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System Description

Current measurement is an inherent part of any inverter-driven application. One important reason for
measuring the motor current is to perform a control algorithm. Vector control and direct torque control
require current sensing for control purposes. Information of motor parameters is also important for several
control schemes. Stator current measurement is used to estimate these parameters. Current
measurement is also used for hardware overload and earth fault protection.

The inverter output rating needs to be derated while operating at higher temperature. The higher
temperature could be due to increased ambient, a faulty fan, or obstructions in cooling path. In those
scenarios, current measurement helps in derating the inverter current in order to keep the power devices
within its permissible operating temperature.

The motor current can be measured at different locations in the inverter. Figure 1 shows the overview of
usual measurement locations, considering a 3-phase inverter for a motor control application:

[T Crd

A) Current measurement in the DC- and DC+ link
B) Current measurement in the bottom side emitter path of each half-bridge
C) Current measurement in the output phases

Figure 1. Typical Measuring Locations for Current Measurement in Motor Drives

The cheapest variant of current measurement ("A") is often used for applications in the lower power range.
Typically, the current measurement is done on DC minus bus; this may be the reference potential of the
microcontroller and therefore is not necessary to isolate the signal. Another alternative location of current
measurement, found particularly in the low to medium power range, is variant "B". In this case, the current
is measured at the emitter of the bottom IGBT of each arm in a 3-phase inverter. It may also be possible
to dispense with a third current measurement; this can be derived by calculation based on the measured
two current signals. The advantage of this measurement method is similar to that of variant "A", in that the
negative section of the DC-bus can be taken as the common reference potential. However, the
disadvantage is the increased stray inductance. In high dynamic drives and high-power applications,
current is usually measured in the output phases of the inverter (variant "C" in Figure 1). The third current
sensor is not necessary in this case either.
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The design TIDA-00316 is meant for current measurement (variant "C") using current-output Hall-effect
sensors in AC and DC drives. The objective of this design is to provide a reference solution for pseudo-
differential signal conditioning circuit to measure motor current using current-output Hall-effect sensors
(typically available from companies like LEM Technologies www.lem.com and VACUUMSCHMELZE or
VAC http://www.vacuumschmelze.com/) and current transformers (CTs). It is very common to use single-
ended ADCs integrated into the controller for current measurement.

The signal conditioning circuit for Hall-effect sensors is required for the following reasons:

» Current output Hall sensors are typically powered from +12 V or £15 V leading to bipolar output signal
swing. Interfacing this to an ADC with a 3.3-V reference would need amplifier plus level shifting.

* Inindustrial motor drives, it is pretty common to use the sensor up to 200% to 250% of its rating. It is
important to detect over load condition and protect the drive.

» Higher input offset voltage, temperature drift, noise, and linearity leads to error in motor current
measurement, thereby affecting control loop performance. Proper signal conditioning circuit makes
sure to reduce the errors and noise from the sensors.

e If using ADC inside Delfino™ F2837x, the common-mode voltage needs to be shifted from 2.5 V to

1.65V.
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Block Diagram

The system block diagram for TIDA-00316 is shown in Figure 2. The design uses the Onboard Current-
Output Hall-Effect Sensor to measure the motor current. Also, the design provides a connection to an
external CT to the signal conditioning circuit for current measurement. For both the Hall-effect sensor and
CT, the burden resistor is available on the board.

The voltage across the burden resistor is signal-conditioned in two different ways:
1. Pseudo-differential with unipolar supply — Using OPA2322
2. Pseudo-differential with bipolar supply — Using OPA2192

The outputs of the above signal conditioning circuits are connected to:
» 180-pin connector to interface with Internal ADC of Delfino F2837x.

e SMA Connectors to evaluate the performance of the signal conditioning circuit with external ADCs like
ADS7253.

The Hall-effect sensor is powered using power supply of +12 V, which is generated from +15 V (using the
TPS7A4901 and TPS7A3001). The signal conditioning circuit in unipolar section is powered using 5-V DC
generated from a 15-V supply (using the TPS62150 and LP2992). The 5 V is used to power op-amp
OPA2322. The bipolar op-amp OPA2192 is powered using +12V generated out of £15V supply. For both
Pseudo-differential signal conditioning circuits, the output common-mode voltage (Vocy) Can be set at 2.5
V when used with external 5-V ADCs or 1.65 V when used with internal ADC of Delfino F2837x Controller.
The REF2033 is used to generate reference voltage of 1.65 and 3.3 V. To protect against an overcurrent
Fault condition, the sensed current is fed to two comparators, available in single device TLV1702 (one for
detection of overcurrent in positive half-cycle and one for detection of overcurrent in negative half-cycle).
Both the protection circuits have a response time of less than 500 ns.

DC BUS_P +6V 45V

DC BUS_M

TPS62150 —  LP2992 —p
+15V L TPS7A4901 . +12V

A5V —»  TPS7A3001 ) -12V

T

Power supply

Note: The SMA
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connect to external
ADC EVMs

- N Y
. >
IREATE ——p 165V

—_» 25V

5V —p
REF2025 | iy

sensor from LEM

Hall effect current J/ Reference

BURDEN . . .
g The voltage across Burden is also given as input to the
A comparators for OC detection

{ \ VTH (pos) | VTH (neg)
l |

Level shifting + Gain + Filtering Level shifting + Gain + Filtering

OPA2322 OPA2192
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X
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Overcurrent
detection

Figure 2. System Block Diagram
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2.1 Highlighted Products

This reference design features the following devices from Texas Instruments:

For

TPS62150: Buck step-down regulator with 3- to 17-V input and 0.9- to 6-V output, —40°C to 85°C, 16-
pin QFN (RGT), green (RoHS and no Sh/Br)

TPS7A3001: Single output, high PSRR LDO, 200 mA, adjustable —1.18- to —33-V output, —3- to —36-V
input, with ultra-low noise, 8-pin MSOP (DGN), —40°C to 125°C, green (RoHS and no Sb/Br)

TPS7A4901: Single output, high PSRR LDO, 150 mA, adjustable 1.2- to 33-V output, 3- to 36-V input,
with ultra-low noise, 8-pin MSOP (DGN), —40°C to 125°C, green (RoHS and no Sb/Br)

OPA2192: High voltage, rail-to-rail input/output, precision operational amplifiers, e-trim™ series,
DO008A

OPA2322A: 20 MHz, low noise, RRIO, CMOS operational amplifier, 1.8 to 5.5 V, —40°C to 125°C, 8-
pin SOIC (DO008A), green (RoHS and no Sb/Br)

TLV1702: Dual, 2.2-V to 36-V, micropower comparator

LP2992AILD-5.0/NOPB: Micropower 250-mA low-noise ultra-low dropout regulator, 6-pin LLP, Pb free
REF2033: Low-drift, low-power, dual-output, Vge and Vgee / 2 voltage references, DDC0O005A
REF2025: Dual output voltage reference 2.5 V, DBVO0O05A

more information on each of these devices, see their respective product folders at www.ti.com or click

on the links for the product folders on the first page of this reference design ( Design Resources).
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3.1

3.2

Hall Sensors

Closed Loop Hall Sensor

Conductor carrying a current IP (Figure 3) generates a magnetic field, which is concentrated in a magnetic
circuit. This field can be measured in an air gap by using a Hall element. The latter has the property of
converting the magnetic flux into a voltage, when it is supplied with a constant current |.. When applying
the closed-loop principle, the Hall voltage is only used for balancing the primary and the secondary flux.
The additional secondary coil, for example with 2,000 turns, carries a current Ig, which equals 1/2000 of
the primary current in order to exactly compensate for the field of the primary conductor. The total flux
then equals zero. Operating the Hall generator in a zero flux condition eliminates the drift of gain with
temperature. When the magnetic flux is fully compensated (zero), the magnetic potential (ampere-turns) of
the two coils is identical. Therefore:
Np xIp=Ng x| g which can also be written as Iszlpr—F>
Ns 1)

Consequently, the secondary current, g, is the exact image of the primary current, |, being measured.
Inserting a "measurement resistor", R, in series with the secondary coil creates an output voltage that is
an exact image of the measured current. To give an order of magnitude, the typical number of secondary
turns is Ng = 1000 to 5000 and the secondary current is usually between I = 25 to 300 mA, although it
could be as high as 2 A.

Figure 3. Operating Principle of Closed Loop Hall Transducer

Advantages and Limitations

Closed loop transducers are capable of measuring DC, AC, and complex current waveforms while
ensuring galvanic isolation. The advantages of closed loop sensors include very good accuracy and
linearity, low gain drift, wide bandwidth, and fast response time. Another advantage is the output current
signal is easily scalable and well suited to high noise environments; nevertheless, closed loop transducers
are available in voltage output configurations. Again, as with most magnetic-based measurement
techniques, insertion losses are very low. The main limitations of the closed loop technology are the high
current consumption from the secondary supply (which must provide the compensation as well as bias
current), the larger dimensions (more noticeable on high current transducers), a more expensive
construction compared with the simpler open loop designs, and a limited output voltage due to the internal
voltage drops across the output stage and secondary coil resistance. Again, depending on the application
requirements, the advantages often outweigh the limitations and the accuracy and response of a closed
loop solution is desirable over other alternatives.
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3.3 Hall Sensor "LAH 25-NP" From LEM Technologies
Selecting the right transducer is often a tradeoff between several parameters: operating current range,
output signal type, accuracy, frequency response, dv/dt, temperature range, weight, size, costs, and so
on. LAH 25-NP is closed-loop (compensated) multi-range current transducer using Hall effect from LEM
Technologies. It is typically used to measure current (DC, AC, or pulsed) with galvanic separation between
the primary and secondary circuit. The internal structure of LAH 25-NP is shown in Figure 4.
— OO
P Ml S Rm
YYY o—( 0 QV
) D) '
O O +VC
@ O o -V
000
Figure 4. Internal Structure of LAH 25-NP
The LAH 25-NP takes dual power supply and provides current output from pin M. The output (or
secondary) current is proportional to primary current and turns ratio.
Closed loop Hall sensors provide excellent accuracy at 25°C, in general below 1% of the nominal range,
and a reduced error over the specified temperature range (—40°C to 105°C). Figure 5 shows the accuracy
data for LAH 25-NP (taken from its datasheet).
Accuracy - Dynamic performance data
5) = 25° 0
X Accuracy” @ L, T, =25°C +0.3 Yo
€ Linearity error <0.2 %
Figure 5. Accuracy of LAH 25-NP
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4.1 Calculation of Burden Resistor for LAH 25-NP
The burden is calculated according to procedure given in the "Technical Manual" from LEM Technologies.
The measuring voltage generated at the terminals of the burden resistor (V,,) depends on the amplitude of
the primary current |, the turns ratio of the transducer Ky, and the measuring (or burden) resistor R,,. The
nominal current I, determines the type of transducer and its turns ratio K. The voltage measured at a
given primary peak current IP is thus determined by the choice of the resistor RM.
(a) Nominal current to be measured: 8 A
(b) Peak current — Overload condition: 225% of the nominal, which is 8 x 2.25 =18 A
(c) Ambient temperature: 70°C
(d) Transducer supply voltage: +12 V
(e) Referring to the datasheet of LAH 25-NP, the PCB connection should be as shown in third row in
Figure 6. For that condition, the value of K is equal to 3:1000.
Number | Primary current| Nominal Turns Primary| Primary insertion Recommended
of primary | nominal maximum | output current ratio resistance | inductance PCB connections
turns | L [A]| L [A]|Ll, [mA] K, R, [mQ]|L, [HH]
3 2 1IN
o0
25 55 25 1:1000 0.18 0.012 000
ouT 4 5 6
3 2 1IN
2 12 27 24 2:1000 0.81 0.054 O_o\oo
OouT 4 5 6
[ 32 1IN
3 8 18 24 3:1000 1.62 0.110 AN
A OUT 4 5 6
Figure 6. Recommended PCB Connections and Corresponding Parameter
41.1 Calculation of R, for 5-V ADC System
For a 5-V ADC, the mid-voltage value is 2.5 V. Keeping a margin of 0.25 V, the range of input voltages for
the 5-V ADC is 0.25 to 4.75 V. That means the voltage across the burden should be 2.25 V when primary
current is at its peak value.
» For positive peak current through the primary of the Hall sensor —» 2.5V +2.25V =475V
» For negative peak current through the primary of the Hall sensor - 2.5V -225V =0.25V
Vi
M =
Using Equation 2,
e V=225V
e I,b=18A
» K, =3:1000
 Ry=4167Q
The selected value of R, is 42.2 Q.
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41.2

Calculation of R, for 3.3-V ADC System

For a 3.3-V ADC, mid-voltage value is 1.65 V. Keeping a margin of 0.25 V, the range of input voltages for
the 3.3-V ADC is 0.25 to 3.05 V. That means the voltage across the burden should be 1.4 V when primary
current is at its peak value.

