Analog Engineer's Circuit

Circuit to measure multiple redundant source currents
with singled-ended signal

i3 TEXAS INSTRUMENTS

Amplifiers
Input Output Error Supply
lLoap |lLoaDMax| Vom | loutmin | louTmax | Bandwidth lLoap > 45 A Iop Vs Vee
Min
5A 304A | 12V | 421pA | 1.6842mA 400kHz 2.1% maximum at full-scale N x (2.4mA + 5V GND (0V)
range 750pA) + loyt

Design Description

This circuit demonstrates how to convert a voltage-output, current-sense amplifier (CSA) into a current-output
circuit using the Howland Current Pump method and operational amplifier (op amp). Furthermore, this circuit
demonstrates how to design two separate circuits to measure two separate, but redundant supplies powering

one load.
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Design Notes

1.

2.
3.
4

The Getting Started with Current Sense Amplifiers video series introduces implementation, error sources,
and advanced topics for using current sense amplifiers.

Choose precision 0.1% resistors to limit gain error at higher currents.

The output current (Ioyt) is sourced from the VS supply, which adds to the I of the current sense amplifier.
Use the Vgout versus gyt curve ("claw-curve") of the CSA (INA240A3) to set the Iyt limit during maximum
power. If a higher signal current is needed, then add an op amp buffer to the output of the current sense
amplifier. A buffer on the output allows for smaller Royr.

For applications with higher bus voltages, simply substitute in a bidirectional current sense amplifier with a
higher rated input voltage.

The Vgoyt voltage is the input common-mode voltage (Vcum) for the op amp.

Offset errors can be calibrated out with one-point calibration given that a known sense current is applied and
the circuit is operating in the linear region. Gain error calibration requires a two-point calibration.

Include a small feed-forward capacitor (Cset) to increase BW and decrease Vot settling time to a step
response in current. Increasing Cset too much introduces gain peaking in the system gain curve, which
results in output overshoot to a step response.

Follow best practices for printed-circuit board (PCB) layout according to the data sheet: place the decoupling
capacitor close to the VS pin, routing the input traces for IN+ and IN- as a differential pair, and so forth.

Design Steps

1.

Choose an available current-sense amplifier (CSA) that meets the common-mode voltage requirement. For

this design the INA240A3 is selected.

* Note that choosing the most optimal CSA for the system requires balancing tradeoffs in CSA offset, CSA
gain error, shunt resistor power rating and thus total circuit design could require multiple iterations to
achieve the satisfactory error over the entire dynamic range of the load.

Determine the maximum output current (Isgt 100%) @and maximum output swing (Vg 1sys max) of the

INA240A3. Use the output current vs output voltage curve in the data sheet. For this design, choose the

maximum Iggt to be 850 pA with a maximum output swing of {Vs — 0.2V} = 4.8V = Vg |svs MAX-

Given the ADC full-scale range (Vapc rsr = 1.8V), the number of sources to measure (N = 2), and the

maximum CSA output current when the source is at 100% power (Isgt 100% = 850uA), calculate the

maximum allowable Rgyt Which converts signal current to signal voltage for ADC. For this design Royt
=1020 Q is selected.

IOUTJSYS MAX = Total signal current from all N channels when system/load current is at its maximum (304-A).
ISET1_100% = Signal current from INA240A3 channel 1 when Source 1 is at 100% power (152-A).

Vapc_rsr =Vout_igys pax <18V

lout_igys max = ISET1_100% * ISET2_100% = ISET_1000 XN

Vout_igys max = louT_igys max*Rour

Vour_1
~ Royr < : -'SYS MAX _ 51.8‘:1/)(2 —1058.820
OUT_Isys_max ~ 8°0M
i ROUT = 1020.(2, 01%
- VOUT—ISYS MAX =1.734V < 1.8V
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4. Using the following system of equations, we can solve for the minimum allowable Rggt. For this design,
Rset = 3610 Q is selected.

Vout_igys max = 1out_isys yax*Rout
Vout_igys max = Vo_Isys max ~ VSET_100%

VseET_100% = ISET_100%¥RSET

Vo_isys max ~ ISET_100%*RouT*N
ISET_100%

“~ Rsgr 2

ISET_100%
i RSET = 3610!2, 01%

Vo_i
o Rgpp > ——SYS_MAX _ <R0UTXN> = 3607.060

5. Using the following system of equations, solve for the maximum allowable shunt resistor. For this design,
choose Rgyyunt = 200 Q.

VsET1_100% = RSETXISET1_100% = 361002X850u4 = 3.0685V

VSET1.100% _ 3.0685V

. = = 30.685mV
Gain|NA24043 ~ 1007y mn

VSHUNT_100% =
VSHUNT_100% _ 30.685mV
ISOURCE_100% 1524

~ Rsgynt < 201.88u02

= Rsyynt = 200102, 1%

Rspgynt <

6. Check that the common-mode voltage (V) and output voltage (Vo Trvo0e1) Of the TLVO061 are in the
operational region when the circuit is sensing the minimum required 5% source current. The TLV9061 device
is a rail-to-rail-input-output (RRIO) op amp so it can operate with very small V) and output voltages, but
Ao will vary. Testing conditions from the data sheet for CMRR and Ag_ show that choosing Voyt 59, =2 40mV
provides sufficient Ag. when circuit sensing minimum load current. -

» If a lower operational V¢ is needed, then consider providing a small negative voltage source to the
negative supply pin to extend the range of the op amp or current-sense amplifier.

