU and VEx on J1. As the UART1 port supports up to 5 V input and output
voltage, When evaluating, use a jumper to connect VMCU and Vin on J1.

Power
supply/load

FEEEEmRRRRw
r 777 1T LTX SN \
—

\ Evaluation

connection

Figure 6-2. Hardware Setup and Connection

7 MSPMO Gauge Solution Test Results

7.1 Calibration Test Result

After you enable the “DEBUG”, you can output the calibration data through UART1. This data can help to
evaluate the calibration error. The data shown in this part are all from one MSPMOL1306 with 1.8 V supply and
comes from a 12-bit ADC with 1.4 V internal reference under 25°C.

Figure 7-1 shows the test data of (R1+R2)/R1. You can see that the value fluctuation is +0.13%.

R12/R1*100

8015
801 .
800.5
800 |® e - 2080 80 & WS 28 W ®N s@mE
799.5

799

7985
o 50 100 150 200 250

Figure 7-1. Tested (R1+R2)/R1 Under 25C
Figure 7-2 shows the voltage output offset with different gain. All of them are below than 0.7 mV.

Voffset with GAIN32 Voffset with GAIN16

0 0 e oo em D BN —®- 00000 0 00
0 50 100 150 200 250 ) 50 100 150 200 250

Figure 7-2. Tested OPA1 Offset Under 25°C
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Figure 7-3 shows the test data of (R3+R4)/R3. You can see that the value fluctuation under GAIN32 is +0.11%.
For GAIN16, it is £0.13%.

R34/R3*1000 with GAIN32 R32/R3*1000 with GAIN16
3183 16005
3182 . 1600 .o
na 15995
3180 P P - . s - 1599 - - . . - - e o
15885
3179 |@ . . s o o0 o - em e
1538 & - LL LIS 2 e em e & o - e eee
3178 . e ..
15975
3177 S @SS 0SS E GEER SIS SR GBS SN o R o 0 .. L 1597
3176 L] 15965
3175 p—es-o-e * e e i | 1505 & & e .e e o ssme ®semee
3174 15955
0 50 100 150 200 250 0 50 100 150 200 250

Figure 7-3. Tested (R3+R4)/R3 Under 25°C

To evaluate the calibration accuracy, compare the calculated Vref through the Equation 2 and the tested Vref
through ADC channel 13, when the current is 0. Pay attention that the tested data is the raw data from 12-Bit
ADC with 1.4 V reference. The Vref is about 0.7 V, close to Y2 ADC reference.

You can see that the tested Vref almost only have 1 or 2 ADC count change in two GAIN settings. If you treat
the tested Vref as the accurate value for the GAIN32 setting, the max calculated Vref error is about 0.2%. For
GAIN16 setting, it is about 0.15%.

As seen from these results, you can say that the self-calibration structure is very stable and has a very high
accuracy.

Tested Vref with GAIN32 Calculated Vref with GAIN32
19772 1979
1877 L 1] - e e 1578 W B 20 EF D BN B B D IDIEDMINES e L]
19768 1977 sune - |
19766 1976 e o8 - o0 L) L) LX) L]
19764 1975 & &8 s o SO OE 000 4 6 GED SBED BED
1976.2 1974 L]
1976 18973 . LR - . .
19758 1972
0 50 100 150 200 250 0 50 100 150 200 250
Tested Vref with GAIN16 Calculated Vref with GAIN16
20195 20185
2019 . . . .
2019 L]
20185
w0185 2012 & S0 & S0 MO8 e B = L1 ] L )
2018 - 20175
2017
20175
20165
2017 » e & semOS - .0 20 & 000 -e L ]
2016 L] L) L] - e L) - e
20165 20155
o 50 100 150 200 250 0 50 100 150 200 250

Figure 7-4. Tested and Calculated Vref Under 25°C

7.2 Current Detection Result

This section shows the current detection test performance under different temperature of MSPMO, using the
source meter at the same time. In this current detection demo, the used shunter resistor is 20 mR. The GAIN
setting changes from GAIN32 to GAIN16 when the current reaches about 1A, and it changes from GAIN16 to
GAIN32 when the current reaches about 0.7A.

To reach higher current detection resolution, it is okay to use large resistor value, but on the GAIN side, this
solution is limited by the max internal GAIN (32x).
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7.2.1 Test Under 25°C

Figure 7-5 shows the current test pattern (left) and the detection error (right) under 25°C. You can find that this
solution can control the error within 5 mA in the range of £2000 mA. The error percentage is below than +0.25%
at £2000 mA.

ICELL(mA) error(mA)
2500 s
[}
2000 4 s
1500 3 *
1000 N - - -
L] 'ﬂ
500 )

. 1 H o -
s00 0 1000 2000 3000 4000 5000 6 7000 3000 0 H e e
- 0 1000 2000 © 2000 4000 5000 6000 7000 8000

-1
-1000 -
-1500 2 Y
-2000 -3

-4

-2500

Figure 7-5. Current Test Pattern and its Error Under 25°C
7.2.2 Test Under 0°C

Figure 7-6 shows the current test pattern (left) and the detection error (tight) under 0°C. However, the GAIN
factor is gotten at 25°C. That is why you can find a 4 mA offset when the current is 0. After you transmit this 4
mA current into the output voltage shift and compare it with Vref, you can evaluate the GAIN factor shift is about
0.4% (About 2.56 mV output voltage shift with Vref=700 mV).