» For positive peak current through the primary of the Hall sensor - 1.65V + 1.4V =3.05V
» For negative peak current through the primary of the Hall sensor - 1.65V -1.4V =0.25V

Using Equation 2,

. Vy,=14V
. 1,=18A
« Ky =3:1000

e R,=2593Q
The selected value of Ry, is 27 Q.

4.2 Selection of Power Supply Components
The current sensor (LAH 25-NP) requires a bipolar supply rails of £12 V and hence the board is designed
to be powered from £15 V (max).
From a £15-V input, mainly there are two different voltages required:
1. 15V to £12 V for Hall sensor, bipolar-supply op-amp as well as comparator.
2. 15V to 5V for supplying unipolar-supply op-amp, onboard reference devices, Delfino Control Card.
For applications requiring positive as well as negative high-performance rails (to power precision signal
chain components), the TPS7A49xx and TPS7A30xx devices are most suitable.
From 15-V to 5-V generation, linear regulator is not a good option as it will have more power consumption.
Also, the 5-V rail is used to power the op-amps which are important elements of the signal conditioning. It
should be clean and quite. For these reason, one switching buck converter followed by a linear regulator
can be used.
Following components are used for this design:
» 15V to 6V conversion using TPS62150
* 6V to5V conversion using LP2992
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4.3

4.4

Selection of Op-Amps

The op-amp is a critical piece of the analog signal chain and can often have a dramatic impact on the
performance of the entire signal chain. Be it bipolar or unipolar signal conditioning circuit, the primary
functions of this op-amp are:

1. To buffer the inputs coming from the sensor

2. To provide amplification of the low level input signals coming from the sensor
3. To provide the desired common-mode voltage at the output

4. To provide proper filtering for the signal connected to ADC

Table 1 gives a comprehensive list of the factors that need to be considered in determining the choice of
the op-amp.

Table 1. Selection Considerations for Op-Amp

REQUIREMENT BENEFIT

Minimizing this reduces input loading on sensor and minimizes input current offsets on

High input impedance input resistors.

Minimizing this reduces the amount of current noise that becomes converted to voltage

Input current noise . ; .
noise on input resistors.

Voltage noise Minimizing this improves the overall signal-to-noise ratio.

Maximizing this reduces the amount of input offset changes due to high dv/dt at the

CMRR versus frequency inverter output

Minimizing this reduces the amount that the total unadjusted error changes at the output

Voltage offset drift of the op-amp.

Designing a single-supply amplifier simplifies the system supply requirements; this
Single supply or dual supply operation | usually correlates with lower power architecture. However, if the signal coming from
sensor itself is bipolar, it is good to use op-amp with dual supply options.

Input type Rail-to-rail input can help to interface sensors having large input swings.

With rail-to-rail output configuration, the amplified input signal can reach the supply

Output type voltage and can use the FS range of ADC in a better way

For bipolar signal conditioning circuit, this reference design uses the OPA2192. It is a dual-channel
op-amp with a supply voltage range from +2 to +18 V. With rail-to-rail input and output options, it has very
low offset (x5 pV, typical).

For unipolar signal conditioning circuit, this reference design uses the OPA2322. The OPA2322 is a dual-
channel CMOS operational amplifier featuring low noise and rail-to-rail inputs/outputs optimized for single-
supply applications. It is a low-cost amplifier with a maximum offset voltage of 2 mV.

Selection of Voltage References

When external ADCs (which are powered using a 5-V single supply) are used for capturing the data, the
reference voltage should be set to 2.5 V. When Internal ADCs (of Delfino controller) are used in single-
ended mode, the reference pin needs to be powered from a 3.3-V reference (Delfino converts 3.3 V into a
1.65-V reference internally). To fulfill all these conditions, three reference voltages are required (2.5 V,
3.3V, and 1.65 V).

The REF20xx series provides a reference voltage (Vger) and a second highly-accurate voltage (Vgs) that
can be used to bias the input bipolar signals. The Vg and Vg5 Outputs track each other with a precision
of 6 ppm/°C (max) across the entire temperature range. The REF20xx family is specified to deliver a
current load of £20 mA per output. Both the Vg and Vg5 outputs of the device are protected from short
circuits by limiting the output short-circuit current to 50 mA.

10
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4.5

Selection of Comparator

Current state-of-the-art inverters are equipped with full IGBT protection, including overcurrent and ground-
fault protection. An overcurrent condition is one of the fatal drive faults that could destroy IGBT devices in
a motor-drive system. IGBT overcurrent conditions basically fall into three categories: line-to-line short,
ground fault, and shoot through.

Table 2. Overcurrent Conditions and Possible Causes

OVERCURRENT CONDITION POTENTIAL CAUSE
Ground fault Motor insulation breakdown to ground

Line-to-line short Mis-wiring, motor leads short, motor phase-to-phase insulation breakdown
Shoot-through False IGBT turn-on

Table 2 lists overcurrent conditions and their potential causes. When considering an IGBT overcurrent
protection scheme, two important factors must be evaluated. The first factor is what type of overcurrent
protection the system should provide and how the system can be shut down. The second factor is the
control architecture. Control architecture significantly influences the method and implementation of the
overcurrent protection. Protection of IGBT devices is normally implemented in the hardware circuit.
However, the circuit implementation and the type of overcurrent-sensing device vary depending on which
overcurrent condition is being addressed.

The overcurrent protection can be implemented using two comparators. The two thresholds are required:
one for positive cycle and one for negative cycle. These thresholds need to be derived based on the
voltage across burden resistor. Total propagation delay of shutdown also is important. The current sensor
itself has some delay, which includes delay for the sensing mechanism and its own response time.
Therefore, no matter how the protection circuit is implemented, this delay time should be added to the
circuit delay to meet the IGBT short-circuit duration time.

There are four criteria for choosing the comparator:

1. Propagation delay: Typically, industrial motor drives need an overcurrent protection shutdown to be
triggered within 1 ys. It means that the comparator should have a propagation delay of 500 ns or less.

2. Supply voltage: The current output Hall-effect sensor LAH 25-NP operates on the dual supply, which
means the output voltage (across burden resistor) also varies in positive as well as negative range.
This asks for a comparator with dual supply same as the sensor, which is £12 V.

3. Output type: The output of the comparator is digital signal indicating the overcurrent protection. It is
typically connected to a GPIO or ADC of a microcontroller. Therefore, the maximum output voltage can
go up to 3.3 V. If the comparator output is open-drain or open-collector type, then it can be connected
to a 3.3-V supply using a pull-up resistor.

4. Size and cost: It is better to have single package with two comparators. The cost of the comparator
should be as low as possible.

Based on the different requirements, this design uses the TLV1702 as comparator for overcurrent
protection mechanism. The TLV1702 is dual supply (1.1 to +18 V) comparator with two channels. The
open collector output offers the advantage of allowing the output to be pulled to any voltage rail up to 36 V
regardless of the supply voltage. The propagation delay for the TLV1702 is 560 ns and is available in a
VSSOP-8 package. It is specified for operation across the expanded industrial range of —40°C to 125°C.
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5 System Design

5.1 Sensor Circuit Design

From the datasheet of sensor LAH 25-NP, it can be configured to measure nominal primary current of 8 A,
12 A, and 25 A. Figure 7 (taken from the datasheet of LAH 25-NP) shows the PCB connection to be done
for using the sensor for different current ratings.

Number | Primary current| Nominal Turns Primary| Primary insertion Recommended
of primary | nominal maximum | output current ratio resistance| inductance PCB connections
turns L, [A] L [A]]l [mA] K, R, [mQ]| L, [HH]
32 1IN
1 25 55 25 1:1000 0.18 0.012 oo
OUT 456
32 1IN
2 12 27 24 21000 0.81 0.054 oo
OUT 4 56
[ 32 1IN
3 8 18 24 3:1000 1.62 0.110 NN
\ OUT 4 5 6

Figure 7. Recommended PCB Connection for LAH 25-NP
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Based on Figure 7, connections are done on the schematic as shown in Figure 8.

o Ip Out 1

[

g1 2 Ipin1
1715721

© |wfof-

3

f
1.1

C54
0.1pF | 10uF

4
J2 o 2

R84
0

39357-0002

cTinput P

Burden Resistor

Isense

Figure 8. Schematic Section Showing Connections for LAH 25-NP

System Design

Table 3 gives the details about which resistors should be mounted to achieve a particular nominal input

current setting.

Table 3. Resistor Straps on Board

NOMINAL PRIMARY CURRENT (A) POPULATE THESE RESISTORS ONLY
8 R85, R90
12 R86, R90
25

R86, R87, R88, R89
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5.2 Generation of £12 V for Powering LAH 25-NP, OPA2192, and TLV1702
For applications that require positive and negative high performance rails, TI recommends using
TPS7A40xx and TPS7A30xx families of linear regulators. Figure 9 shows the generation of £12 V from a
+15-V input supply.
P12V
J3 D3 U5 TPS7A4901DGNR
o — ’1—0 l 8§ N ourH l *
o
3 N15V MBRA160T3G 5 2 R32
O cs8 EN FB c16 18.2k
39357-0003 10pF 3 e To.omF
7 6
EP GND 10pF
GND GND C58 R29
of = 0.01pF 2.00k
GND
GND GND GND NI12V
D4 U4  TPS7A3001DGNR
K l 8 N out —! l o
MBRA160T3G 5 2 R30
cé Lo e c15 18.2k
10pF ; e . To.omF
—— DNC NR/SS o0
EP GND i 10pF
GND C59 R28
of = 0.01uF 2.00k
GND
GND GND GND

Figure 9. Generation of +12 V from £15 V

The TPS7A4901 is a high voltage, positive, highly accurate linear regulator designed to power operational
amplifiers and other high-performance analog circuitry. In this design, the TPS7A4901 is used to generate
12 V from a 15-V rail. Two 10-pF caps are connected: C8 on the input and C21 on the output of
TPS7A4901. The TPS7A4901 requires a capacitor = 2.2 yF from output pin connected to ground to
ensure stability. The TPS7A3001 is a high voltage, positive, highly accurate linear regulator designed to
power op-amp and other high-performance analog circuitry. In this design, the TPS7A3001 is used to
generate —12 V from a —15-V rail. Two 10-pF caps are connected: C6 on the input and C20 on the output
of the TPS7A3001. The TPS7A3001 requires a capacitor = 2.2 yF from output pin connected to ground to
ensure stability.

For both the devices, NR/SS pin bypasses noise generated by the internal bandgap. Capacitors C58 and
C59 (connected to NR/SS pin) allows RMS noise to be reduced to very low levels and also controls the
soft-start function. The soft start time is calculated as given in Equation 3.

tes (ms)=1'4XCNR/SS (nF) ®)
So for both the devices, with a capacitor value of 0.01 yF, the soft start time is 14 ns.
The outputs for the TPS7A4901 and TPS7A3001 are set to 12 V and —12 V respectively using Equation 4.

VOUT VFB(nom)

> 5 pA
2 4)

For a 12-V output, the feedback resistors are R32 = 18.2 kQ and R29 = 2 kQ. For a -12-V output, the
feedback resistors are R30 = 18.2 kQ and R28 = 2 kQ.

