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System Description

Demand for Li-lon batteries continues to grow at an exponential pace. Battery formation and testing is an
important manufacturing step to maximize battery life and storage capacity requiring multiple charge and
discharge cycles. During these cycles, battery current and voltage must be precisely controlled. The TIDA-
01040 reference design provides an easy-to-design solution utilizing high accuracy constant current (CC)
and constant voltage (CV) calibration loops to achieve up to 0.01% full scale charge and discharge current
control accuracy. This solution supports charge and discharge rates of up to 50 A and provides a high-
precision DAC and ADC to regulate and monitor the battery voltage and current . Furthermore, the flexible
solution provides an option for additional higher current and multi-phase applications.

Li-lon Formation

The Li-lon battery manufacturing process includes electrode production, stack and jelly-roll construction,
cell assembly and end-of-line conditioning. &l 1 shows a simplified Li-lon battery manufacturing process.
Formation and testing at the end-of-line conditioning step are the process bottlenecks, limiting throughput.
To maximize battery life, quality and performance, battery test equipment must possess accurate voltage
and current control, often better than +0.05%, over the specified temperature range.

Electrode Coating Cell Assembly Formation

. Mixing . Stacking/Wingding . Labelling

Coating Connect Electrodes Formation
Compressing Insert Electrode Stack Storage Aging
Drying Sub Assembly Acceptance Testing
Slitting Heat Seal/Weld Packing Shipping

h 4

h 4

K 1. Simplified Li-lon Battery Manufacturing Process

Some battery test equipment has adopted linear regulators to easily meet the accuracy requirements of
formation and testing of batteries used in portable equipment, while compromising on efficiency. On larger
batteries, this approach will have challenges with heat management and efficiency. Switching regulators
have been widely used in battery test equipment for their better performance in efficiency and heating
management.

Li-lon Battery Formation Profile

KX 2 shows the typical Li-lon battery formation profile which is similar to the battery charging profile. This
process can be divided into three phases: initial process, CC, and CV. At first, a small initial charge of
around 10% of the full-charge current is applied. This prevents the cell from overheating until such a time
that it is able to accept the full current of the constant-current phase. In reality, this phase is rarely needed
because most modern mobile devices are designed to shut down while there is still some charge left
because deep discharge, like overcharging, can damage the cell.
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K& 2. Regular Li-lon Battery Formation Profile

Then, the battery is typically charged at a CC of 0.5 A. (typical) or less until the battery voltage reaches
4.1 or 4.2 V (depending on the exact electrochemistry). When the battery voltage reaches 4.1 or 4.2 V
(typical), the charger switches to a constant voltage phase to eliminate overcharging. Superior battery test
equipment manages the transition from CC to CV smoothly to ensure maximum capacity is reached
without risking damage to the battery. At higher charge current, the transition between CC and CV occurs

earlier, because the cell voltage is higher due to the voltage drop across the internal resistance of the cell,
and therefore the CV voltage is reached sooner.

1.3 Key System Specifications

#k 1. Key System Specifications

PARAMETER SPECIFICATIONS DETAILS
Voattery_min ov Battery-port minimum operating voltage
Viattery_normal 4.2V Battery-port normal operating voltage
Voattery_max 5V Battery-port maximum operating voltage
Vbus_min 8V Bus-port minimum operating voltage
Vbus_normal 12V Bus-port normal operating voltage
Vous_max 16V Bus-port normal operating voltage
Fsw 100 kHz Switching frequency
Imax 25A Maximum DC current per phase, bidirectional
Frotal_max 50 A Total maximum DC current at battery-port
Current control accuracy 0.01% Full-scale current control accuracy for charge and discharge
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2 System Overview

2.1 Block Diagram
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K 3. TIDA-01040 Block Diagram

In this reference design, LM5170 is a buck-boost controller which charges or discharges the battery
depending on the "DIR" setting. The high precision current sense amplifier monitors the charging or
discharging current. SN74LV4053 is a 2-channel CMOS analog multiplexer/demultiplexer which converts
the bidirectional signal into a single directional signal. The INA188 device is high-precision instrumentation
amplifier which amplifies the cross voltage of the high-precision current sensor with low noise. TLVO7 is an
error amplifier that compares the current with the reference control signal. LM6142 is a two-channel error
amplifier which compares the battery voltage or bus voltage with the reference control signal. "EN1" and
"DIR" signhals enable the calibration of the bus voltage in boost mode or the battery voltage in buck mode.
Two OPAB827 devices operate as buffers between the main control system and data acquisition system.
THS4561 is a differential amplifier which converts the single ended measurement signals to differential
signals. ADS131A04 is a four-channel, 24-bit delta-sigma ADC which monitors the current and voltage of
the battery. DAC80004 is a four-channel, 16-bit high precision DAC that provides reference control signals
to the CC and CV control with a two-channel amplifier OPA2277. There is also an onboard TIVA
processor that communicates between the ADS131A04 device and the PC. The USB2ANY interface
adaptor communicates between the DAC80004 device and the PC.
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2.2 Highlighted Products
221 LM5170-Q1 Multiphase Bidirectional Current Controller
The LM5170-Q1 device is a dual-channel, bidirectional, multiphase controller that supports high-current
battery test applications up to 200 A using eight phases. It can regulate the average current flowing
between the high- and low-voltage ports in the direction designated by the DIR input signal.
Other important features include:
» 5-A peak half-bridge gate drivers which enables the ability to drive high currents
» Programmable oscillator frequency which allows the user to choose the FET switching frequency
e« MOSFET failure detect at start-up and circuit breaker control which provides security to the system
222 INA828 Precision Instrumentation Amplifier
The INA828 device is a precision instrumentation amplifier with integrated resistor networks for sensing
and data acquisition systems. This device measures and amplifies a differential voltage that represents
output current which acts as feedback to regulate current. The INA828 device uses super-beta input
transistors which allows for lower input bias current and current noise while also improving input offset
voltage and offset drift.
Other important features include:
» Gain drift: 50 ppm/°C (G > 1) which limits the variation of calibration at high temperatures
* Bandwidth: 2 MHz (G = 1), 260 kHz (G = 100) which allows for fast transients
» Inputs protected up to +40 V which provides protection to the device
» Power-supply rejection: 100 dB, minimum (G = 1) which limits the noise observed on the signal chain
Alternatives:
The INA828 device offers lower noise than its predecessor, the INA188 device, but has a narrower
bandwidth than the INA821. The INA828 device is pin-to-pin compatible with the SOIC package of the
INA188 device.
7 2. INA828 Alternatives
INA828 INA821 INA188 INA819
Quiescent current 0.6 mA 0.6 mA 1.4 mA 350 pA
Noise density at 1 kHz 7 nvVHHz 7 nVHHz 12 nVIWHz 8 nviHz
Gain error (%) 0.15% 0.15% 0.50% 0.005%
Bandwidth at G =1 2 MHz 4.7 MHz 0.6 MHz 2 MHz
JAJU570B-June 2018—Revised June 2019 RERF7VT—232FNYTU FRAPUZ 7 LR FHL> 5
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223

