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Introduction

Analog Applications Journal is a collection of analog application articles
designed to give readers a basic understanding of TI products and to provide
simple but practical examples for typical applications. Written not only for
design engineers but also for engineering managers, technicians, system
designers and marketing and sales personnel, the book emphasizes general
application concepts over lengthy mathematical analyses.

These applications are not intended as “how-to” instructions for specific
circuits but as examples of how devices could be used to solve specific design
requirements. Readers will find tutorial information as well as practical
engineering solutions on components from the following categories:

e Data Acquisition

e Power Management

e Interface (Data Transmission)
e Amplifiers: Audio

e Amplifiers: Op Amps

e Low-Power RF

e General Interest

Where applicable, readers will also find software routines and program
structures. Finally, Analog Applications Journal includes helpful hints and
rules of thumb to guide readers in preparing for their design.

High-Performance Analog Products www.ti.com/aaj
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Power Management

Controlling switch-node ringing
In synchronous buck converters

By Robert Taylor, Applications Engineer,
and Ryan Manack, Field Applications Engineer

Introduction

As power-supply efficiency becomes more important, faster
switching speeds are necessary to reduce the losses.
However, as switching speeds are increased, there are
negative trade-offs that must be taken into account, such
as a consequential increase in electromagnetic interfer-
ence (EMI).

In a synchronous buck converter, fast-switching field-
effect transistors (FETs) can experience significant voltage
overshoots and ringing on the switch node. The magnitude
of the ringing is a function of the high-side MOSFET’s
switching speed and the stray inductances in the layout
and FET package. Proper techniques for circuit and layout
design must be observed to keep the ringing below the
absolute maximum rating of the synchronous FET.

This article focuses on three circuit designs that control
switch-node ringing with either a boot resistor, a high-side
gate resistor, or a snubber. Data is presented for each

approach, and the benefits of each are also discussed.
These techniques can be nullified by poor power-supply
layout, so it is important to take this into consideration
as well. Please see Reference 1 for more information
about layout.

Ringing caused by synchronous buck

converter's parasitics

The circuit in Figure 1 shows the power-stage components
for a synchronous buck converter. Included in this model
are the parasitic inductances and capacitances responsible
for switch-node ringing.

Assume that the converter is in steady state. During the
portion of the switching cycle when the low-side FET is
on, the power to the load is being provided only from the
output inductance and capacitance. At this point, energy
is being stored in the parasitic inductances of the low-side
FET relative to E = %L x12 At the end of the switching

Figure 1. Schematic showing parasitics of a buck converter
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cycle, the converter prepares to switch the
low-side FET off and the high-side FET
back on to replenish power to the output L.

Figure 2. Waveforms of switch-node ringing with 12-V input

Texas Instruments Incorporated

Strong gate drivers and a fast-switching
FET allow the low-side FET to be turned
off quickly. Assuming load conditions are
sufficient to keep the inductor current flow-
ing to the output, current is bypassed to the
body diode of the low-side FET, and energy
remains in the parasitic drain and source b

inductances of the low-side FET. After a

fixed dead time, the high-side FET turns
on, and the energy from the low-side and
high-side FETSs’ parasitic inductances

Time (50 ns/div)
(a) Baseline ringing (5 V/div)

Time (50 ns/div)

(b) Ringing with boot resistor
(5 V/div)

appears as an LC ringing waveform on the
switch node.

The voltage magnitude of this ringing can
exceed the absolute maximum drain-to-

source voltage of the low-side MOSFET. b
Fast-switching MOSFETs such as the Texas
Instruments (TT) CSD87350Q5D incorpo-

ST Y L

rate a stacked MOSFET pair that limits the
parasitic inductances through innovative

packaging techniques. (5 V/div)

Time (50 ns/div)
(c) Ringing with high-side gate resistor

Time (50 ns/div)
(d) Ringing with snubber (5 V/div)

Reducing ringing

A test circuit with a 1.1-V/20-A buck con-
verter was used to show the effects of switch-node ringing.
This circuit used the TT TPS40304 600-kHz buck control-
ler and the CSD87350Q5D fast-switching NexFET™
power block. The input-voltage range was 8 to 16 V. As a
baseline reference, a switch-node waveform (Figure 2) and
an efficiency plot (Figure 3) were generated without a
boot resistor, high-side gate resistor, or snubber connected.
The peak ringing with a 12-V input was 23.4 V. The effi-
ciency at maximum load was 87.2%.