-1|, where
FB(nom)
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5.3 Generation of PVYMID

The TPS62150 is a synchronous step down DC-DC converter. A high switching frequency of typically

2.5 MHz allows the use of small inductors and provides fast transient response as well as high output
voltage accuracy by using the DCS-Control™ topology. If efficiency is the key parameter, more than
solution size, the switching frequency can be set to half (1.25 MHz typ.) by pulling FSW to High. It is
mandatory to start with FSW = Low to limit inrush current, which can be done by connecting to VOUT or
PG. To get a low ripple and full output current at the lower switching frequency, it is recommended to use
an inductor of at least 2.2 yH. The switching frequency can be changed during operation if needed. A pull-
down resistor of about 400 kQ is internally connected to the pin.

The output voltage of the TPS62150 is adjustable. It can be programmed for output voltages from

0.9 to 6 V by using a resistive divider from Vo, to AGND. The voltage at the FB pin is regulated to 800
mV. The value of the output voltage is set by the selection of the resistive divider from Equation 5. It is
recommended to choose resistor values which allow a current of at least 2 pA, meaning the value of R2
should not exceed 400 kQ. Lower resistor values are recommended for highest accuracy and most robust

design.
V
Ris =R5( ouT _1J
Vv
REF (5)
with

* Vgour =6V and Vg = 800 mV
+ R13 =1 MQ and R5 = 154 kQ (see Figure 10).

For most applications, 10 yF will be sufficient and is recommended for the input capacitor, though a larger
value reduces input current ripple further. The input capacitor buffers the input voltage for transient events
and also decouples the converter from the supply.

A capacitance connected between SS/TR pin and AGND allows a user programmable start-up slope of
the output voltage. A constant current source supports 2.5 pA to charge the external capacitance. The
capacitor required for a given soft-start ramp time for the output voltage is given by:

2.5 uA
Cgg=te,ec——— |F

where
» Cgsis the capacitance (F) required at the SS/TR pin and
» tgs is the desired soft-start ramp time (seconds).

With Csg = 3300pF, the soft-start time is 1.65 ms.

PVMID
Ul L1 M
® }; PVIN SW ; ° °
PVIN SW XFL4020-222MEB R8
10| \vIN sw =3 LR93
c1 1.00k R13 c9 c12 511
10uF 13 eN VoS k4 1.0M 22uF | 22uF
o
9 4
oo rb SS/TR PG 3 i D1
; 5 R5 Green
PVMID c2 FB 154K GXD “
7 N
EP
AGND —= -
DEF PGND
FSW PGND & GCND
TPS62150RGTT
GND GND

FSW = 2.5 MHz if LOW
FSW = 1.25 MHz if HIGH

J3 D3
P15V

1
2

o 3 N15V MBRA160T3G
39357-0003

GND

(?L'.!

Figure 10. Generation of PVMID Using TPS62150
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5.4 Generation of 5V

From PVMID (which is equal to 6 V), it is required to generate 5 V to power the op-amps and voltage
reference ICs. LP2992 is used to generate 5 V from PVMID as shown in Figure 11.

R54 ,,,0
PVMID P5V
ul10
4 6
'Y IN OUT
T—3.> ON/OFF |
——C36 c38 LR55
104F § hvr G{jg—i 104F 3511
C29
— LP2992AILD-5.0/NOPB .
N 10pF
GND GND LD2
A4 Green
GND \
GND X
GND

Figure 11. Generation of 5V Using LP2992

NOTE: PVMID is currently set to 6 V and R54 is DNP. When LP2992 is not used, Mount R54 and
set PVMID =5 V.
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5.5 Voltage Reference Circuit Design

Using external ADCs:

While using external ADCs (which are powered using a 5-V single supply), the reference voltage should
be setto 2.5 V.

Using internal ADCs (of Delfino controller):
While using single-ended mode, the reference pin needs to be powered from a 3.3-V reference (Delfino
converts 3.3 V into a 1.65-V reference internally). In case of the differential mode of internal ADC, the

reference pin needs to be powered from a 2.5-V reference (Delfino converts 2.5 V into a 1.25-V reference
internally).

To fulfill all these conditions, two reference devices are used. Figure 12 shows schematic section for
REF2025 provides two reference voltages, 1.25 V and 2.5 V. The input to REF2025 is powered from 5 V.
Both the reference outputs (2.5 V and 1.25 V) are provided with RC filters for any noise filtering.

P5V

I U12
l 4 viN VREF =2 R47m-2 REF2025 REF_>
1 R5Q,, O ® °F °F,
c24 VBIAS REF2025 REF/2)>
WF 3o EN GND |2
REF2025DBV ——C30 c35
0.4pF 0.1uF
GND GND
GND GND

Figure 12. REF2025 Circuit to Provide 1.25 V and 2.5 V as Reference

Figure 13 shows schematic section for the REF2033 provides two reference voltages, 1.65 V and 3.3 V.
The input to REF2033 is powered from 5 V. Both the reference outputs (1.65 V and 3.3 V) are provided
with RC filters for any noise filtering.

PS5V un

4 5 R46

I VIN VREF MWy REF2033 REF >
l 1 R51
c25 MW I REF2033 REF/2 >
—C32 Cc37

0
1uF 3 BN GND 2
REF2033AIDDCR j7 0AF | 0.14F

VBIAS

GND GND

4

GND GND

Figure 13. REF2033 Circuit to Provide 1.65 V and 3.3 V as Reference
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5.6 Selecting the Filter Topology: MFB and SKF

The choice of a complex pole-pair circuit depends on performance requirements.

5.6.1 Multiple Feedback Topology

The MFB topology (sometimes called Infinite Gain or Rauch) is often preferred due to assured low
sensitivity to component variations. The MFB topology creates an inverting second-order stage. In designs
where an even number of stages are required, the output polarity will be the same as the input; this may
not always be the case for filters employing the MFB because each stage brings about an output-to-input
inversion. A typical MFB circuit is as shown in Figure 14.

C
S

C2 p—

—O Vo

Figure 14. Multiple Feedback Filter Topology

5.6.2 Sallen-Key Topology

The Sallen-Key is a non-inverting circuit, which may make it preferable over the MFB, but this is not the
only potential advantage. As a rule of thumb, the Sallen-Key topology is better if:

» Gain accuracy is important,
e A unity-gain filter is used, and
e Pole-pair Q is low (for example, Q < 3)

Figure 15 shows a typical Sallen-Key filter. At unity-gain, the Sallen-Key topology inherently has excellent
gain accuracy. This is because the op-amp is used as a unity-gain buffer. With the MFB topology, gain is
determined by the R2/R1 resistor ratio. The unity-gain Sallen-Key topology also requires fewer
components—two resistors versus three for the MFB. The Sallen-Key topology may also be preferable for
high-Q, high-frequency filter sections. In these sections, the value required for feedback capacitor in an
MFB design can be quite low for reasonable resistor values. Low capacitor values can result in significant
errors due to parasitic capacitance. The best filter design may be a combination of MFB and Sallen-Key

sections.
CZ
| °
I
R, R, —0O Vo
Vin O_\/\/\/\f
C1
Figure 15. Sallen Key Filter Topology
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5.7

Design of Unipolar AMP + Filter Stage

The following important points are observed while designing the unipolar signal conditioning circuit.

Fig
1.

ure 16 shows the two-stage implementation of the same.

Single supply operation: The OPA2322 is powered through 5 V. One bypass capacitor of value 0.1 yF
is placed very close to the AVDD pin of the OPA2322.

Output common-mode setting: The non-inverting pin of the op-amp is supplied with 2.5 V (coming from
REF2025 REF) in case of interfacing with external ADC. But when the internal ADC of Delfino F2837x
controller is used, the common-mode voltage needs to be 1.65 V. In that case, the external voltage on
non-inverting pin of op-amp is supplied through 1.65 V (coming from REF2033 REF/2).

Unity gain buffer: The first stage of the OPA2322 is used to buffer the input signal.

Sallen key LPF: The second stage of the OPA2322 is connected as the Sallen Key Filter. The cut-off
frequency of the filter is set to ~160 kHz, which is 10 times the maximum switching frequency of an
IGBT inverter of industrial motor drive. The filter components are selected according to the Equation 7.

1
21 /C57 xR42x C23 xR26 @)

With C57 = 200 pF, R42 = 9.76 kQ, C23 = 100 pF, and R26 = 5.23 kQ; the cut-off frequency is
157.518 kHz.

. Selection of components: The 100-pF caps in the feedback helps in reducing overall noise of the

system. One important thing to note that the resistors also have their internal noise. The resistor noise
depends on the value of resistor. It is good to select the input and feedback resistor values in some kQ
(preferably < 5 kQ) to reduce the effect of noise from resistors.

Input protection: The Hall sensor has a supply voltage of £12 V. In case of any fault or short circuit
condition, diodes D7 and D8 are used to clamp the input of op-amp to 5 V and GND, hence protecting
the op-amp.

The output of unipolar signal condition circuit is connected to SMA jack J5 as well as it is connected to the
input of Delfino F2837x control card.

R14

C57
|

[
200pF
1l R41

ooy

R17
2.00k

GND GND 6

2 ™S 7
4 R26 R42 . s

142-0701-201

2.00

3 fy 523k 9.76k l
c2s |

U7A u7B
OPA2322AIDR OPA2322AIDR
| 100pF

k l
c3
100pF
GND

REF2033_REF/2

D7 D8
'SD101CW-7-F SD101CW-7-F

GND

Level-shifting + Unity Gain Buffer LP Sallen-Key Filter (fc = 160kHz)

REF2025 REF

Figure 16. OPA2322 Interface Between Sensor and ADC
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Figure 17 shows the TINA simulation for the schematic shown in Figure 16.

2 200p
I
|
R2 20k
A, R70
C1100p VWV

H

R542.2
ANV

2%A'A% ANN—9

i

VF1
R1 20k - (
IG1 T > ( R8 5.23k R6 9.76k
+ Vi .
+

—

U3 OPA4322

l iy
o
o =
)
VCC5 -
@
O —

R4 20k

=l

V325

=ik

Figure 17. TINA Simulation for Unipolar Signal Conditioning Circuit

Figure 18 shows the simulated waveforms for Figure 17.

3 e
o]
-3 ke
300
= ___.--'-- -"--\.__L.- e o - T
-~ T, - e
__.a""' .H"‘-; .-"'f T
oy -~ - -~
h""'\-\._\__ o - .,_\_\_.-\-. p e
1]
100
200 —
0.00 1i B 1t O 30 S 410
T {51
Figure 18. Waveforms for TINA Simulation
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5.8

Design of Bipolar AMP + Filter Stage
The following important points are observed while designing the bipolar signal conditioning circuit.

Figure 19 shows the two-stage implementation.

1. Dual supply operation: The OPA2192 is powered through 12 V. One bypass capacitor of value 0.1 puF
is placed very close to the AVDD pin and AVSS pin of the OPA2192.
2. Unity gain buffer: The first stage of the OPA2192 is used to buffer the input signal.

3. Multiple feedback LPF: The second stage of the OPA2192 is connected as the multiple feedback filter.
The cut-off frequency of the filter is set to ~160 kHz, which is 10 times the maximum switching
frequency of an IGBT inverter of industrial motor drive. The filter components are selected according to

Equation 8.

1

21 /C14xR34 x C19xR35
With C14 = 2700 pF, R34 = 673 Q, C19 = 470 pF, and R35 = 1.15 kQ; the cut-off frequency is 160.595

kHz.

4. Selection of components: The 100-pF caps in the feedback helps in reducing overall noise of the
system. One important thing to note that the resistors also have their internal noise. The resistor noise
depends on the value of resistor. Select the input and feedback resistor values in some kQ (preferably
< 5 kQ) to reduce the effect of noise from resistors.

5. Output common-mode setting: The output common-mode voltage is set by setting up bias in filter

stage. The non-inverting pin of the filter stage is supplied with 2.5 V (coming from the REF2025 REF)
in case of interfacing with external ADC. But when the internal ADC of Delfino F2837x controller is

used, the common-mode voltage needs to be 1.65 V. In that case, the external voltage on non-
inverting pin of op-amp is supplied through 1.65 V (coming from the REF2033 REF/2).

The output of bipolar signal condition circuit is connected to SMA jack J5 as well as it is connected to the

input of Delfino F2837x control card.