224

DACB80004 16-bit DAC With 1 LSB INL/DNL

The DAC80004 device is low-power, quad-channel, 16-bit digital-to-analog (DAC) converter. Hexadecimal
values are written to the DAC using a computer which produces voltages at two channels. These voltages
set the battery voltage charge and discharge rate. The four channels of the DAC80004 are used for the
generation of high accuracy, user-defined voltage references.

Other important features include:

e True 16-bit performance: 1 LSB INL/DNL (maximum) which ensures accurate references for current
and voltage

» Output buffer with rail-to-rail operation which provides clean references for current and voltage

e 50 MHz, 4- or 3-wire SPI-compatible which allows for simplified user interface
Alternatives:

The DACB80508 device is an eight channel DAC from the same family as the DAC80004.

7k 3. DAC80004 Alternatives

DAC80004 DACB80508
INL/DNL 1 LSB (maximum) 1 LSB (maximum)
# of channels 4 8
Glitch energy 1nV-s 4 nV-s

ADS131A04 24-bit, 128-kSPS, 4-Channel, Simultaneous-Sampling Delta-Sigma ADC

The ADS131A04 device uses four channels to simultaneously and continuously sample voltage or current
measurements. The ADC is the front-end of the battery tester and interface with a computer to display
voltage and current values in Tl's EvaluaTlon software. The ADS131A04 device is well equipped for
measuring current and voltage signals due to it being a simultaneous sampling 4-channel converter, with a
flexible SPI and data integrity to check and correct single-bit errors during data transmission.

Other important features include:

» Single-channel accuracy: Better than 0.01% at 10,000:1 dynamic range which enables high accuracy
data acquisition

» Effective resolution: 20.6 bits at 8 kSPS which allows for high accuracy data acquisition

» Low-drift internal voltage reference: 6 ppm/°C which limits the effects that temperature has on the data
acquisition

* Multiple SPI data modes which allows for a simplified user interface
Alternatives:

The ADS131E08 and ADS131E04 devices, predecessors to the ADS131A04, have a lower data rate but
implement integrated buffer amplifiers.

7= 4. ADS131A04 Alternatives

ADS131A04 ADS131E08 ADS131E04
Data rates
(maximum) 128 kSPS 64 kSPS 64 kSPS
# of Channels 4 8 4
SNR 115 dB 107 dB 107 dB
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225 Other Highlighted Products

In addition to the key products highlighted in the previous sections, this reference design also showcases
the following TI devices:

* OPA2277 precision op amp; DAC driver buffer

» OPAB827 precision op amp; ADC current and voltage measurement buffers
e TPS709 LDO regulators; 5-V DAQ and control power rails

» TLVO7 36-V precision, rail-to-rail output, op amp; CC control amplifier

* THS4561 low-power, 70-MHz, high-supply range, fully differential amplifier; differential signal input for
ADC

» LM2664 switched capacitor voltage converter; —=5-V power rail

» LM7705 low-noise negative bias generator; —0.2 power rail

e LM5118 non-synchronous buck-boost controller; 10-V power rail
* LM®6142 rail-to-rail 1/O op amp; CV control amplifier

* SN74LVC1GO04 single inverter; boost control logic

e SN74LV1T32 2-input positive OR gate; boost control logic

* SN74LV1TO0O 2-input positive NAND gate; buck control logic
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2.3

231

System Design Theory

Constant Current Control Design

For CC control, a high precision current sensor with low inductance and temperature coefficient is
necessary. The WSL2726 and WSLP2726 serial resistors are welded constructions of power metal strips
which are ideal for current sensing with 1% tolerance, maximum 75 ppm/°C temperature coefficient, 0.5-
nH to 5-nH inductance and less than 20-dB element TCR. See WSL2726 and WSLP2726 for detailed
parameters.

A mux is used to manage the bidirectional current when charging or discharging. This design uses the
SN74LV4053A, a triple 2-channel analog multiplexer/demultiplexer.

The next stage of the CC control loop chain is a zero-drift instrumentation amplifier INA188. This stage
amplifies the current signal across the current sensor with low noise and low output impedance.

For the instrumentation amplifier, the common-mode voltage affects the input and output range limitation.
The Vcm vs Vout Calculator for Instrumentation Amplifier design tool enables designers to easily
determine the input common-mode and output swing limitations of the chosen instrumentation amplifier to
ensure dynamic range and minimize prototyping time.

Instrumentation Amplifier Output Voltage vs. Common Mode Voltage - X

Vem vs. Vout for Instrumentation Amp Vem Vins (Max)
in+ (Ma

2 510746

Vin {dif Max)
3 214.9m

489254
Vin - (Max)

Vout Max
9.5599

1= Vin+ (Min)
22 4.4627

H Vout Min
== Vin (dif Min) -4.78

-4.78% -107.5m

_+

5.05373
Vin - {Min)

10 4448
| INA1ES j Load Settings Vs- Vref Create Graph Hel
e

Select INA Enter Design Infarmation and Create Graph
Vs+ Gain

—TS

& 4. Vem vs Vout Calculator for INA188

K 4 highlights the calculation results of the INA188 input and output range for this reference design. In
this case, the maximum common mode voltage is the same as the maximum voltage on the battery side,
S0 its maximum value is 5 V. When the INA188 is powered by 10 V and -5 V, and the gain is configured
at 44.48, the calculation results show the input range is from —107.5 mV to 214.9 mV. It fits within the
current signal range (x50 A x 1 mQ = +50 mV).