Vo_mIN_TLV9061 = 40mV
VSHUNT 5% = 5%XIsourRcE_MAXXRsHUNT = 7-6AX200102
“~ VSHUNT_5% = 1.52mV

Rout
RSET

Vour_sw = VsSHUNT_59%XGainx
~Vour_sw = 42.94mV > Vo _minN_TLV9061

7. Using the following equations, calculate and tabulate the total, worst-case RSS error over the dynamic range
of the source.

Vout_max —Vour_Typ
Vout_Typ

Vour_miINn —Vour_TYP
Vour_TyP

REpmax_p = Max Positive Relative Error =

REpmax_n = Max Negative Relative Error =

_ ) ) ) — Z Z
Epss = \/ €Vos_csa” T eos opa” T eRsyynt” T €Gain_CSA” + €Royr” t €RgpT

Rour_tYP
Vour_tvp = IsouRCEIXRSHUNT _TYPXGTYPX Reprryp
Rout_MAx
Vour_max = [<ISOURCE1 XRsHUNT_MAX + VOS_CSA_MAX) XGpmax_csa~+ VOS_OPA_MAX] *RSET MIN
Rout_MIN
Vour_min = [(ISOURCEl XRSHUNT_MIN — VOS_CSA_MAX) XGMIN_CSA— VOS_OPA_MAX] RSET MAX
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Tyax = 80°C
AT pax = 80°C — 25°C = 55°C
Rsyynt = 20000, 0.1%, 175ET
Vys=5V;Vey = 12V
Vosi_opa= £2mV
Vos_ora_cMRR = |VOUT - 2-5V| x10(~ 8045 /20dB)
Vos_opa_max = Vosi_ora+Vos_opa_cMrr + ATyax X (530%)
Vosi_csa_max = +25uV
_ B (- CMRRMIN/ ) _
V0S_CSA_CMRR_MAX ‘ 12V = Vey| X10 20dB) =0
Vos_csA_PSRR_MAX = |5V = Vys| XPSRRyax = 0
Vos prift_max = ATMAXX(AZ#) = 55°C><(2507§g) = +13.75pV
Vos_csa_max =Vosi_max +Vos_cmrr +Vos_psrr + Vos_prift
Vos_csa_max = +38.75uV
€Vos_csa = VOS'CSA-MAX/ VsHUNT_1DEAL*X100
€Vos_opa = VOS‘OPA-MAX/ Vsgr_1pEALX100
R = eRToLERANCE T ®RDRIFT
eRgyynt = 1% + ATyax XTC = 1% + 55°Cx(17526) x10 ™% = 1.963%
eRgpr = Royy = 1% + 55°Cx(S0EE) x10™* = 1.275%
€GAIN_cSA_25¢ = £0.2%
€GAIN_Drift_cSA_MAX = ATMaX x(z.s”?cm)xlo“‘ = +0.01375%
Gumax = Grypx(1+ ez5¢ mMax + eprife_ max) = 100 x(1.002138) = 100.2138 3,
Guin = Grypx(1— e2sc_max — eprife_max) = 100 1x(0.997862) = 99.7862 1
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8. Plot the total error as a function of load current

SBOA513 — JUNE 2021 Circuit to measure multiple redundant source currents with singled-ended
Submit Document Feedback signal

Copyright © 2023 Texas Instruments Incorporated

5


https://www.ti.com
https://www.ti.com/lit/pdf/SBOA513
https://www.ti.com/feedbackform/techdocfeedback?litnum=SBOA513&partnum=INA185,

13 TEXAS

INSTRUMENTS
www.ti.com
Design Simulations
DC Simulation Results
The following graph shows a linear output response for load currents from 5A to 304A.
AC Simulation Result — I_oap to lout (Vout) circuit gain
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Design References

See Analog Engineer's Circuit Cookbooks for Tl's comprehensive circuit library.

Getting Started with Current Sense Amplifiers video series

https://training.ti.com/getting-started-current-sense-amplifiers

Current Sense Amplifiers on Tl.com

http://www.ti.com/amplifier-circuit/current-sense/products.html

Comprehensive Study of the Howland Current Pump

http://www.ti.com/analog/docs/litabsmultiplefilelist.tsp?
literatureNumber=snoa474a&docCategoryld=1&familyld=78

For direct support from Tl Engineers use the E2E community

http://e2e.ti.com

Design Featured Current Sense Amplifier

Design Featured Operational Amplifier

INA240A3
Vs 2.7V to 5.5V (operational)
Vem -4V to 80V
Swing to Vg (Vsp) Vs —-0.2V
Vos +25uV at 12V Vey
la_max 2.4mV
s 90pA at 12V
BW 400kHz
# of channels 1
Body size (including pins) 4mm % 3.91mm
www.ti.com/product/ina240

TLV9061 (TLV9061S is shutdown version)

Vs 1.8V to 5.5V
Vem (V=)= 0.1V < Vg < (V+) + 0.1V
CMRR 103dB
AoL 130dB
Vos +1.6mV maximum
lg 750pA maximum
Ig (input bias current) + 0.5pA
GBP (gain bandwidth product) 10MHz
# of channels 1 (2 and 4 channel packages
available)
Body size (including pins) 0.80mm x 0.80mm

www.ti.com/product/tlv9061
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