D1
SD101CW-7-F §

R3 R1Q,, 20.0k

PS5V

GND

D2
'SD101CW-7-F

R4 R11

0 20.0k

N ©kp

GND

R12 c7

200k |
0ApF |
N12v

R34

7.50k

C19

R22 - R35

1 F
00

P12V

UBA
OPA2192IDR
<|

Unity Gain Amplifier

142-0701-201

7.50k i 3.74k
ci4

390pF

R36

REF2033_REF/2 »

0

R92

REF2025 REF
0

ueB
OPA2192IDR
<

N12V

LP Multiple Feedback Filter (fc = 160kHz)

Figure 19. OPA2192 Interface Between Sensor and ADC
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Figure 20 shows the TINA Simulation for the schematic shown in Figure 19.
R2 2k
AN R7 673
<1 C1100p AN
I I C2 470p
N
O !
T VEE 12 Vi Jf_—l_—
R1 2k ( =0 VF2
M\ = ( R8 673 R6 1.15k <
R3 2k w . AN AN >
A +
J_ j:/ U1 OPA192 1 e Y
= VCC 12 T . U2 OPA192
© V212

R4 2k
—
i
I
A~
R10510 | R9510
=l

+
V3 2.5T

Figure 20. TINA Simulation for Bipolar Signal Conditioning Circuit

Figure 21 shows the simulated waveforms for Figure 20.
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Figure 21. Waveforms for TINA Simulation
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5.9 Design of Overcurrent Detection Circuit
In industrial motor drives, it is very common to use the sensor up to 200% of its rating. If the current goes
beyond 200%, the protection mechanism should be enabled. In this design, the thresholds are calculated
as follows:
* Nominal current rating (In) = 8 A
» Corresponding nominal output current = 24 mA (from Figure 7)
» Maximum current rating = 18 A (which is 225% of the nominal primary current)
» Corresponding nominal output current = 54 mA (from Figure 7)
» Corresponding output voltage = 2.25 V (with burden resistor = 42.2 Q)
The overcurrent protection is implemented as shown in Figure 22. The comparators used in the protection
circuits are open-drain outputs. The pull-up resistors are connected to 3.3 V (which is typically equal to
digital supply of the microcontroller or any other motor controller) so that the high and low levels of the
comparator outputs are within the sensing range of the controller.
The resistor divider to generate the thresholds is calculated for VTH (pos) = 2.25 V and
VTH (neg) =-2.25 V.
The calculated value of VTH (pos) and VTH (neg) are as given in Equation 9 and Equation 10,
respectively.
12-(-12){x(43.2k +20 k
VTH (pos)= { ( )} ( ): 14.2556 V =2.2556 V for 12 V
43.2k+20k+43.2k 9)
{12-(-12)}x43.2k
VTH (neg): =9.744 V = -2.2566 V for -12 V
43.2k+20k+43.2k (10)
REF2033 REF
SR98 P12V
30
R56
2.49k
P12V U9B
) TLV1702AIDGK
T
10.0k
1R43
$43.2k
D9
SD101CW-7-F
IRa4
$20.0k GND NI12Vv
GND
P12V
iR45
$43.2k
“l uoa
2
N2V AV 1
3 + v
TLV1702AIDGK
<
N12V
Figure 22. Overcurrent Protection Using TLV1702
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5.10 Connection to the Delfino F2837x Control Card

The Delfino F28377D Control Card (TMDSCNCD28377D) from Tl provides a great way to learn and
experiment with the F2837x device family within TI's C2000™ family of MCUs. This 180-pin control card is
intended to provide a well-filtered robust design capable of working in most Industrial environments.

F28377D Control Card features:

Delfino F28377D MCU: This high performance C2000 MCU is located on the control card.

180-pin HSECB8 Edge Card Interface: This interface llows for compatibility with all of C2000’s 180-pin
control card application kits and control cards. Compatibility with 100-pin control cards can be
accomplished using the TMDSADAP180TO100 adapter card (sold separately).

Built-in Isolated JTAG Emulation: An XDS100v2 emulator provides a convenient interface to Code
Composer Studio (CCS) without additional hardware. Flipping a switch allows an external JTAG
emulator to be used.

Connectivity: The control card contains connectors that allow the user to experiment with USB, a
microSD card, and isolated UART/SCI with the F2837x MCU.

Key Signal Breakout: Most GPIO, ADC, and other key signals routed to hard gold connector fingers.

Robust Power Supply Filtering: A single 5-V input supply powers an on-card 3.3-V LDO. All MCU
inputs are then decoupled using LC filters near the device.

ADC Clamping: ADC inputs are clamped by protection diodes.

An image of the control card is shown in the Figure 23:

Figure 23. Image of Delfino F2837x Control Card
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Pin-mapping for the Delfino F2837x Control Card
Figure 24 shows the pin-mapping for 180-pin connector available on the Delfino F2837x Control Card. The
signals are routed as shown in Table 4.

Table 4. Pin-Mapping Details

MAPPING ON TIDA-00316 BOARD
PIN NUMBER ON CONTROL CARD PIN FUNCTIONALITY (J10 AND J11)
7,10, 19, 22, 35, 38, 43, 46, 47, 65, 83,
97, 111, 135, 157, 179 GND GND
11 ADC-Al, DAC REF2025_REF/2 and REF2033_REF/2
15 ADC-A2, COMP+ AINP-1
17 ADC-A3 AINP-2
45 All VREFHIs REF2025_REF and REF2033_REF
48, 84, 98, 112, 158, 180 AVDD AVDD (PVMID)
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. . HSEC]
pae: cCARD Pinout: F28377D (180pin) pinout
7-May-2014 2.10]

HSEC pin  |MCU pin HSEC function HSEC function MCU pin |HSEC pin
1 GPIO-71 ** JTAG-EMU1 JTAG-EMUO GPIO-70 ** 2
3 ™S JTAG-TMS JTAG-TRSTn TRSTn 4
5 TCK JTAG-TCK JTAG-TDO TDO 6
7 GND JTAG-TDI DI 8
9 ADC-A0, DAC GND 10
11 ADC-A1, DAC ADC-BO 12
13 ADC-B1 14
15 ADC-A2, COMP+ 16
17 ADC-A3 ADC-B2, COMP+ 18
19 GND ADC-B3 20
21 ADC-A4, COMP+ GND 22
b‘o 23 ADC-A5 ADC-B4, COMP+ 24 m
2 25  ADCIN14, COMP+ ADCBS 26 2
[¢+] 27 ADCIN15 ADC-DO, COMP+ 28 [¢]
c 29 ADC-D1 30 c
< 31 ADC-C2, COMP+ 32 <
33 ADC-C3 ADC-D2, COMP+ 34
35 GND ADC-D3 36
37 ADC-C4 GND 38
39 ADC-C5 ADC-D4 40
41 Rsv ADC-D5 42
43 A-GND (VREFLO on certain MCU) Rsv 44
45 All VREFHIs * Rsv (VREFHI on certain MCU) GND 46
47 GND
49 GPIO-00 PWMIA PWM3A GPI10-04 50
51 GPIO-01 PWM1B PWM3B GPI0-05 52
53 GPI10-02 PWM2A PWM4A GPI0-06 54
55 GPI10-03 PWM2B PWM4B GP10-07 56
57 GPIO-08 PWMSA PWM?7A or TZ1 GPIO-12 58
59 GPI0-09 PWMSB PWM7B or TZ2 60
61 GPIO-10 PWM6A PWMB8A or TZ3 62
63 GPIO-11 PWMéEB PWMB8B or TZ1/4 64
65 GND 66
67 GPIO-16 QEP1A (McBSP-MDXA) GPI0-20 68
69 GPIO-17 QEP1B (McBSP-MDRA) GPI0-21 70
71 GPIO-18 QEP1S (McBSP-MFSXA) GPI10-22 72
73 GPIO-19 QEP1l (McBSP-MCLKXA) GPI10-23 74
75 GPIO-24 GPI0-28 76
77 GPIO-25 GPI0-29 78
79 GPIO-26 GPIO-30 80
81 GPI0-27 GPI0-31 82
83 GND
85 GPIO-32 GPIO GPI0-34 86
87 GPIO-33 GPIO GPIO-39 88
89 GPI0-40 GPIO GPIO GPI0-44 90
91 GPIO-41 GPIO GPIO GPI0-45 92
93 GPI0-42 *** GPIO GPIO GPI0-46 *** 94
95 GPI0-43 *** GPIO GPIO GPI0-47 *** 96
97 GND
99 GPI0-48 GPIO QEP2A or GPIO GPIO-54 100
101 GPI0-49 GPIO QEP2B or GPIO 102
103 GPIO-50 GPIO QEP2S or GPIO 104
105 GPIO-51 GPIO QEP2I or GPIO GPIO-57 106
107 GPIO-52 GPIO GPIO (McBSP-MCLKRA) GPIO-58 108
— 109 GPIO-53 GPIO GPI10 (McBSP-MFSRA) GPI0-59 110 TU
© 111 GND i)
= 113 Rsv Rsv 114 'Eo
o1} 115 Rsv Rsv 116 B
'5 117 Rsv Rsv 118 (]
119 Rsv. Device Reset (Active low) XRSn 120
121 GPIO-35 GPIO GPIO GPIO-36 122
123 GPIO-37 GPIO GPIO GPI0-38 124
125 GPIO-60 GPIO GPIO GPI0-61 126
127 GPIO-62 GPIO GPIO GPI10-63 128
129 GPIO-64 GPIO GPIO GPI0-65 130
131 GPIO-66 GPIO GPIO GPIO-67 132
133 GPI0-68 GPIO GPIO GPI0-69 134
135 GND 136
137 GPIO-70 GPIO GPIO GPIO-71 138
139 GPIO-72 GPIO GPIO GPIO-73 140
141 GPIO-74 GPIO GPIO GPIO-75 142
143 GPIO-76 GPIO GPIO GPI0-77 144
145 GPIO-78 GPIO GPIO GPIO-79 146
147 GPIO-80 GPIO GPIO GPI0-81 148
149 GPIO-82 GPIO GPIO GPI0-83 150
151 GPIO-84 GPIO GPIO GPIO-85 152
153 GPIO-86 GPIO GPIO GPI0-87 154
155 GPIO-88 GPIO GPIO GPI0-89 156
157 GND
159 GPIO-90 GPIO GPIO GPI0-91 160
161 GPIO-92 GPIO GPIO GPIO-93 162
163 GPI0-94 GPIO GPIO GPI0-133 164
165 GPI0-120 *** GPIO GPIO GPI0-121 *** 166
167 GPIO-161 GPIO GPIO GPIO-162 168
169 GPIO-163 GPIO GPIO GPIO-164 170
171 Rsv Rsv 172
173 Rsv Rsv. 174
175 Rsv Rsv 176
177 Rsv 178
179 GND
* Switches may be altered to connect VREFHIs to the HSEC connector
** 0ohm resistors can be removed in order to tie GPIO-70 and 71 to EMUO and EMU1
*** Can be dedicated to on-card USB or brought through the connector via jumpers on the cCARD
[ [
I I I
Figure 24. Pin Mapping on Delfino F2837x Control Card (180-Pin Connector)
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Figure 25 shows the schematic capture for the pin-mapping explained in Table 4. Although the control
card has clamping diodes at each of the analog inputs, this design provides an option to mount external
clamping diodes as well.
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;um lo s _a ) [ o o | | o
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Figure 25. Schematic Capture for J10 and J11 (to be Connected to 180-Pin Connector on Control Card)

NOTE:

The control card can be powered through the onboard 6 V (that is, PVMID) or using an
external 5 V from USB. When an external USB connection is used for powering the control
card, disconnect the PVMID voltage by removing the corresponding resistors (shown in
Figure 25).

The output of the bipolar signal conditioning circuit is connected to Channel A3 of the internal ADC of
Delfino controller and the output of the unipolar signal conditioning circuit is connected to Channel A2 of
the ADC. As shown in Figure 25, the inputs are provided with RC filters for anti-aliasing purposes.

GND

Figure 26. Filtering for ADC Inputs
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The references are connected to VREFHI inputs on the 180-pin control card connector as shown in

Figure 27.
C42
REF2033_RED 4.TuF
GND
AR
REF2033 REP R60 0 4.7uF| 330pF
GND
J11A
SPD08-120-L-RB
Figure 27. Reference and Common-Mode Voltage
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5.11 Connectors to Connect With External Motor Controller

As shown in Figure 28, two connectors J12 and J4 are provided on the board with all the signals (outputs
of signal conditioning circuits, reference voltages, and so on) so as to interface with external motor
controller. Also, the overcurrent fault signal is available on connector J9.