The CC control loop needs a high-precision error amplifier to calibrate to the target signal. TLVO7 is a low-
noise, precision operational amplifier whose maximum offset voltage is less than £100 pV and has a 1-
MHz bandwidth.
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Due to the high current of this application, the high temperature will have an effect on the performance of
this board. The input offset voltage drift is a key parameter to consider when choosing the amplifier. The
input offset voltage drift of the TLVO7 device is only 0.9 pV/°C. The maximum input offset voltage at 125°C
is: 0.9 pVv x 125 = 112.5 pV. In the worst-case 50-A application, this input offset voltage will cause an error
of 112.5 uV / (50 A x 0.001 x 44.48) x 100% = 0.005058% on the control loop. This error is less than the
0.01% demanded accuracy, so the TLVO7 device is a suitable amplifier.
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¥ 5. TLVO7 TINA-TI Stability Schematic

K 5 highlights the schematic used to test the stability of the TLV07 device. The TINA-TI schematic in & 5
features a 1TF capacitor and 1TH inductor for simulation purposes. This is used to break the feedback
loop as the capacitor will be an open at DC while the inductor is a short. At high frequencies, the inductor
will be an open and the capacitor will be a short. The load the TLVO7 device experiences at the next stage
of the system was also added on the right side of the schematic. This allows for the proper simulation of

the stability of the circuit.
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Kl 6. TLVO7 TINA-TI Stability Simulation Results
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K 6 highlights the results from the TLVO7 stability simulation including a phase margin of > 62°, which
implies stability. It is also important to consider the rate of closure between the loop gain and loaded open-
loop gain curves. The loaded open-loop gain curve is decreasing at —20 dB per decade at the point of
intersection with the noise gain curve. The noise gain curve is flat, meaning it is at 0 dB per decade. The
rate of closure is thus 20 dB per decade. For a circuit to be considered stable, the rate of closure has to
be less than 40 dB per decade. For more information about amplifier stability, see TlI's Precision Labs - Op

Amps.

To verify the power stage and control stability, this reference design has adopted SIMetrix®/SIMPLIS® to
build simulation modes to verify the control performance.

K 7 shows the CC control simulation schematic. To keep the system working in CC control mode, V4
provides a DC voltage for D4 to conduct all the time. ISET1 and ISET2 capture the differential voltage
across the current sense resistor, E1 is an ideal differential amplifier to output a single-ended signal, R16
and C19 create a low pass filter, and X6 is the error amplifier used to calibrate the current signal to the

reference signal.

AC 10m 0

_-I1SETA

R15

R16 J-
c19

100

IREF

D4
N

ld
D1n4148

K& 7. Constant Current Control Simulation Schematic
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KX 8 shows the transient simulation result. The "ISETA" pin is clamped to 1.67 V by V4 after power on.
With the increase of current, the output of error amplifier X6 decreases, and the CC control circuit takes
the control of the system. The final steady current is 50 A, in line with design parameters.

o Nl

ISETA/V VBat/V CC_err/V
yy

50 -
30 /
10 /
0 2 4 6 8 10

IBat / A

time/mSecs 2mSecs/div
K& 8. Constant Current Control Transient Simulation Results
KX 9 shows the small signal performance of this CC control subsystem. The gain crossover frequency is

22.15 kHz, and the phase margin is 69.57° which means this control circuit is stable and can provide
enough bandwidth.

40
m
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K 9. CC Small Signal Simulation Results

2.3.2 Constant Voltage Control Design

For CV control, the bus voltage at boost mode needs to be monitored, so logic control is used to enable
the bus side at boost mode or battery side at buck mode. The buck-boost controller uses the "DIR"
command pin to set the work mode. This reference design uses the SN74LV1T00 and SN74LV1T32
devices to enable the different voltage sides.
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The LM6142 device is dual high-speed and low-power amplifier that is used for calibrating the battery or
bus voltage with the reference control signal. The input offset drift is 3 pV/°C. At the worst case, 5-V
output voltage and 125°C, this drift will case 3 uV x 125/ (5 V x 26.7 / 31.12) x 100% = 0.008741157%
accuracy error, which can meet the demand of 0.01% accuracy.

For CV control simulation, remove the current control subsystem. [X| 10 shows the CV control schematic.
R20 and R15 determine the maximum DC current of the system, C12, R2, C20, R19, and C13 consist of a
type Il compensator to provide enough bandwidth and phase margin. See Demystifying Type I/ and Type
Il Compensators Using Opamp and OTA for DC/DC Converters for design theory details.

VREFDT
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= 1 V5
{ V4 I v

VN5

4V5_Vbatt
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LG OUT" |
— V2
AC 10m 0
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VN5
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K& 10. Constant Voltage Control Simulation Schematic
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K 11 shows the transient performance of this subsystem. The final battery voltage is controlled by the
reference voltage, as expected.
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K& 11. Constant Voltage Control Transient Simulation Results

K 12 and K 13 show the steady state and small signal performance under CV control. The gain
crossover frequency is 1.01 kHz, and the phase margin is 79.22°, which means the CV control loop is

steady.
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233 System Simulation

K| 14 shows the whole system simulation schematic. CC control and CV control are connected together with R20, R15, D4 and R30. A battery is
simulated with the R12Load and C14.
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14. TIDA01040 System Simulation Schematic
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K] 15 shows the transient performance of this system. After power on, due to the low voltage at this time,
the CV loop outputs high voltage. It provides enough DC voltage for D4 to conduct, and the CC control
loop starts taking control of the whole system at about 2 ms. The current keeps a constant 50 A and the
battery voltage increases with time. At about 9 ms, the battery voltage reaches near 4.5 V. After this time,
the CV control error amplifier decreases the output voltage and it gets the control of the system. The
battery current then decreases and the battery voltage keeps steady after the switch from CC control to

CV control.
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15. TIDA01040 System Transient Simulation Results
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3 Hardware, Software, Testing Requirements, and Test Results
3.1 Hardware Design