Under this condition, you can find that this solution can control the error within 22 mA in the range of £2000 mA.
The error percentage is below than £1.1% at £2000 mA.

ICELL(mA) Error (mA)

3000

Figure 7-6. Current Test Under 0°C With 25°C Calibration

See what happens when you do GAIN factor calibration under 0°C. You can find that offset current is reduced to
3 mA. However, the error reaches to 25 mA in the range of £2000 mA. The error is below than +1.3% at 2000
mA.

ICELL(mA) Error (mA)
2500
2000
1500
1000
500

500 2000 3000 3000

-1000
-1500

-2000
-2500 -30

Figure 7-7. Current Test Under 0°C With 0°C Calibration

You will see that the current detection error is increased when the GAIN factor is gotten under 0°C. Considering
the GAIN factor shift, you would assume the increase error lies on the shunter resistor value shift.
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7.2.3 Test Under 50°C

Figure 7-8 shows the current test pattern (left) and the detection error (right) under 50°C and the GAIN factor is
gotten at 25°C. In this high temperature, the offset current is same with the one at room temperature. You would
assume there is almost no GAIN factor shift.

Under this condition, you can find that this solution can control the error within 11 mA in the range of £2000 mA.
The error is below than +0.6% at £2000 mA.

ICELL(mA) Error(mA)
15
L]

’ F

5 =

-
d
o )
3000 [) .@ 1000 1500 2000 2500 3000
e 3
o e

0

Figure 7-8. Current Test Under 50°C With 25°C Calibration

See what happens when you do GAIN factor calibration under 50°C. You can find that offset current is little
reduced. The error reaches to 9.5 mA in the range of £2000 mA. The error percentage is below than £0.5% at
+2000 mA.

ICELL(mA) Error(mA)

. ol
o 208 [ ] [ XN [ ] 2
L —— e —————————
e -
3000 0 500 1000 * 1500. 2000 2500 3000
[ 3
]
-5 . J

Figure 7-9. Current Test Under 50°C With 50°C Calibration

7.2.4 Conclusion

Through the test shown above, it is known that the calculated GAIN factor only has about 0.2% error/shift from
Section 7.1. Therefore, the following is assumed:

» The increase error with temperature change mostly lies on the shunter resistor value shift.
* The solution can supply a high accuracy current detection solution with lower than 1% error for full
temperature range, if the shunter resistor temperature shift can be carefully handled.

7.3 Current Consumption Test

Figure 7-10 shows the current test result, under NO_OUTPUT mode, and after removing the tantalum capacitor,
the temperature sensor, and voltage divider resistors. You just want to show the MCU power consumption of
detection part. If customer wants to reach the same performance with full hardware setup, use the MOSFET or
bipolar to control the voltage supply to resistor dividers.
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EnergyTrace™ Profile

Name Live
v System
Time 35 sec
Energy 0.786 mJ
v Power

Mean  0.0252 mW
Min 0.0069 mW
Max 5.6453 mW
v Voltage
Mean  3.3000V
~ Current
Mean  0.0076 mA
Min 0.0021 mA
Max 1.7107 mA

Figure 7-10. Current Consumption

8 Solution Summery and Improvement Direction

Seen from the tests above, it is shown that this solution can ensure a high accuracy across a large current
detection range to meet some common application’s requirement like BMS without any factory calibration.

However, this solution still has some error source that cannot be auto calibrated.
8.1 Shunter Resistor

Shunter resistor’s accuracy across temperature strongly affects the current detection accuracy. To reduce this
error, it is suggested to add an NTC to test the temperature of the shunter resistor and then do temperature
compensation.

8.2 ADC and its Reference

ADC DC error source (INL, DNL, GAIN, Offset) affects the calibration accuracy. However, the Offset error has
the largest influence, especially for low-voltage detection. For MSPMOL130x, the max offset error is -3.5mV,
when using internal reference. If the used reference is 1.4 V, about 9 LSB error is caused from ADC offset. To
reduce this error influence, you need to do an additional ADC offset calibration.

ADC reference error also takes the same influence like the GAIN error. For MSPMOL130x, the max reference
error is £1.5%. To reduce this error influence, you can do an additional ADC reference calibration, or use an
external reference.

In a word, all the ADC error cannot be calibrated automatically and the cost is added.
8.3 Runtime Calibration

As this demo will only do calibration at first power up, if the temperature changes, the GAIN factor and Voffset
are also influenced. If you want to realize runtime calibration, the power-on current cannot be 0, especially for
the MCU on system side. The structure in Figure 8-1 can be used.
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Figure 8-1. Runtime Calibration Hardware Structure

In this structure, during calibration, the MOSFET should be enabled. The current across Rs are divided by R4
and R5, which are treated as the common voltage input into the amplifier. From Equation 5, you know that the

mismatch between R1, R2, R3 and R4 causes the common voltage to have a large influence on the OPA output.

So, you should make sure that R2=R4 and R3=R1. As internal gain has larger gain error (2.7% with GAIN32),
use external gain instead.

For Voffset calibration, it can use the Voffset calibrated with internal gain to simulate the real Voffset. For
R3/(R3+R4) calibration, it can be done by detection the voltage on ADC channel 7 and ADC channel 13. For
(R1+R2)/R2 calibration, you can use a default value at the beginning and do the calibration when the load
current is low and the error influence can be ignored. It is not suggested that you use another ADC to detect the
voltage across Rs in the calibration to make up the error cause from the load current. First, is that this detection
voltage will be positive only when in discharge mode. Second, the tested result is affected by ADC offset error.
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