J12
AINP 1 ; |
AINP 2 —T®
- 1®
= 1®
3 @
@
61300611121
GND
J4
REF2025 REF/2 ; |
REF2033 REF/2 1@
REF2033 REF 1@
REF2025 REF —T®
3 @
—®
61300611121
GND
J9
| OC FAULT é O
@
< 90120-0122
GND

Figure 28. Connectors to Interface With External Motor Controller
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6 Test Setup
Figure 29 shows the setup used for AC and DC performance measurements for this reference design.

+15V -15V To ADC

T '[ GUI
DC or AC —i TIDA-00316 ADS7253 EVM spce
1

current or ]
board " card

source - ADS8353 EVM USB

l cable

GND
Figure 29. Test Setup for AC and DC Tests Using ADS7253/ADS8353
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7 Test Data

7.1 Power Supply and Reference Circuit Functionality Tests

Table 5. Power Supply Rails

RAIL DESIGNED FOR (V) MEASURED VALUE (V)
PVMID 6 6.0304
P5V 5 4.9593
POWER SUPPLY
P12v 12 11.9248
N12Vv -12 -11.8757
REF2033_REF 3.3 3.2999
REF2033_REF/2 1.65 1.6501
REFERENCES —
REF2025_REF 25 2.5001
REF2025_REF/2 1.25 1.2502
Figure 30 shows the output of the TPS62150 set at 6 V.
100ps 10.0MS/s (1 .
[T. 2.00Y ] —+v0.000000 ¢ 10k points 0.00 V 18 May 2015
Walue Mean Min Max Std Dev [ 05:43:31 ]
@& Mean 6.10V Sl —-163m 5,11 1.32
Figure 30. 6-V Signal From TPS62150
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The ripple measured on the same 6 V is shown in Figure 31. The ripple value is 100 mV.

Lt

: 20.0ps 50.0MS/s 1 Wi | :
& co.omy -+v0.000000 s 10k points 6.00mY L

Value Mean Min Max Std Dev 18 May 2015
@& Feak—Peak 100my 100m 100m 100m 0.00 05:52:27
@ Frequency 2.559MHz Low resolution

Figure 31. Ripple on 5-V Signal
Figure 32 shows the 5-V supply voltage generated using the LP2992.
100ps 10.0MS/s 1 Wi B

(@ 2.00V J@+>0.0000005 10k points 0.00 V [ 18 May 2015]

Value Mean Min Max Std Dev 0544:16
&P Mean 5.04V 4.09 -163m B.11 2.37

Figure 32. 5-V Signal Generated by LP2992
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The ripple measured on the same 5 V is shown in Figure 33. The ripple value is much less than 10 mV.
(The signal captured in Figure 33 also includes noise from the oscilloscope itself. The peak-to-peak ripple

is much lesser than what is seen.)

- 20.0ps 50.0MS/s o

[._:. 10.0mY By —+v0.000000 5 10k points 6.40mY
Value Mean Min M Std Dev

@ Feak—Peak 6.40mY 14.0m 0.00 102m 14.3m

] 18 May 2015
] 05:55:59

Figure 33. Ripple on 5-V Signal

Figure 34 shows the output of the TPS7A4901 set at 12 V.

g +
) 100ps 10.0MS/s & 7 -
[n .00y -+v0.000000 s 10k points 0.00V 18 May 2015
Value Mean Min Max Std Dev { 05:44:44 ]
& Mean 12.0¥ 12.0 12.0 12.0 5.81m
Figure 34. 12-V Signal From TPS7A4901
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The ripple measured on the same 12 V is shown in Figure 35. The ripple value is less than 10 mV. (The
signal captured in Figure 35 also includes noise from the oscilloscope itself. The peak-to-peak ripple is

much lesser than what is seen.)

20.0p5

- T 500MS/s 2 Wi e
[._’ 10.0mY A 50.00 % 100k points 8.00 A 22 Jun 2015
Value Mean Min Max Std Dev [ 11:01:08 ]
@D Feak—Peak 9.998mv 11.24m 0.000 101.3m 2.421m
Figure 35. Ripple on 12-V Signal
Figure 36 shows the output of the TPS7A3001 set at -12 V.
g +
—— SR S S — R —— i —
s 100ps T 10.0MS75 1 Wi o
[n 5.00V -+v0.000000 s 10k points 0.00 ¥ 18 May 2015
Value Mean Min Max Std Dev [ 05:45:04 ]
& Mean -11.9¥ 2.12 -11.8 12.0 12.0
Figure 36. —12-V Signal From TPS7A3001
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The ripple measured on the same —12 V is shown in Figure 37. The ripple value is much less than 10 mV.
(The signal captured in Figure 37 also includes noise from the oscilloscope itself. The peak-to-peak ripple
is much lesser than what is seen.)

v

[20.0;13 50.0MS/s © ] R
(@ 10.0mV A& Jli++0.000000s 10k points 6.40mV @
L Value Mean Min Max Std Dev ] 055709
@ Feak—Peak 6.00mY 2.04m 0.00 102m 7.00m

Figure 37. Ripple on —12-V Signal
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Figure 38 and Figure 39 show the two outputs of REF2025 set internally at 2.5 V and 1.25 V, respectively.

o

% .“. i

100ps 10.0MS/s " Wi B
(@ 2.00V ]{wo.oooooo s 10k points 0.00 V ][ 18 May 2015}
L Value Mean Min Max Std Dev ] 05:46:17
&P Mean 2.55Y 2.55 2.95 2.55 1.54m

Figure 38. 2.5-V Reference Signal Generated by REF2025

o

.‘h'. "

100ps 10.0MS/s o )
(@ LoV ]{wo.oooooo s 10k points 0.00 V J[ 18 May 2015}
L Value Mean Min Max Std Dev ] 05:46.36
&P Mean 1.28¥ 1.28 1.28 1.28 1.82m

Figure 39. 1.25-V Reference Signal Generated by REF2025
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Figure 40 and Figure 41 show the two outputs of the REF2033 set internally at 3.3 V and 1.65 V,

respectively.
1 +
100ps 10.0MS/s @ )
(@ 2.00V W-v0.000000s 10k points 0.00¥ )™ 18May 2015
Value Mean Min Max Std Dev 05:45:41
@& Mean 3.36 ¥ 3.01 31.2m 3.36 1.05
Figure 40. 3.3-V Reference Signal Generated by REF2033
1 o +
100ps 10.0MS/s 1
[n 100y W-+v0.000000 s 10k points 0.00 ¥ 18 May 2015
Yalue Mean Min Max Std Dev 05:46:00
@& Mean 1.68 Y 1.68 1.68 1.69 1.44m
Figure 41. 1.65-V Reference Signal Generated by REF2033
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7.2 Power Consumption of the Board Under Different Test Conditions
Table 6 shows the power consumption of the TIDA-00316 board under different test conditions.

Table 6. Power Consumption Test Data

TIDA-00316 BOARD POWERED UP WITH +15 V (NO CURRENT PASSING THROUGH THE HALL SENSOR)
Vin+ 14.997 Vin- 15
! lin+ 0.057 lin— 0.016
Pin+ 0.854829 Pin— 0.24 Total power 1.094829
TIDA-00316 BOARD POWERED UP WITH +15 V AND 8 A PASSING THROUGH THE HALL SENSOR
Vin+ 14.997 Vin- 15.001
2 lin+ 0.099 lin— 0.017
Pin+ 1.484703 Pin— 0.255017 Total power 1.73972
TIDA-00316 BOARD POWERED UP WITH +15 V AND -8 A PASSING THROUGH THE HALL SENSOR
Vin+ 14.997 Vin— 15
3 lin+ 0.054 lin— 0.038
Pin+ 0.809838 Pin— 0.57 Total power 1.379838
TIDA-00316 BOARD POWERED UP AND F2837X CONTROL CARD CONNECTED (NO CURRENT PASSING
THROUGH THE HALL SENSOR)
4 Vin+ 14.997 Vin— 15
lin+ 0.126 lin— 0.014
Pin+ 1.889622 Pin— 0.21 Total power 2.099622
TIDA-00316 BOARD POWERED UP AND F2837X CONTROL CARD CONNECTED (8 A PASSING THROUGH THE
HALL SENSOR)
5 Vin+ 14.997 Vin— 15
lin+ 0.167 lin— 0.015
Pin+ 2.504499 Pin— 0.225 Total power 2.729499
TIDA-00316 BOARD POWERED UP AND F2837X CONTROL CARD CONNECTED (-8 A PASSING THROUGH THE
HALL SENSOR)
6 Vin+ 14.997 Vin— 15
lin+ 0.121 lin— 0.037
Pin+ 1.814637 Pin— 0.555 Total power 2.369637
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7.3 DC Performance Tests

For any signal conditioning circuit, it is important to know the DC accuracy and performance. Note that in
a typical drive application, the current sensor would be used from 30% to 100% of its nominal current
rating so the accuracy should be considered for primary current from +2 A to +8 A for LAH 25-NP.

7.3.1 DC Performance of Bipolar Signal Conditioning Circuit

For analyzing the DC performance of the bipolar signal conditioning circuit, the ADS7253EVM and
ADS8353EVM (for 12-bit and 16-bit performance, respectively) are used along with the TIDA-00316
boards as shown in Figure 29. The DC accuracy is measured at each of the stages:

* On TIDA-00316 board:

— Sensor output

— Output of op-amp

— Output of Sallen-key Filter
* On ADC board:

— Input of ADC

— Output data on ADC GUI

7.3.1.1 DC Performance of Bipolar Signal Chain (Amplifier + Filter + ADC)

The DC accuracy is observed for the bipolar signal chain. Figure 42 and Figure 43 show the two accuracy
graphs for the negative current range (-1 to —8 A) and positive current range (1 to 8 A), respectively.

0.125 0.175
01 — Amplifier
. \\ 0.15 — Filter
0.075 ——— ADC
0.05 = ——
0.025 — 01
S 0 & 0075
S S
= -0.02 £
5 0.025 5 005
-0.05 ] 0.025
-0.075
O S
-0.1 | = Amplifier
. — Filter -0.025
0.125 ADC
-0.15 -0.05
-1 -2 -3 -4 -5 -6 -7 -8 115 2 25 3 35 4 45 5 55 6 65 7 75 8
Input Current (A) Input Current (A)
Figure 42. Bipolar Signal Chain DC Accuracy (for Figure 43. Bipolar Signal Chain DC Accuracy (for
Negative Input Current Range) Positive Input Current Range)
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7.3.1.2 DC Performance of Bipolar Signal Chain With ADS7253EVM (12-Bit ADC)

The total DC accuracy is measured at 25°C, 75°C, and —25°C. Figure 44 and Figure 45 show the two

accuracy graphs for the negative current range (-1 to —8 A) and positive current range (1 to 8 A),
respectively.

0.45
0.4
0.35
03\
AN
0.25
02\ e —

0.15
0.1 N\

0.05
0
-0.05 \

-0.1

o1s|— at +25C
B '02 — at+75C —
-0. at-25C

-0.25 [~

Total Error (%)

1 -2 -3 -4 -5 -6 -7 -8
Input Current (A)

Figure 44. Bipolar Signal Chain Circuit DC Accuracy at Three Different Temperatures—For Negative Input
Current Range—With 12-Bit ADC

While measuring the voltages at each of the outputs of the bipolar signal chain, the following changes in
the reference voltages are observed.

At —25°C, the reference voltage on the TIDA-00316 board changes by 1.7 mV and the reference on the
ADS7253EVM changes by 1.6 mV throughout the negative input current range.

At 75°C, the reference voltage on the TIDA-00316 board changes by 1.8 mV and the reference on the
ADS7253EVM changes by 3.3 mV throughout the negative input current range.