3.1.1 Power Bias

K| 16 shows the power bias subsystem which supports power for the whole system whether in charge or
discharge mode. LM5170 needs a bias voltage of about 10 V, and the amplifiers need £5 V to calibrate
the control signal. The LM5118 device is a wide input, current mode nonsynchronous buck-boost
controller which connects to the high- or low-voltage side manually depending on the mode. This is able to
provide 10 V for the LM5170 device, LDOs, and switched capacitor voltage converter. In this reference
design, U3 and U4 are used to provide isolated 5.0 V to the control subsystem and DAQ subsystem.
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3.1.2

5

108-0740-001
11

Main Power Convert Stage

17 shows the power stage. The power stage can be set to buck or boost mode using the LM5170

device. The two same power stages were connected in parallel to work in higher current applications, as

with the parallel MOSFETs. R21, R16, and R22 are high-power current sensing resistors whose
temperature coefficients are +75 ppm/°C. R21 and R22 are used to monitor the current per channel to
balance the safety current, while R16 was used to detect the total two phase current to the CC control
loop and ADC. The parallel input and output capacitors provide low ESR with enough capacitance. The
detailed design guide is found in LM5170-Q1 Multiphase Bidirectional Current Controller. This proposed

solution can support higher power or current by employing larger inductors, high power MOSFETSs, and
smaller current sense resistors.
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K 17. Main Power Convert Stage Subsystem
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3.1.3 LM5170 Subsystem

K| 18 shows the LM5170 control schematic. See the LM5170-Q1 EVM User Guide and LM5170-Q1
Multiphase Bidirectional Current Controller Data Sheet for the detailed design guide. The DIR pin can be
used to choose either buck or boost mode. The FB pin delivers the control signal from the CC and CV
control loops to the LM5170 device. The SYNCOUT pin, OPT pin, and SYNCIN pin can be used for
further multiphase applications.
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3.14 CC Calibration Subsystem

19 shows the CC calibration subsystem. The SN74LV4053 device converts the bidirectional current to one direction to be used in the CC
control loop. When the DIR pin is high, the whole system works in buck mode. The current flows from "ISEN+" to "1-COM" to "1Y1" to "INA188" to
"2Y1" to "2-COM" to "ISEN-". Otherwise in boost mode, the current flows from "ISEN-"to "2-COM" to "2Y0" to "INA188" to "1Y0" to "1-COM" to
"ISEN+". INA188 is a zero-drift, rail-to-rail-out instrumentation amplifier, that converts the voltage from the current sensing resistor to a proper
value. The gain of the CC control loop is (1 + 2 x 25 kQ / R70) = 44.48. R71 and C110 form a low-pass filter which can filter significant switching
noise from the MOSFETSs. The output signal from the filter is compared with the current reference signal through an error amplifier with

compensation. At power up, the battery voltage is very low. The CV calibration loop outputs a high voltage to the FB pin. At this time, D3 starts to
conduct and the CC calibration loop takes control of the whole system.
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3.15 CV Calibration Subsystem

20 shows the battery-side CV calibration subsystem. It needs to monitor the battery side in buck mode
and the bus side in boost mode. The logic components U10, U11, and U12 are controlled by the EN1 and
DIR signal from the LM5170 device. U2 is a dual-channel high-speed rail-to-rail amplifier which acts as an
error amplifier to calibrate the terminal voltage to the reference voltage. When the system works in buck
mode, with the increase of the battery voltage, the CV calibration loop starts taking control of the whole
system to keep the battery voltage equal to the VREF voltage. Q16 is opened by the startup command

(EN and DIR), which allows the VREF signal to rise up slowly. Adjust R84 and C90 values to set the REF
ramp up rate which affects the inrush current after power on.
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K] 21 shows the system soft start waveform with R84 = 1 MQ, C90 = 10 uF, and the current setting = 10
A. This result shows that the reference voltage ramps up slowly causing the "ISETA" signal to ramp up
slowly as well. This soft start circuit has sharply decreased the inrush current at power on.
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21. Soft Start Waveform
There is another software method to achieve this soft start performance: increasing the voltage reference
signal slowly at power on instead of giving the final reference voltage immediately.
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3.1.6 DAC Subsystem

22 shows the DAC subsystem, which provides the reference signals for the CC and CV calibration subsystem. The DAC80004 device is a high-
accuracy, low power 16-bit DAC. It can be controlled through the USB2ANY interface. The REF5050 device has great noise performance which
provides a 5-V reference voltage for DAC. The OPA2277 device is a high-precision, low-noise amplifier which works as a buffer and changes the

output range of the DAC subsystem.

In this schematic, all four channels are connected to the amplifiers to be used to calibrate the offset voltage of the amplifier to achieve better
calibration performance. In real applications, only two channels can be used to provide voltage and current reference control signals.
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3.1.7 DAQ Subsystem

K 23 shows the DAQ subsystem that consists of the ADS131A04, THS4561, and REF5025 devices. The THS4561 device can convert the single-
ended signal of the battery current and voltage to differential signals and provide suitable gain to drive the ADC. The ADS131A04 device is a 24-
bit, 128-kSPS delta-sigma ADC that allows battery parameters to be viewed in the GUI. It uses an onboard MCU, TIVA4, to communicate with the

GUI.
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KX 24 shows how the full driver-ADC subsystem stability simulations are performed.

R6 1.5k
Vce AMA
. %
Vs25 C41.5n
||
c121T I
- \/m+H
Py
Vint 3
N R9 1.5k L6 1T
2 R249.9 R4 100
VCVS1 1 = Wy
m L ——AN\—4
LoopGain 2 U1 THS4561 Q 2 X Aol
3 R349.9 I = -
2 R10 1.5k AA S
=
LYW o R14 100
\/in-H
c131T I
1T
C51.5n
AN
R11 1.5k

K 24. THS4561 Stability Simulation Schematic

K] 25 shows the simulation results of the THS4561 stability. It shows that the crossover frequency is about
9.58 MHz, and the phase margin is about 42.46°. These are indications of a stable circuit. To learn more

about amplifier stability, see TI's Precision Labs - Op Amps.