The boot resistor, high-side gate resistor, and snubber
were optimized to reduce the overshoot to less than 20 V.
This overshoot limit provided some margin to protect the
FET, which had a 30-V maximum voltage
rating. Figure 2 shows the overshoot for
the baseline circuit and the reduced-
ringing overshoot for the boot resistor, gate

Figure 3. Efficiency versus load current

Using a boot resistor

The charge-pump circuit in Figure 1 uses Cg, to boost
the high-side gate supply above the supply voltage of the
power stage. One way to reduce ringing is to include a
boot resistor in series with the boot capacitor, which slows
down the turn-on of the high-side FET. This allows more
time for the parasitic network to discharge, ultimately
limiting the ringing. The value of the boot resistor is deter-
mined by starting at 0 Q and increasing the resistance
until the desired ringing is achieved. To reduce the ringing
for this design to below 20 V, a 6.8-Q boot resistor was

—e—Baseline

—=—Boot Resistor
High-Side Gate Resistor
—®-Snubber

resistor, and snubber. The waveform for 90
the gate resistor is very similar to that of 89
the boot resistor. It is important to notice 88 -
that only the magnitude of the ringing was = 87
affected by the boot-resistor and gate- EE 86 -
resistor methods. The snubber method 2 85
also changed the ringing frequency and :g 84 |
damped out the ringing waveform. Figure 3 i 83 |
shows the measured efficiency for each of 82|
these conditions. 81.

80
0

4 6 8 10 12 14 16 18 20
Load Current (A)

High-Performance Analog Products

Www.ti.com/aa

202012 Analog Applications Journal


http://www.ti.com/aaj

Texas Instruments Incorporated

Power Management

Table 1. Test data for three methods of reducing ringing

RINGING (V) FULL-LOAD EFFICIENCY (%)
METHOD
V|N=8V V|N=12V V|N=16V V|N=8V V|N=12V V|N=16V
Baseline 18.0 234 28.3 88.3 87.2 85.4
Boot Resistor 15.9 19.8 22.6 88.1 86.8 85.1
Gate Resistor 15.4 19.8 232 87.1 85.2 83.1
Snubber 14.2 19.1 231 88.1 86.7 84.1
required. It is interesting to note that the boot resistor Conclusion

affects only the turn-on of the high-side FET, making this
method an efficient way to reduce ringing. However, if the
boot resistor is made too large, the boot capacitor may not
get fully charged in each cycle. In this case, the gate driver
would not have sufficient voltage to keep the high-side
FET on and could turn off in the middle of the cycle. This
limits the amount of ringing that can be reduced with the
boot-resistor method.

Using a high-side gate resistor

Using a resistor in series with the gate of the high-side FET
is another effective way to reduce ringing. Similar to the
boot-resistor method, this resistor slows down the turn-on
of the high-side FET. However, because this resistor is in
series with the gate, it is also in the discharge path, so it
slows down the turn-off as well. To reduce the ringing for
this design to below 20 V, a 6.8-Q2 gate resistor was used.
This method is the least efficient of the three choices.

Using a snubber

The third option to consider for reducing ringing is a snub-
ber. The snubber circuit consists of a resistor and capacitor
that are connected in series from the switch node to
ground. The snubber circuit is used to damp the parasitic
inductances and capacitances during the switching transi-
tions. This circuit reduces the ringing voltage and fre-
quency and also reduces the number of ringing cycles.
This helps to reduce the EMI emitted by the system.

The procedure for choosing the capacitor and resistor
components starts with measuring the ringing frequency
of the original circuit. Once the frequency is determined, a
capacitor is put in parallel with the low-side FET to change
the ringing frequency to half the original value. When the
frequency is half the original value, the parallel capacitor
is equal to three times the parasitic capacitance of the
original circuit. With the capacitance and frequency
known, the parasitic inductance can be calculated by
using the formula f = %m/LC, where f is the original
ringing frequency and C is the parasitic capacitance. The
resistor to critically damp the circuit is calculated from the
equation R =m. This resistor may or may not provide
the necessary ringing reduction. Increasing the resistance
results in an underdamped system, which allows more
ringing but decreases power dissipation. Increasing the
capacitance reduces the ringing but increases power dissi-
pation. For the example, using a 2200-pF capacitor and a
1-Q resistor reduced ringing to 19.1 V.
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As MOSFET switching speeds continue to increase, con-
trolling the switch-node ringing of a synchronous buck
converter is critical. Doing so requires a good layout and
proper analog-circuit design with a boot resistor, a high-
side gate resistor, or a snubber. Table 1 shows the amount
of ringing reduction achieved with the test circuit and the
corresponding efficiency for each technique.

The boot resistor slows down the turn-on of the high-
side FET without affecting the turn-off. In the design
example, the boot resistor was the most efficient approach.
However, if this method is used, proper care must be taken
to prevent starving the gate. A resistor in series with the
gate increases both the turn-on and turn-off times of the
high-side MOSFET, which controls ringing on the rise and
fall of the switch node. This approach burns the most power
in the upper FET, reducing efficiency. An RC snubber
reduces the frequency and overshoot of ringing, but it
requires two extra components and has low efficiency at
light loads.