0.45

— at+25¢C
0.35 [SN—] — at+75T

at-25TC
0.25

0.15

0.05

-0.05

Total Error (%)

-0.15

-0.25

-0.35

-0.45

1 15 2 25 3 35 4 45 5 55 6 65 7 75 8
Input Current (A)

Figure 45. Bipolar Signal Chain Circuit DC Accuracy at Three Different Temperatures—For Positive Input
Current Range—With 12-Bit ADC
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While measuring the voltages at each of the outputs of the bipolar signal chain, the following changes in
the reference voltages are observed.

At —25°C, the reference voltage on the TIDA-00316 board changes by 2.4 mV and the reference on the
ADS7253EVM changes by 2.5 mV throughout the positive input current range.

At 75°C, the reference voltage on the TIDA-00316 board changes by 1.8 mV and the reference on the
ADS7253EVM changes by 3.1 mV throughout the positive input current range.

With the ADS7253EVM GUI, the DC Code histogram is also observed. Figure 46 shows the histogram for
the same. From the histogram, it is shown that

» ENOB (calculated using standard deviation) = 12 bits
» Noise free bits (calculated using peak-to-peak noise) = 11.63 bits

ADS7253 EVM GUI Capture Mode : $DCC Inferface

Histogram Analysis

Noise Histogram HS BEl 2w Display Az [Ch1 [

840 1860 1830 1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100 2120 2140 2160 2180 2200 2220 240 2%
Code Bin
Codes/Bins Sample Rate(KHz)
1000

Capture Settings

Samples # i StDev  Codesipp)  Mean  ENOB(StDev) Moise Free Bits
(3

2 204796 1200 1163

52 0.00 1200 1108

Figure 46. DC Code Histogram
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7.3.1.3 DC Performance of Bipolar Signal Chain With ADS8353EVM (16-Bit ADC)

The total DC accuracy is measured at 25°C, 75°C, and —25°C. Figure 47 and Figure 48 show the two
accuracy graphs for negative current range (-1 to —8 A) and positive current range (1 to 8 A), respectively.
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Figure 47. Bipolar Signal Chain Circuit DC Accuracy at Three Different Temperatures—For Negative Input
Current Range—With 16-Bit ADC

While measuring the voltages at each of the outputs of the bipolar signal chain, the following changes in
the reference voltages are observed.

At —25°C, the reference voltage on the TIDA-00316 board changes by 2.3 mV and the reference on the
ADSB8353EVM changes by 1.8 mV throughout the negative input current range.

At 75°C, the reference voltage on the TIDA-00316 board changes by 2.3 mV and the reference on the
ADSB8353EVM changes by 1.8 mV throughout the negative input current range.
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Figure 48. Bipolar Signal Chain Circuit DC Accuracy at Three Different Temperatures—For Positive Input
Current Range—With 16-Bit ADC
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While measuring the voltages at each of the outputs of the bipolar signal chain, the following changes in
the reference voltages are observed.

At —25°C, the reference voltage on the TIDA-00316 board changes by 2.3 mV and the reference on the
ADS8353EVM changes by 2.3 mV throughout the negative input current range.

At 75°C, the reference voltage on the TIDA-00316 board changes by 1.5 mV and the reference on the
ADS8353EVM changes by 1.5 mV throughout the negative input current range.

With the ADS8353EVM GUI, the DC Code histogram is also observed. Figure 49 shows the histogram for
the same. From the histogram, it is shown that

» ENOB (calculated using standard deviation) = 15.45 bits
» Noise free bits (calculated using peak-to-peak noise) = 12.73 bits
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Figure 49. DC Code Histogram

TIDUA44A—-June 2015—-Revised August 2015

Submit Documentation Feedback

Interfacing Current Output Hall Sensors and CTs With Pseudo-Differential 43
ADC/MCU Reference Design

Copyright © 2015, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUA44A

13 TEXAS
INSTRUMENTS

Test Data www.ti.com

7.3.2 DC Performance of Unipolar Signal Conditioning Circuit

For analyzing the DC performance of the unipolar signal conditioning circuit, the ADS7253EVM and
ADS8353EVM (for 12-bit and 16-bit performance, respectively) are used along with the TIDA-00316
boards as shown in Figure 29. The DC accuracy is measured at each of the stages:

* On TIDA-00316 board:

— Sensor output

— Output of op-amp

— Output of Sallen-key Filter
* On ADC board:

— Input of ADC

— Output data on ADC GUI

7.3.2.1 DC Performance of Unipolar Signal Chain (Amplifier + Filter + ADC)

The DC accuracy is observed for the unipolar signal chain. Figure 50 and Figure 51 show the two
accuracy graphs for the negative current range (-1 to —8 A) and positive current range (1 to 8 A),
respectively.
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Figure 50. Unipolar Signal Chain DC Accuracy (for Figure 51. Unipolar Signal Chain DC Accuracy (for
Negative Input Current Range) Positive Input Current Range)
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7.3.2.2 DC Performance of Unipolar Signal Chain With ADS7253EVM (12-Bit ADC)

The total DC accuracy is measured at 25°C, 75°C, and —25°C. Figure 52 and Figure 53 show the two

accuracy graphs for the negative current range (-1 to —8 A) and positive current range (1 to 8 A),
respectively.
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Figure 52. Unipolar Signal Chain Circuit DC Accuracy at Three Different Temperatures—For Negative
Input Current Range—With 12-Bit ADC

While measuring the voltages at each of the outputs of the unipolar signal chain, the following changes in
the reference voltages are observed.

At —25°C, the reference voltage on the TIDA-00316 board changes by 2.6 mV and the reference on the
ADS7253EVM changes by 2.5 mV throughout the negative input current range.

At 75°C, the reference voltage on the TIDA-00316 board changes by 1.6 mV and the reference on the
ADS7253EVM changes by 1.6 mV throughout the negative input current range.

0.3
0.25 N

0.2 N
0.15

0.1
0.05

Total Error (%)
o
=

-0.35 /"‘ — at+25T
04— 4 — at+75C
-0.45 at-25C

1 15 2 25 3 35 4 45 5 55 6 65 7 75 8
Input Current (A)

Figure 53. Unipolar Signal Chain Circuit DC Accuracy at Three Different Temperatures—For Positive
Input Current Range—With 12-Bit ADC
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While measuring the voltages at each of the outputs of the unipolar signal chain, the following changes in
the reference voltages are observed.

At —25°C, the reference voltage on the TIDA-00316 board changes by 2.2 mV and the reference on the
ADS7253EVM changes by 2.2 mV throughout the positive input current range.

At 75°C, the reference voltage on the TIDA-00316 board changes by 1.4 mV and the reference on the
ADS7253EVM changes by 1.4 mV throughout the positive input current range.

With the ADS7253EVM GUI, the DC code histogram is also observed. Figure 54 shows the histogram for
the same. From the histogram, it is shown that

» ENOB (calculated using standard deviation) = 12 bits
» Noise free bits (calculated using peak-to-peak noise) = 11.86 bits
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Figure 54. DC Code Histogram
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7.3.2.3 DC Performance of Unipolar Signal Chain With ADS8353EVM (16-Bit ADC)

The total DC accuracy is measured at 25°C, 75°C, and —25°C. Figure 55 and Figure 56 show the two

accuracy graphs for the negative current range (-1 to —8 A) and positive current range (1 to 8 A),
respectively.
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Figure 55. Unipolar Signal Chain Circuit DC Accuracy at Three Different Temperatures—For Negative
Input Current Range—With 16-Bit ADC

While measuring the voltages at each of the outputs of the unipolar signal chain, the following changes in
the reference voltages are observed.

At —25°C, the reference voltage on the TIDA-00316 board changes by 2.3 mV and the reference on the
ADS8353EVM changes by 2.1 mV throughout the negative input current range.

At 75°C, the reference voltage on the TIDA-00316 board changes by 1.7 mV and the reference on the
ADSB8353EVM changes by 1.6 mV throughout the negative input current range.
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Figure 56. Unipolar Signal Chain Circuit DC Accuracy at Three Different Temperatures—For Positive
Input Current Range—With 16-Bit ADC

TIDUA44A—-June 2015—-Revised August 2015 Interfacing Current Output Hall Sensors and CTs With Pseudo-Differential 47
Submit Documentation Feedback ADC/MCU Reference Design
Copyright © 2015, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUA44A

13 TEXAS
INSTRUMENTS

Test Data www.ti.com

While measuring the voltages at each of the outputs of the unipolar signal chain, the following changes in
the reference voltages are observed.

At —25°C, the reference voltage on the TIDA-00316 board changes by 1.6 mV and the reference on the
ADS8353EVM changes by 2.1 mV throughout the negative input current range.

At 75°C, the reference voltage on the TIDA-00316 board changes by 1.7 mV and the reference on the
ADSB8353EVM changes by 2.2 mV throughout the negative input current range.

With the ADS8353EVM GUI, the DC Code histogram is also observed. Figure 57 shows the histogram for
the same. From the histogram, it is shown that
» ENOB (calculated using standard deviation) = 15.22 bits

* Noise free bits (calculated using peak-to-peak noise) = 12.50 bits
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Figure 57. DC Histogram
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7.3.3 DC Performance of Bipolar Signal Conditioning Circuit Using Delfino F2837x Internal ADC

The DC accuracy of the bipolar signal conditioning circuit is also measured with the internal ADC of
Delfino F2837x. Figure 58 shows the DC accuracy graph for the negative input current range, and
Figure 59 shows the DC accuracy graph for the positive input current range.
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Figure 58. Bipolar Signal Chain Circuit DC Figure 59. Bipolar Signal Chain Circuit DC
Accuracy—For Negative Input Current Range—With Accuracy—For Positive Input Current Range—With
12-Bit Internal ADC of Delfino Controller 12-Bit Internal ADC of Delfino Controller

7.3.4 DC Performance of Unipolar Signal Conditioning Circuit Using Delfino F2837x Internal ADC

The DC accuracy of the unipolar signal conditioning circuit is also measured with the internal ADC of
Delfino F2837x. Figure 60 shows the DC accuracy graph for the negative input current range, and
Figure 61 shows the DC accuracy graph for the positive input current range.
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Figure 60. Unipolar Signal Chain Circuit DC Figure 61. Unipolar Signal Chain Circuit DC
Accuracy—For Negative Input Current Range—With Accuracy—For Positive Input Current Range—With
12-Bit Internal ADC of Delfino Controller 12-Bit Internal ADC of Delfino Controller
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7.4 AC (or Dynamic) Performance
For any data acquisition system, an important focus is to achieve excellent dynamic performance while
minimizing the total power consumption of the system. The main AC specifications that can be considered
are THD, SNR, SINAD, and ENOB. Essentially, all these parameters are different ways of quantifying the
noise and distortion performance of an ADC based on a Fast-Fourier Transform (FFT) analysis. A typical
FFT plot for an ADC is shown in Figure 62.
Digitized Signal Power
0 KRS \
-10 ! : __ Digitized Signal Power
-20 : : SNR = Noise
8 -30 : : _ Digitized Signal Power
S -40 ; ; SINAD = Noise + Harmonic Power
g 0 s
S -60 . i THD = Digitized Signal Power
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o : N I N W A— — .
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100 ; : Harmonics
-110 5k RN W S S N R
-120 { :
[ 0 J i i ittt ittt it kit ki I i it !
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Frequency (Hz)
Figure 62. Typical FFT Plot Showing Different Dynamic Parameters
Signal-to-noise ratio (SNR) provides insight into the total noise of the system. The total noise of the data
acquisition system is the rss of front-end amplifier noise (Vn_AMP_RMS) and the ADC noise
(Vn_ADC_RMS). The ADC noise includes the quantization noise as well as the noise contributed by ADC
internal circuitry or the input-referred noise of the ADC. The total noise contributions from all these
sources, denoted as Vn_TOT_RMS are referred to the input of the ADC for calculating the total SNR of
the system (SNRSYS).
2 2
Vi ToT_RMs = \/Vn_AMP_RMS +V{ Apc_RMs
\Y
SNRgyg = SIG_RMS
Vi _ToT_RMs (11)
Effective number of bits (ENOB) is an effective measurement of the quality of a digitized signal from an
ADC by specifying the number of bits above the noise floor. For an ideal N-bit ADC with only quantization
noise, the SNR (in dB) can be calculated as:
SNR =6.02xN+1.76 (12)
While ENOB provides a good summary of the ADC dynamic performance, it does not describe the
converter's entire performance over the operating frequency ranges and input signals. Additionally, ENOB
does not include the ADC dc specifications such as offset and gain error. Therefore, it is important to pay
attention to other converter specifications as well depending on the application in which the ADC is being
used.
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74.1 AC Performance of Bipolar Signal Conditioning Circuit Using ADS7253EVM

With the following test conditions, the waveform signal as well as the FFT of the signal is observed and
captured using the ADS7253EVM.