14162~ .
N Gain
— Aal
LoopGain
MNoiseGain
o) Fhase
£ 4552 Aol
& Loopzain
MoiseGain IRER R |
-50.59
16756 :
Phase Margin:42 46
at frequency(Hz) 9 S8MEG
T 97404 __//—\
T
-113.37 AR STLRR R | | R Y AR | PR S | LN el LR PR AR SRR A | R | LI A AR |
1 10 100 1 10K 100k MEG 10MEG T00MES
Fregquency (HZ)

Rl 25. THS4561 Stability Simulation Results
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Transient response simulations are also completed for the THS4561 and INA188 stage to further ensure
the proper functionality of this stage. Kl 26 shows the output of a 50-mV peak-to-peak, 1-kHz square wave
that is put into the circuit. &l 27 displays the results of the transient response of this analog front end
stage. As seen, the output is a 2.2-V square wave, which corresponds to the expected gain of 44.48.
There is no oscillation present on the output so this stage is considered stable.

+5

—y
+10 = V110 ]*

=V35
C11.220n ygem

Vin- = V25 { }
S 5
R3 1.5k
aa%%
i
- X R2 1.5k
+ Vout_INA188 W
VCVS2 §00m ./ L
: vevsz 1 Vout_diff
1. \ U2 INA188 g.?f h g +1 + (
¢ VG1 | § R1 1.5k *;I oem w Q% X
| B
— >< R4 1.5k -
4 AN
VCVS1 500m 1 CJT 5n
H 11
Vin+
K 26. TIDA-01040 AFE Transient Schematic
3.60 — [ —
1.35
3.56
136 \ L
50.00m
VG j
-50.00m
25.00m
Win+ j
25.00m 1
25.00m i
Win- 3
_25.00m
223 [ —
Yot INA188 j \ ’
222 l \
222
Yout_diff 3
-2.2o|...‘|....‘...I..‘.|........|...‘|....‘...I..‘.|
0.00 1.00m 2.00m 3.00m 4.00m 500m
Time (s)
K 27. TIDA-01040 AFE Transient Results
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3.2 Software Design

321 DAC

This reference design uses the USB2ANY interface adapter to communicate with the DAC80004 device to
generate a reference signal for current and voltage control. First, open the USB2ANY Explorer, click
Select Interface to choose the SPI, then click the 3.3V ON button. Click the SPI tab above the Activity
Logging section. If the SPI tab does not appear, click around the words "Activity Logging" as sometimes
the tabs are hidden. Configure the GUI parameters as shown in X 28.

K3 USB2ANY Explorer v2.7.0.5 (API v2.7.0.0) - X
Close Device
Clock Polarity Clock Phase CS Polarity Bit Direction Length
® Inactive Low ® Trailing Edge (" Active High " LSB First " 7 Bits
" Inactive High (" Leading Edge (® Active Low (@ MSB First * 8 Bits Select Interfaces
Bit Rate Slave Device CS Type
100 ¥ | KHz 1= Per Packet v

MQSI Message / Data 3.3VON
Write data: +4

02 FO 00 00 Write/Read

4 bytes

[v Auto-set

Read data:

00 00 00 00 Load
Save
Clear Data

Log Comment

Activity Log:

Timestamp |Mo... | R... ‘A | Len ‘ Data/Message A
2018-05-14 ... SPI --- --- --- SPI bit rate set to 100.000 kHz.

2018-05-14 ... INFO --- --- - Target Power: 3.3v is ON, 5.0v is OFF, Adj is OFF

2018-05-14 ... SPI - --- --— Character length set to 8 bits

2018-05-14 ... SPI --—- -~ -— SPI write/read count set to 4

2018-05-14 ... SPI --- --- --- SPI bit rate set to 100.000 kHz.

2018-05-14 ... SPI W.. 0. 4 Data: 02 FO 00 00
2018-05-14 ... SPI R.. 0.. 4 Data: 00 00 00 00
2018-05-14 ... INFO -—- --- -— Target Power: 3.3v is ON, 5.0v is OFF, Adj is OFF
2018-05-14 ... INFO --- --- --— Target Power: 3.3v is ON, 5.0v is OFF, Adj is OFF

K 28. USB2ANY Configuration

The DAC80004 commands are found in the DACx0004, Quad 16-,14-,12-Bit, 1 LSB INL, Buffered,
Voltage-Output Digital-to-Analog Converters Data Sheet.
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3.2.2 ADC

In this reference design, the Delta-Sigma ADC Evaluation Software is used to communicate with the
ADS131A04 device. See the Delta-Sigma ADC EvaluaTlon Software User's Manual and ADS131A04
Evaluation Module User's Guide for detailed information.

After launching this software, click the Scripts menu, then click Predefined and choose Basic startup with
Datarate @ 8kSPS as K 29 shows. Finally, click the Run button at the right side of the window.

N — il
IQEEEI= Delta-Sigma ADC EvaluaTlon Software - ADS131A04 X
DS Device Scripts Console —

r:,. |‘ 7 Import = V4 s (&) patasheet
cn J New | *=— |0 == L 81 E2E Forum
Save . Predefined Tools Data User
& Rescan = . Analysis Guide = Collateral ~
I Basic startup with Datarate @ 8kSPS | fiPts Application Clients Documentation

Basic startup 8kSPS

Description This script gets the device up and running, reads back all the registers, sets datarate to 8kSPS and enables all the ADCs (for data collection)

UNLOCK

Unlock the device

WREG 0D 02
Set ICLK Divider to 2

WREG OE 48
Set MODCLK Divider to 4 and OSR = 256

WAKEUP
Wakeup the device

WREG OF OF
Enables all ADCs

REGMAP

Reads back all of the user control registers

@ Script Editing

Sending USB>> ID
ADS131A04 Mar/ 9/2016/14:32:08
Sending USB>> UNLOCK

< [m]»

29. ADC GUI Setting
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The second step is to set the register of the ADC. K& 30 shows the setting with an external reference
voltage. It also can modify clock settings and OSR settings.