Input current flowing through LAH 25-NP = +8A (peak-to-peak) @ 50 Hz
Corresponding output voltage of LAH 25-NP (with burden resistor = 42.2 Q) = £1.05 V (peak-to-peak)

The settings done on ADS7253EVM GUI while capturing the signal are:
* Number of samples = 32768

e Sample rate = 476.471 kHz

» Internal reference = 2.5V

» 2-VREF mode selected

Figure 63 shows the waveform captured using the ADS7253EVM GUI. The measured voltage is
~2 V (peak-to-peak) @ 50 Hz.
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Figure 63. Current Waveform Captured With ADS7253EVM GUI

For the same signal, FFT is also captured using the ADS7253EVM GUI. The settings done for capturing
FFT are:

e Number of samples = 16384
* Window = 7-term B-Harris
e Sample rate = 476.471 kHz
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Figure 64 shows the FFT signal captured using the ADS7253EVM GUI. The measured SNR at the signal
level of —8.1377 dBFS is 65.8556 dB. It is important to note that an 8-A current is not the full-scale value
for which the signal chain is designed. That is the reason why the signal level is shown —8.1377 dBFS and
not 0 dBFS.
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Figure 64. FFT Captured With ADS7253EVM GUI

Observed results are:
« SNR =65.8556 dB
e THD =-105.5dB
e SINAD =65.9dB
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The zoomed version of FFT, shown in Figure 65, shows the 50-Hz signal.

Figure 65. Zoomed FFT Showing 50-Hz Signal
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7.4.2 AC Performance of Unipolar Signal Conditioning Circuit Using ADS7253EVM

With the following test conditions, the waveform signal as well as FFT of the signal is observed and
captured using the ADS7253EVM.

Input current flowing through LAH 25-NP = +8 A (peak-to-peak) @ 50 Hz
Corresponding output voltage of LAH 25-NP (with burden resistor = 42.2 Q) = £1.05 V (peak-to-peak)

The settings done on the ADS7253EVM GUI while capturing the signal are:
* Number of samples = 32768

e Sample rate = 476.471 kHz

» Internal reference = 2.5V

» 2-VREF mode selected

Figure 66 shows the waveform captured using the ADS7253EVM GUI. The measured voltage is ~2 V
(peak-to-peak) @ 50 Hz.
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Figure 66. Current Waveform Captured With ADS7253EVM GUI

For the same signal, FFT is also captured using the ADS7253EVM GUI. The settings done for capturing
FFT are:

e Number of samples = 32768
e  Window = 7-term B-Harris
e Sample rate = 476.471 kHz
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Figure 67 shows the FFT signal captured using the ADS7253EVM GUI. The measured SNR at the signal
level of —8.1377 dBFS is 65.8118 dB. It is important to note that an 8-A current is not the full-scale value
for which the signal chain is designed. That is the reason why the signal level is shown —8.1377 dBFS and
not 0 dBFS.
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Figure 67. FFT Captured With ADS7253EVM GUI
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The zoomed version of FFT shown in Figure 68, shows the 50-Hz signal.
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Figure 68. Zoomed FFT Showing 50-Hz Signal

Observed results are:

SNR = 65.8118 dB
THD =-104.7 dB
SINAD = 65.8 dB
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7.4.3 AC Performance of Bipolar Signal Conditioning Circuit Using Delfino F2837x Internal ADC

With the following test conditions, the waveform signal as well as FFT of the signal is observed and
captured using the Delfino F2837x Control Card.

Input current flowing through LAH 25-NP = +8 A (peak-to-peak) @ 50 Hz
Corresponding output voltage of LAH 25-NP (with burden resistor = 27 Q) = £422 mV (peak-to-peak)

The settings done on the Delfino F2837x software while capturing the signal are:
* ADC mode = Single ended

* Resolution = 12 bits

* ADC clock frequency = 30 MHz

e Through put (including ACQPS + Conversion time) = 567 ksps

» Reference voltage = 3.3V

» Supply voltage = 3.3V

* Number of sample = 100000

* FFT window = Blackman

Figure 69 shows the waveform captured using the Delfino GUI.

43 Sopranc_ADC_Histo Rampcap_SNR.vi Front Panel
Fle Edit View Project Qperate Jools Window Help

ﬂﬂ :m'lSp:&ppl-:aucn Font |« [fn‘|ﬁﬂm bl Q‘ g‘
T T Ll T — T = :
No.of pl o o 1 E— o = 1
Harmonlc Aropifhides| M"""‘" to calculate SNR 2 mrequene L from APS| fllllpl g Frequncy|
9 | 6.90 1000000 1 +50.000000E+0 | 49.369068E+0 +567.8230E+3
o % l49.3691E+0 ‘
| = = =
St 98.8463E+0 Numberof Harmonkes | Numberof Samplesl . Vet
= ' B -4096 12 ¢ B
Cemn 148.1144E+0 | I )
() —_—
|-97.82 197.6366E+0 N s e
'I-1o1 35 246.7537E+0 10.07 | ho.os |  lesz0 | 629719
L i
- vrirndons. Blackman {fundamental powes bins)

SNR | SNRD_ | U bind | captured data  :fTeme | uw
62.40 62.28 77.88 ls1.85 | SF Ep N I

RAW DATA | FFT magnitude plot | FFT plot

Captured Data PLOT

374 10000 20000 30000 40000 50000 60000 70000 OO 90000 100000 110000 120000 130000

JE e
T Ay
Figure 69. Current Waveform Captured With Delfino GUI
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For the same signal, FFT is also captured using Delfino GUI. Figure 70 shows the FFT signal captured
using the Delfino GUI.
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Figure 70. FFT Captured With Delfino GUI (Showing 50-Hz Signal)

Observed results are:

*  SNR = 62.40 dB (with signal strength = —6.89719 dBFS)

+ SINAD or SNRD = 62.28 dB

« THD =77.88 dB

+ SFDR =81.85dB

» ENOB (calculated using SNR) = 10.07 bits

The measured SNR at the signal level of —6.89719 dBFS is 62.40 dB. It is important to note that an 8-A

current is not the full-scale value for which the signal chain is designed. That is the reason why the signal
level is shown —6.89 dBFS and not 0 dBFS.
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7.4.4 AC Performance of Unipolar Signal Conditioning Circuit Using Delfino F2837x Internal ADC
With the following test conditions, the waveform signal as well as FFT of the signal is observed and

captured using the Delfino F2837x Control Card.
Input current flowing through LAH 25-NP = +8 A (peak-to-peak) @ 50 Hz

Corresponding output voltage of LAH 25-NP (with burden resistor = 27 Q) = £422 mV (peak-to-peak)

The settings done on the Delfino F2837x software while capturing the signal are:
* ADC mode = Single ended

* Resolution = 12 bits

* ADC clock frequency = 30 MHz

e Through put (including ACQPS + Conversion time) = 567 ksps

» Reference voltage = 3.3V

» Supply voltage = 3.3V

* Number of sample = 100000

* FFT window = Blackman

Figure 71 shows the waveform captured using the Delfino GUI.
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Figure 71. Current Waveform Captured With Delfino GUI
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For the same signal, FFT is also captured using the Delfino GUI. Figure 72 shows the FFT signal captured
using the Delfino GUI.
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Figure 72. FFT Captured With Delfino GUI (Showing 50-Hz Signal)

The observed results are:

* SNR =62.36 dB (with signal strength = —6.85723 dBFS)

» SINAD or SNRD = 62.13 dB

e THD =75.09 dB

+ SFDR =78.39 dB

» ENOB (calculated using SNR) = 10.07 bits

The measured SNR at the signal level of —6.85723 dBFS is 62.36 dB. It is important to note that an 8-A

current is not the full-scale value for which the signal chain is designed. That is the reason why the signal
level is shown —6.85723 dBFS and not O dBFS.
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7.5 Testing With ACIM and Motor Drive
The design is tested with a 3-kwW AC motor drive and 2HP AC induction motor. Figure 73 shows the test

setup.
3¢ I' 3-ph 3 kW [ ACIM
supply motor drive \
Lt
To ADC ADS7253 / 8353 TiDA-00316 [ *15V
gu | SPeC > EVM < board  [&—1-15V
€—i GND

Figure 73. Test Setup Block Diagram

Figure 74 shows the picture of the test setup.

N

-—

S
Power Supply for
IDA-00316 Board
o

:

2HP AC Induction Motor

Figure 74. Image Showing the Test Setup

As shown in Figure 74, the TIDA-00316 board is connected with an ADC board (ADS7253EVM) to capture
the motor current. The following parameters are set on the motor drive:

* Motor voltage = 415-V AC

* Motor frequency = 50 Hz

* Motor speed = 1440 rpm

* Motor current =14 A

» Acceleration and deceleration time = 5 seconds
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75.1 Testing of Bipolar Signal Conditioning Circuit

The ADC board (ADS7253EVM) is connected to the SMA jack J8 and the motor current is monitored
using the ADS7253EVM GUI. The sine wave signal (Figure 75) as well as FFT (Figure 77) of the motor
current is captured using the ADS7253EVM GUI. The motor current is also measured with a current probe
using an oscilloscope (Figure 76). The inverter switching frequency of the motor drive (used for testing) is
4 kHz and it is visible from the zoomed FFT plot (Figure 78) as well as FFT captured on an oscilloscope

(Figure 79).
()
ADS7253 EVM GU' Capture Mode : SDCC Interface’
Multi Scope Data Monitor
e Acquired Signal Data | Display Al | Channel 1 3 BE® Plto A~ Plotl
Acquired Data]
g 1 Il TR
275 ™ Il 1934 =
27- ; y I T 1935
265- i _ 1935
26- ! 1936
1936
255~ =
§ ] 1997
245- ¥ 1937
h : ' 1 y 1938
i 1938
) | 1939
Wl i, Ay 1939
ol g b il 1939 4
22- L i \ ml
L] 2000 4000 6000 8000 10000 12000 14000 16000 15000 20000 22000 24000 26000 28000 30000 32000 34000 Save Data
V1Y Asis as Volts Samples 3
Capture Settings Deévice Configaration Sg::" Status
# of Samples SCLK - [ ernal Reference Mode?
e [z 162Mhz  |=|  [@interal Reference?  [712°VREF Mode? 162Mhz || @@ dotemal Reference Mod
= ; : - ~ Sample Rate(KHz)
Configure Device 476471 J 2*VREF Mode
Figure 75. Motor Current Waveform Observed on ADS7253EVM GUI
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Figure 76. Motor Current Waveform Measured Using Oscilloscope
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Figure 78. FFT of Motor Current (Zoomed)—Shows Switching Frequency at 4 kHz and its Harmonics
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Figure 79. FFT of Motor Current Shown With Blue Graph

7.5.2

Testing of Unipolar Signal Conditioning Circuit

The ADC board (ADS7253EVM) is connected to the SMA jack J5 and the motor current is monitored
using the ADS7253EVM GUI. The sine wave signal (Figure 80) as well as FFT (Figure 82) of the motor
current is captured using the ADS7253EVM GUI. The motor current is also measured with a current probe
using an oscilloscope (Figure 81). The inverter switching frequency of the motor drive (used for testing) is
4 kHz and it is visible from the zoomed FFT plot (Figure 83) as well as FFT captured on an oscilloscope

(Figure 84).
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Figure 80. Motor Current Waveform Observed on ADS7253EVM GUI
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Figure 81. Motor Current Waveform Measured Using Oscilloscope
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Figure 83. FFT of Motor Current (Zoomed)—Shows Switching Frequency at 4 kHz and its Harmonics
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Figure 84. FFT of Motor Current Shown With Blue Graph
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7.6 Overcurrent Protection Test Results

The overcurrent protection circuit is typically tested above 200% of the nominal current of the Hall-effect
current sensor. As shown in Figure 7, LAH 25-NP with INP of 8 A can take a peak current up to 18 A. The
overcurrent protection at 18 A is 225% of nominal primary current. The TIDA-00316 is tested at 18 A. The
waveforms shown in Figure 85 and Figure 86 indicate the sensing of overcurrent condition at the positive
threshold VTH (pos). The time required for the detection of the signal is 800 ns.

Measure P1:pkpkiC1) FP2:pkpki{C2) P3:mean{C3) F4:pkpkiC4) P5--- PE---
value 18.2A 256 2233V 40
status v v v

5.00 Vidiv
-15.00 ¥ ofst 500 kS

Figure 85. Overcurrent Detection at VTH (pos)

c3

]

1

Figure 86. Overcurrent Detection at VTH (pos)—Zoomed
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threshold VTH(neg). The time required for the detection of the signal is 800 ns.

The waveforms shown in Figure 87 and Figure 88 indicate the sensing of overcurrent condition at negative

LeCroy

|
B B A o R A e Soa

Measure P1:pkpkiC1) P2 pkpkiC2) F3:meaniC3) F4:pkpkiCd) Pa---
value 186 A 278 -2.240% 4.0
v

status

Measure P1:pkpk(C1) P2:pkpk(C2) P3:mean(C3) Pd:pkpk(C4)
value 186 A 275V -2.240V 4.0V

P5:- - -

status

Ay 11 my| &y

Figure 88. Overcurrent Detection at VTH (heg)—Zoomed

¥2= -500.0130ms 1/8%= 1.2 MHz
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7.7 Testing with CT

This design has an option to connect external CT to connector J2. The burden resistor for CT still remains

same (R6) as for LAH 25-NP.

NOTE: When tested with external CT, the resistor R84 should be unpopulated to prevent any error

in the outputs.

CT turns ratio = 7: 3750
Burden resistor (R6) = 42.2 Q

Table 7 shows the voltage measured at the output of bipolar signal conditioning circuit and the unipolar

signal conditioning circuit.

Table 7. Test Results While Testing With CT

AC INPUT CURRENT (4) ®'SIGNAL CONDITIONING CIRCUIT |~ SIGNAL GONDITIONING CIRCUIT
0 0.002 mV 0.001 mVvV
1 0.03975 0.03969
2 0.07951 0.07941
3 0.11935 0.11932
4 0.15898 0.15883
5 0.19875 0.19852
6 0.23851 0.23821
7 0.27818 0.27785
8 0.31796 0.31762
9 0.35765 0.35723
10 0.39743 0.39696
11 0.43713 0.43658
12 0.47692 0.47626
13 0.51664 0.51593
14 0.55635 0.55563
15 0.59668 0.59593
16 0.63660 0.63577
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While the CT primary current is 8 A, Figure 89 and Figure 90 show the output voltage captured on the
ADS7253 EVM for bipolar and unipolar signal conditioning circuit, respectively.

[P

»

ADS7253 EVM GUI

Capture Mode : SDCC Interface

Multi Scope Data Monitor

Acquired Signal Data

o\

[|Display All? | Channel1 E\g,:@ Plotd . Plotl

[\
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N N RN R R AR R R NN R R NN N R NN N R AN NN R RN R NN
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[¥]¥ Asis as Volts Samples

Capture Scttings
2 of Samples
32768

Device Status
SCLK

16.2 Mhz

Device Configuration

Sm(mz Mhz  [=] [x] ) Intemal Reference Mode?
VRef A VRef B

[#lInternal Reference?

[
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Configure Device

Sample Rate(KHz)

25 25 476471 ) 2°VREF Mode

Figure 89. Output Voltage Captured While Testing With CT (Bipolar Signal Conditioning)
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Figure 90. Output Voltage Captured While Testing With CT (Unipolar Signal Conditioning)
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8

8.1

To download the schematics, see the design files at TIDA-00316.

Design Files

Schematics
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Figure 91. Power Supply Schematic
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Figure 92. Signal Chain—Pseudo Differential Schematic
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Figure 93. Signal Chain—Fully Differential + ADS7854 Schematic
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Figure 94. Delfino Controller Interface Schematic
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8.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-00316.

8.3 PCB Layout Recommendations

8.3.1 Layout of Unipolar Signal Chain

Figure 95 shows the layout of unipolar signal conditioning circuit (using OPA2322) on the TIDA-00316
board.

Figure 95. Layout of Unipolar Signal Conditioning Circuit

8.3.2 Layout of Bipolar Signal Chain

Figure 96 shows the layout of bipolar signal conditioning circuit (using OPA2192) on the TIDA-00316
board.

L7

—sR36
OR530f ]"'E %o 55

Figure 96. Layout of Bipolar Signal Conditioning Circuit
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8.3.3 Layout of TPS7A4901 and TPS7A3001

The TPS7A4901 family of positive, high-voltage linear regulators achieves stability with a minimum input
and output capacitance of 2.2 pF; however, Tl highly recommends using a 10-uF capacitor to maximize
AC performance. The input and output capacitors should be placed as close to the pin as possible, on the
same side as the IC; do not use vias between the capacitor and the pin.

Do's and Don'ts:

» Place at least one, low-ESR, 2.2-uF capacitor as close as possible to both the IN and OUT terminals of
the regulator to the GND pin.

» Provide adequate thermal paths away from the device.

» Do not place the input or output capacitor more than 10 mm away from the regulator.
» Do not exceed the absolute maximum ratings.

e Do not float the Enable (EN) pin.

« Do not resistively or inductively load the NR/SS pin.

Layout is a critical part of good power-supply design. There are several signal paths that conduct fast-
changing currents or voltages that can interact with stray inductance or parasitic capacitance to generate
noise or degrade the power-supply performance. To help eliminate these problems, the IN pin should be
bypassed to ground with a low ESR ceramic bypass capacitor. The GND pin should be tied directly to the
PowerPAD under the IC. The PowerPAD should be connected to any internal PCB ground planes using
multiple vias directly under the IC. Every capacitor (CIN, COUT, CNR/SS, and CFF) must be placed as
close as possible to the device and on the same side of the PCB as the regulator itself. Do not place any
of the capacitors on the opposite side of the PCB from where the regulator is installed. The use of vias
and long traces is strongly discouraged because these circuits may impact system performance negatively
and even cause instability. Figure 97 shows the layout of the TPS7A4901 and TPS7A3001 done on the
TIDA-00316 board.

Figure 97. Layout of TPS7A4901 and TPS7A3001
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8.3.4 Layout for TPS62150

A proper layout is critical for the operation of a switched mode power supply, even more at high switching
frequencies. Therefore, the PCB layout of the TPS62150 demands careful attention to ensure operation
and to get the performance specified. A poor layout can lead to issues like poor regulation (both line and
load), stability and accuracy weaknesses, increased EMI radiation, and noise sensitivity.

Both AGND and PGND pins are directly connected to the exposed thermal pad. On the PCB, the direct
common ground connection of AGND and PGND to the exposed thermal pad and the system ground
(ground plane) is mandatory. Also connect the VOS pin in the shortest way to VOUT at the output
capacitor. Provide low inductive and resistive paths for loops with high di/dt. Therefore, paths conducting
the switched load current should be as short and wide as possible. Provide low capacitive paths (with
respect to all other nodes) for wires with high dv/dt. Therefore, the input and output capacitance should be
placed as close as possible to the IC pins and parallel wiring over long distances as well as narrow traces
should be avoided. Loops that conduct an alternating current should outline an area as small as possible,
as this area is proportional to the energy radiated. Sensitive nodes like FB and VOS need to be connected
with short wires and not nearby high dv/dt signals (for example, SW). As signals carry information about
the output voltage, they should be connected as close as possible to the actual output voltage (at the
output capacitor). The capacitor on the SS/TR pin and on AVIN as well as the FB resistors, R1 and R2,
should be kept close to the IC and connect directly to those pins and the system ground plane. The
Exposed Thermal Pad must be soldered to the circuit board for mechanical reliability and to achieve
appropriate power dissipation.

Figure 98 shows the layout of the TPS62150 on the TIDA-00316 board.

Figure 98. Layout of TPS62150
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8.35

Layout of REF20xx

Some key considerations are:

Connect low-ESR, 0.1-yF ceramic bypass capacitors at V,y, Vger, and Vg s of the REF20xx.
Decouple other active devices in the system per the device specifications.

Use a solid ground plane to help distribute heat and reduce electromagnetic interference (EMI) noise
pickup.

Place the external components as close to the device as possible. This configuration prevents parasitic
errors (such as the Seebeck effect) from occurring.

Minimize trace length between the reference and bias connections to the INA and ADC to reduce noise
pickup.

Do not run sensitive analog traces in parallel with digital traces. Avoid crossing digital and analog
traces if possible, and only make perpendicular crossings when absolutely necessary.

Figure 99 shows the layout of the REF2025 and REF2033 on the TIDA-00316 board.

Figure 99. Layout of Voltage Reference Devices
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8.3.6 Layout of Anti-Aliasing Filters for Control Card

The anti-aliasing filters for ADC inputs are not available on the Delfino Control Card. Therefore, they are
provided on the TIDA-00316 PCB. Figure 100 shows these filters:

Figure 100. Layout Capture for ADC Input (and Filter Components) for Delfino Control Card
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8.3.7 Layout of Sensor LAH 25-NP

The layout of LAH 25-NP is shown in Figure 101. Note the traces from which current would be passing are
thick.

Figure 101. Sensor Circuit
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The current, measured in the motor drive, can have higher voltages that need special isolation and
spacing on the board. Figure 102 and Figure 103 show that there is no ground plane or power plane
placed below the sensor as well as the input connector.

) Al 000 ¢
® D
o[e)e
__—_

— Y —
Figure 102. Cut in Ground Plane for Isolation to High-Voltage Sections
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Figure 103. Cut in Power Plane for Isolation to High-Voltage Sections
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8.3.8 Ground Plane and Power Planes

Figure 104 shows the power plane for the TIDA-00316 PCB.

0. ¢.0.0. 0

AINP_t
AINP_2
ATNP_D
ATNM_D
GND

%ﬁﬂ- e co 6I
—aC :

Figure 104. Power Planes
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Figure 105 shows the ground plane for the TIDA-00316 PCB.

Figure 105. Ground Plane

8.3.9 Layer Plots
To download the layer plots, see the design files at TIDA-00316.

8.4 Gerber Files
To download the Gerber files, see the design files at TIDA-00316.

8.5 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-00316.
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incorporate Tl semiconductor products (also referred to herein as “components”). Buyer understands and agrees that Buyer remains
responsible for using its independent analysis, evaluation and judgment in designing Buyer’s systems and products.

Tl reference designs have been created using standard laboratory conditions and engineering practices. Tl has not conducted any
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corrections, enhancements, improvements and other changes to its reference designs.
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reference design in the development of their end products. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL
OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY THIRD PARTY TECHNOLOGY
OR INTELLECTUAL PROPERTY RIGHT, IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right,
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REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, EXPRESS, IMPLIED OR STATUTORY, INCLUDING ACCURACY OR
COMPLETENESS. TI DISCLAIMS ANY WARRANTY OF TITLE AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS
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JESDA46, latest issue, and to discontinue any product or service per JESD48, latest issue. Buyers should obtain the latest relevant
information before placing orders and should verify that such information is current and complete. All semiconductor products are sold
subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques for TI components are used to the extent Tl
deems necessary to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not
necessarily performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

Reproduction of significant portions of Tl information in Tl data books, data sheets or reference designs is permissible only if reproduction is
without alteration and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for
such altered documentation. Information of third parties may be subject to additional restrictions.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards that
anticipate dangerous failures, monitor failures and their consequences, lessen the likelihood of dangerous failures and take appropriate
remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use of any TI components in
Buyer's safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Il (or similar life-critical medical equipment) unless authorized officers of the parties
have executed an agreement specifically governing such use.

Only those Tl components that Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components that
have not been so designated is solely at Buyer's risk, and Buyer is solely responsible for compliance with all legal and regulatory
requirements in connection with such use.

Tl has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.
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