EQEm- Delta-Sigma ADC EvaluaTlon Software - ADS131A04 - X
I oevice Scripts Console o
P‘ o3 () Datasheet
B = = & E2€ Forum
Save  Load Tools Data User
- Analysis Guide  ws Collateral -
Register Map Application Clients Documentation
ADS131A04 Register Map Register Controls
Address Register Name Current Default 7]6(5]af[3[2][1]0 VNCPEN | Negative Charge Pump powered down
0:00  ID_MsB 004 0x00 00000 1 00
0x01  ID.LSB 0x03 0x00 000 0 0 0 1 1 HRM | igh Resolutionmode,
002 STAT1 0ox10 0x00 000100 00 VREF_4V | VREFP set to 2442V
003 STATP 0x0C 0x00 0000 1100
08 STATN oxoc 000 AEEE 1 1 o o INT_REFEN | External reference voltage
0x05 STAT_S 0x00 0x00 0 0 0 0 0 0 0 O COMP_TH | High-side = 95%, Low-side = 5%
0x06  ERRORCNT 0x00 0x00 000 0 00 00
0x07 STAT_M2 0x01 0x00 0 0 0 0o 0 0 0 1
008 ASYS CFG 060 060 0 1100 00 0
00C  D_SYS_CFG 03¢ 03¢ 00 1 11100
00D CLK1 0x08 0x08 0000 10 00
0x0E CLK2 0x8B 0x86 1 0 0 0 1 0 1 1
0xOF ADC_ENA 0xOF 0x00 0 0 0 0 1 1 1 1
0xi1 ADCT 0x00 0x00 000000 00
o0xi2 ADC2 0x00 0x00 000000 00
0x13 ADC3 0x00 0x00 00000000
0x14 ADC4 0x00 0x00 0 0 0 0 00 0 O
() Register Decode Information

30. ADC Register Setting

After setting the GUI and registers, the software can now capture the data: click the Data Analysis menu,
choose "ADCOQ" and "ADC1", change the Clock and VRef (V), then click the Collect Data button as & 31

shows.
L= ] Ana|y$|$ tngme Tor UEKS’bIgma AUDC tvaluallon >ortware - [} X
[ File. | Data Analysis a
(=)
Save Data Load
ASESS
File
E
S Count ADCO ADC1 -| | |©@ M Apco
X =
g - E
% 0 85540 4833528 o ADC1
® 1 785585 4833521
a
= 2 785694 4833460 @[] ADC2
s
= 3 785350 4833453
<3 o [] ADc3
o 4 785308 4833441
;g 5 785038 4833424
£ 6 785084 4833431
s
2 7 785061 4833406
% 8 785339 4833491
9 785498 4833504
! 10 785138 4833436
| 11 785444 4833520
12 785573 4833503 EVM Parameters
13 785446 4833443 CTock H2)
14 785401 4833511 16384000 [
15 785203 4833498 Ref (V)
16 785321 4833554 25 E
17 785576 4833543
18 785326 4833515
19 785233 4833443 4 Collect Data
[] Hex Data Display 2048 E

points/samples

K 31. ADC GUI Collect Data

The raw data is shown on the GUI, but the mean value of current and voltage is needed.
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K 32 illustrates the GUI when the Histogram menu at the left corner is clicked.
gj Ana|y5|s I:nglne tor Ue\ta-blgma ADC Ekvaluallon Software —_ (] X

| File | Data Analysis o

H =
Save Data Load
As..~
File
5 i ) . )
E Settings Plots the first selection from channel list -> o ADCO
g # Bins 21 El 300 -
= (0] ADC1
2 # Codes/Bin 59.57@
[
< 250+ @[] AbDc2
o
= Y-Axis Units: | Counts <
G (@] ADC3
o 200 + []
[
£
52}
£ 5 150
© Q
sy O
i)
T 100 4
50 A
o 4 EVM Parameters
-15
Clock (Hz)
16384000 [
VRef (V)
2514
Channel Samples| Mean |Std Dev Pk-to-Pk ENOB NFB
ADCO 2048 | 7853436 164.7 1250 16.6 13.7 Collect Data
ADC1 2048 | 4833489.7 60.6 381 18.1 15.4
@ Statistics - 2048 E
points/samples

K 32. ADC GUI Data Analysis

K] 32 shows the mean value on the bottom after analysis, but this is the full scale format. Divide by
8388607 (DEC of 0X7FFFFF), and multiply by "VRef", then the real current and voltage signal is obtained
as 3 1 and 3 2 show. This example was tested under CC control: the control current is 5 A, the battery
voltage is 3.1 V.

ADCyrent = ‘s35053 X Vet = “sassesy X 2.5 V=234.05 mV (1)
ADCroitage = 2228135;" % Vrer = “Gasgor X 2-5 V=1.4405 V )

The expected value of channel 0 should be (Iset x Rcs x Gain_INA188 x Gain_ADCO0) =5 A x 1 mQ x
44.48 x 1 = 222.4 mV, and the expected value of channel 1 should be (Vset x Gain_ADC1) = 3.1V x (1.5
k/3.30 k) = 1.4091 V. Those values are close to the mean value from the histograms. Due to the offset
and noise of the components, refer to 3.3.3.4 to calibrate the ADC. The result is a more accurate value.

30
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3.3 Testing and Results

3.3.1 Getting Started Hardware

This section gives brief information to set up and run the board. &l 33 shows the sections of the board.

K 33. TIDA-01040 Hardware

This system has some configuration options. 3% 5 highlights the purpose of each jumper as well as the
default configurations.

% 5. Jumper Configuration

HEADER SIGNAL PINS FUNCTION DESCRIPTION DEFAULT
J1 UVLO 1,2) Enable from V_HV Y
(2,3) Enable from V_LV
J3 SYNCOUT 1,2) Clock output for multiphase configuration Y
J4 V10-Aux 1,2) Auxiliay power Y

J5 OPT 1,2) Multiphase configuration

(2,3) No Multiphase configuration Y
J6 DIR 1,2) BUCK mode Y

(2,3) BOOST mode
J7 EN1 1,2) Onboard CH-1 enable

(2,3) Onboard CH-1 disable Y
J8 EN2 1,2) Onboard CH-2 enable

(2,3) Onboard CH-2 disable Y
J14 V5 1,2) Enable power supply for CC control Y
Ji8 IREF/VREF (1,2),(7,8) Enable DAC output signal for CC/CV control loop Y
J34 V_HV 1,2) Enable CV control for bus voltage(V_HV) N
J35 V_LV 1,2) Enable CV control for battery voltage(V_LV) Y
J37 V5A 1,2) Enable power supply for CV control Y

JAJU570B—June 2018—Revised June 2019
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3.3.2 Test Setup

The test setup for a bidirectional charge and discharge converter requires a different setup for current and
voltage control loop tests. & 34 shows a block diagram of the hardware setup for the TIDA-01040 current
control loop test.

CC Mode Test (Buck Mode)

Super Cap
Power Subpl TIDA-01040 E-Load
PRYY CC Loop Control = CV Mode
(0-50A) (0-5V)
CC Mode Test (Boost Mode)
Super Cap
shunt resistor TIDA-01040 E-Load
Power Supply CC Loop Control == CV Mode
(0-50A) (0-12v)

34. Current Control Test Block Diagram

The power supply must be able to provide enough power in both charge and discharge mode. Configure
the TIDA-01040 board to BUCK or BOOST mode through the "DIR" header (J6). Then set current and
voltage control signals to control loop. Configure the electronic load to operate in CV mode whose value
should be smaller than the voltage set by the DAC. The CV control loop will give enough forward voltage
for D3, and the system can work in CC mode. The super capacitor is required to clamp the output voltage
and simulate the battery performance.

The reason for connecting a shunt resistor in BOOST mode is for monitoring the current flow out from the
battery (discharging current). In BUCK mode, it is easy to read the current flow into battery (charging
current) on the electronic load.

35 shows the block diagram of the hardware setup for the TIDA-01040 voltage control loop test.

CV Mode Test

Super Cap
TIDA-01040 E-Load
CV Loop Control o
= CC Mod
(e Sy Buck: 0-5V - 5&}6
Boost: 0-12V

¥ 35. Voltage Control Test Block Diagram

When testing the CV control performance, configure the system to work in CV mode. Configure the
electronic load to operate in CC mode with a value smaller than the current value set by DAC.
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3.33 Test Results

3.3.31 Current Control Accuracy

The current accuracy depends on the current sensing resistor, the gain, offset, and drift of the current
amplifier, INA188, and TLVO07 devices. These parameters vary from device to device. To achieve good
current control accuracy, the total gain and the offset of the designed circuit must be calibrated. Because
high temperature effects the drift of some device in the system, the relationship between the current
control signal and the real output current is not linear. Three point data is used to calibrate the CC control
considering the drift in a high current situation. In buck mode, the battery current is 5.479 A if the DAC
current reference signal code is 3229(DEC). The battery current is 34.932 A if the DAC current reference
signal code is 20522(DEC), and the battery current is 49.942 A if the DAC current reference signal code is
29360(DEC). From these three test results, the real gain and offset can be calculated as follows:

i (Lo lowr ) _ 34.932 A—5.479 A __
Gaint = sl ) - 20992 A=0.409 A 0. 001700225 A "
Offset! = Iy — Gain1 X DAC oqe; = 5.479 A— 0.001700225 A x 3229— — 0.011026958 A @
i (lows— lowz ) _ 49.942 A—34.932 A __
Gainz = (eemla) o 9502 o092 A 0. 001704133 A o

Offset2 = oy, — Gain2 x DAC pe, = 34 .932 A— 0.001704133 A x20522= — 0.091333333 A  (g)

The current accuracy in boost mode can be calibrated with the same method. Using the gain and offset,
the output current value can be determined and compared to the actual test output current.

K 36 shows the full scale (FS) CC control accuracy of this reference design at buck (high side is 12 V,
low side is 1 V) and boost (low side is 2 V, high side is 10 V) mode conditions. The output is controlled
within 0.01% in the whole range.

H
f
\

Accuracy (%,

0 5 10 15 30 35 40 45 50

25
Battery Current (A)

Kl 36. CC Control Accuracy

To know the whether a change in voltage has any effect on the CC control accuracy, & 6 shows test
current under different battery voltage and different current settings. The tested data shows that the
voltage setting has very little effect on the current control.

£ 6. CC Control with Different Battery Voltage

ISET
Veatiery (V) 10 A 20 A 30A 40 A 50 A
0.5 9.976 19.966 29.96 39.958 49.968
1 9.976 19.966 29.96 39.958 49.968
15 9.976 19.966 29.96 39.958 49.968
2 9.976 19.966 29.96 39.958 49.97
2.5 9.976 19.966 29.96 39.958 49.97
3 9.976 19.966 29.96 39.958 49.97
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Fk 6. CC Control with Different Battery Voltage (continued)
ISET
Veatery (V) 10 A 20 A 30A 40 A 50 A
35 9.976 19.966 29.96 39.958 49.972
4 9.976 19.966 29.96 39.958 49.972
45 9.976 19.966 29.96 39.958 49.972
5 9.976 19.966 29.96 39.958 49.973

3.3.3.2  Voltage Control Accuracy

The voltage control accuracy of this system depends on the gain offset, offset of the resistor division, and
the LM6142 device. This also requires calibration to achieve good voltage control accuracy. Because the
voltage control subsystem is far away from the main power stage, use a simplified two points calibration
method to calibrate the gain as 3 7 and =X 8:

S (Vouz— Vour ) _ 3996.49 mV—998.79 mV __
Gain= (DACo e DAC) = 44985 11245 = 0.088854966 mV @

Offset = Vouu — Gain x DACoqer = 998.79 mV — 0.088854966 mV x 11245= — 0.3840967 mV (g

After calibration, the calculated output voltage can be compared with the actual test output voltage. K 37
shows the accuracy of CV control at buck mode (high side 12 V, output current 10 A).

—— Buck

0.015

0.01

0.005

-0.005 \
-0.015 \\
-0.02

1000 1500 2000 2500 3000 3500 4000 4500 5000
Battery Voltage (mV)

Kl 37. CV Control Accuracy

Accuracy (%)

To determine whether the CV control accuracy will change with different current conditions, these
conditions must be tested. & 7 shows the different calibrated gain and offset values at different currents.

& 7. CV Control Calibration Under Different Current

CURRENT (A) GAIN OFFSET
10 0.089015028 -0.073989981
20 0.089012064 —1.840658624
30 0.089006136 —3.57399591
40 0.089001921 —5.484399232
50 0.088994807 —7.164402077
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KX 38 and K 39 show the linear relationship between gain and offset with current.

0.08902
Gain
0.089015 Linear (Gain)
0.08901 y2= —0.0000005059x + 0.0890211667
\ =0.9833534969
‘§ 0.089005 ~
0.089
~
0.088995 \
0.08899
10 15 20 25 30 35 40 45 50
Battery Current (A)
K 38. CV Calibration Gain vs Current
0.0000000
Offset
-1.0000000 \ Linear (Offset)
-2.0000000
~_ y = 0.1782300000x + 1.7195000000
-3.0000000 - +
< T R’ = 09997073727
E SN
5 -4.0000000
£
o
-5.0000000 I~
-6.0000000 \
-7.0000000 ~
-8.0000000
10 15 20 25 30 35 40 45 50
Battery Current (A)
39. CV Calibration Offset vs Current
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Use the equations in B 38 and K 39 to get the new gain and offset values under different currents. ¥ 8
shows some sample values.

5% 8. CV Control Updated Calibration Under Different

Current
CURRENT (A) GAIN OFFSET
10 0.089016108 -0.0628
20 0.089011049 -1.8451
30 0.08900599 —-3.6274
40 0.089000931 -5.4097
50 0.088995872 —-7.192

Using the updated gain and offset, obtain the updated CV control accuracy with different current as Kl 40
shows. The results show the CV control can almost maintain 0.01% accuracy within the whole battery
voltage range (1.0 V-4.5 V).

0.05

0.04

—— Buck,CC=10A
—— Buck,CC=20A

0.03

Buck, CC=30A
— Buck, CC=40A

0.02

Buck, CC =50 A
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¥ 40. CV Control Accuracy With Different Current
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3.3.3.3 CC, CV Transformation

The complete battery formation profile should include both the CC control and the CV control. It is critical
to understand the performance of the system when transforming from CC mode to CV mode. K 41 and Kl
42 show the transformation under different current and different voltage settings.
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K 41. CC, CcV Transformation Under Different Current Setting
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R 42. CC, CcV Transformation Under Different Voltage Setting

In & 41, with the increase in current setting, the CC control will start transforming to CV control at lower
voltage. & 42 shows that voltage setting has less effect on the switch from CC control to CV control.
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3.3.34 ADC Calibration

Two channels are used to monitor the battery current and voltage. The accuracy of this data acquisition
depends on the gain and offset of the THS4561 device and other components, so the output of the ADC
should be calibrated. Use a similar method to calibrate those two channels as the previous current and
voltage control loop:

ADC channel 1 calibration:

; (o= lows)  _  34.932 A—5.479 A __
Gain1 = (ADG, o ADGL) — T965.7 mV—256.25 mV — 0.02249265 A/ mV ©
Offset1 = Iy — Gainx ADCy 1y = 5.479 A— 0.02249265 A/ mV x256.25 mV= — 0.284741456 A
(10)
Gainz —  Uwe=hut)  _ ime-2ea, 0022547604 A/ mV -
Offset2 = Iy, — Gain x ADC,, = 34.932 A— 0.0225476944 A/ mV x1565.7 mV= — 0.370924741 A
(12)
ADC channel 2 calibration:
Gain= (Aé\c/::zixg"go)m) = 41080252..83 n;q\</__1405002_'55 r:1\>/ = 2.205389925 (13)
Offset= V,,y — Gainx ADC,,y = 1002.5 mV — 2.205389225%x460.5 mV= — 13.08206051 mV
(14)
K 43 and KX 44 show the accuracy of this data acquisition after calibration.
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K 43. ADC Current Acquisition Accuracy
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X 44. ADC Voltage Acquisition Accuracy

The results show the ADC current acquisition accuracy is excellent. Although the ADC voltage acquisition
accuracy is not good in the low voltage range, battery tester applications usually are more concerned with
the accuracy in the high-voltage range. In battery tester applications, engineers can refer to 3.3.3.1 and
3.3.3.2 to set the DAC to control the current and voltage after calibration. Then engineers can refer to
3.3.3.4 to get the real output current and voltage after calibration and adjust the DAC value to get the
better performance.
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4

4.1

4.2

4.3

43.1

4.4

4.5

4.6

4.7

Design Files

Schematics

To download the schematics, see the design files at TIDA-01040.

Bill of Materials

To download the bill of materials (BOM), see the design files at TIDA-01040.

PCB Layout Recommendations

Layout Prints

To download the layer plots, see the design files at TIDA-01040.

Altium Project

To download the Altium Designer® project files, see the design files at TIDA-01040.

Gerber Files

To download the Gerber files, see the design files at TIDA-01040.

Assembly Drawings

To download the assembly drawings, see the design files at TIDA-01040.

Simulation Results

To download the simulation results, see the design files at TIDA-01040.

Software Files

To download the software files, see the design files at TIDA-01040.

Related Documentation

a ks wnE

8.
9.

Texas Instruments, LM5170-Q1 Multiphase Bidirectional Current Controller Data Sheet

Texas Instruments, LM2664 Switched Capacitor Voltage Converter Data Sheet

Texas Instruments, TPS709 150-mA, 30-V, 1-xA 1Q Voltage Regulators with Enable Data Sheet
Texas Instruments, LM5118 Wide Voltage Range Buck-Boost Controller Data Sheet

Texas Instruments, INA188 Precision, Zero-Drift, Rail-to-Rail Out, High-Voltage Instrumentation
Amplifier Data Sheet

Texas Instruments, DACx0004, Quad 16-,14-,12-Bit, 1 LSB INL, Buffered, Voltage-Output Digital-to-
Analog Converters Data Sheet

Texas Instruments, ADS131A0x 2- or 4-Chan, 24-Bit, 128-kSPS, Simultaneous-Sampling, Delta-Sigma
ADC Data Sheet

Texas Instruments, TLV07 36-V Precision, Rail-to-Rail Output Operational Amplifier Data Sheet
Texas Instruments, OPAx22x High Precision, Low Noise Operational Amplifiers Data Sheet

10. Texas Instruments, OPA827 Low-Noise, High-Precision, JFET-Input Operational Amplifier Data Sheet
11. Texas Instruments, THS4561 Low-Power, High Supply Range, 70-MHz, Fully Differential Amplifier

Data Sheet

12. Texas Instruments, LM6142/LM6144 17 MHz Rail-to-Rail Input-Output Operational Amplifiers
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13. Texas Instruments, PMP15038 Test Results Technical Reference
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