Every power-supply design is unique, so each method
should be inspected for its cost/benefit to the supply.
Often, the best approach may even be a combination of all
three circuits. The ultimate goal is to maintain a sufficient
margin below the MOSFET’s absolute maximum voltage
rating while maintaining as much efficiency in the power
stage as possible.
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A solar-powered buck/boost battery charger

By Jeff Falin, Factory Applications Engineer,
and Wang Li, Factory Applications Engineer
Introduction

Charging batteries with solar power has
become very popular. A solar cell’s typical

Figure 1. Block diagram of battery charger controller

voltage is 0.7 V. Panels range from having Solar-
one cell to several cells in series and are Panel

. . Input
therefore capable of producing a wide range Supply

of voltages. Most battery chargers on the
market today step down, or buck, their input
voltages. Therefore, to charge a two-cell
lithium-ion (Li-Ion) battery, for example, a
solar panel capable of producing at least
8.4V is needed. However, this same charger
cannot be used to step up, or boost, its input
voltage to charge a multicell Li-Ion battery
used in a laptop or a 12-V lead-acid battery
used in a solar lantern. It is possible to mod-

Vin _
é | Rsns Y/
BAT
Vec GDRVu — power
GDRV,, — Stage
Buck
Charger
Controller "RSNS+ c
FLTR
VRsNs- 1
VRer  FB

ify a buck battery charger into a battery
charger that both bucks and boosts. This
article identifies the key concerns of chang-
ing a buck battery charger into a buck/boost
SEPIC charger and provides a design exam-
ple using the Texas Instruments bq24650
battery charger controller for solar power.

SEPIC power stage versus buck
power stage

Figure 1 shows a simplified block diagram of
a battery charger controller. The charger
controller IC monitors the charging current
through Rgyg and the battery voltage through
the feedback resistors (Rypg and Rppp) and
adjusts the output of the power stage to meet
the charging parameters. If the input source
voltage can be both higher and lower than
the maximum battery voltage, a SEPIC power
stage capable of bucking and boosting can
be used.

Figure 2 compares a synchronous buck
power stage and a nonsynchronous SEPIC
power stage. The buck controller’s high-side
gate drive (GDRVyy) is used to drive the

Figure 2. Buck power stage (top) versus SEPIC power
stage (bottom)

Cwmip

Co_sepic

SEPIC converter’s power FET (Qpwg)-
However, a buck controller cannot be easily
configured to drive a synchronous rectifying switch for a
SEPIC converter. Therefore, Qgync is replaced by diode
Dggcr, and the low-side gate drive is not used. A buck con-
verter also provides continuous inductor current, filtered
by the capacitors Cq gyckx and Cqo chrar, to the load,
regardless of which switch is on. Unlike the buck converter,
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the SEPIC converter uses Qpyp only to charge the induc-
tor. During this time the output capacitor must supply the
battery-charging current. When Dypor turns on, the now
charged inductor provides both the output capacitor
recharging and battery-charging currents. Hence, the
SEPIC converter’s output-voltage ripple will always be

J

202012 Analog Applications Journal



http://www.ti.com/aaj

Texas Instruments Incorporated

higher than that of a buck converter with the same induc-
tor and output capacitance and same output power. This
ripple can cause inaccurate current measurement across
the current-sense resistor. As shown in Figure 1, a SEPIC
charger requires a larger filtering capacitor (Cp;rr) and
larger output capacitors (Cp ggpic and Cq curar) than
does a buck charger. - -

Limiting precharge current when Vg <<

VeatiLow)

With a deeply discharged battery, the battery voltage is
below a predetermined Vpap,owy threshold. For battery
safety, the charger should not provide full charge current to
the battery. Therefore, a current-limiting resistor between
the charger and battery is recommended to limit the charge
current to a lower, precharging current value. Once the
battery voltage exceeds the selected Vpap(i,owy, this resis-
tor can be shorted out with a FET to allow the controller
to provide higher charge currents. Figure 3 shows how
resistor Rprpcurg, @ FET (Qgprt), and a comparator can
be used to implement this functionality.

RprecHRrg s sized so that the voltage drop from Ipgrpcnra
flowing through Rprgchrg, plus the deeply discharged bat-
tery voltage (Vparrow)), is higher than the charger’s low-
battery threshold (for example, Vi owy), typically sensed
by the Vpp pin. Qgurr is sized to accommodate the maxi-
mum battery voltage (Vparaax)) and the maximum charge
current (Igprgauax)). The resistor across the comparator
(Ryys) provides hysteresis. Therefore, resistor dividers
are needed on the sensed voltages fed to the comparator.

Ensuring operation when Vg1 > Vi

or when Vg7 < VrygatstorT)

A buck charger expects the battery voltage
to always be less than its input voltage. In
fact, many chargers have a feature that puts
the charger into sleep mode if Vpur is greater
than V. Alternatively, if Vg7 falls below a
certain threshold, the IC may assume the
battery is shorted and enter protection mode.
If the current-sense pins (Vrgng, and Vrgng )
are used to determine the battery’s state, the
sensed voltages need to be level shifted.
Figure 4 shows how to use an instrumenta-
tion amplifier configured as a current-shunt
monitor to level shift the current information
sensed across Rgyng. This circuit keeps the
DC set point of the sensed voltages low
enough that the IC does not enter sleep
mode; it also keeps the voltages high enough
so that the IC does not enter short-circuit
protection. If the charger does not have its
own reference voltage (Vygp), an external
reference IC can be used.

VRrsNs+

CrLTR2

Figure 3. Precharge circuitry
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Figure 4. Current-sense level-shift circuit
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Computing the maximum charge current

A SEPIC converter’s maximum charge current is a function
of its available input power, both voltage and current. A
simple way to estimate the maximum charge current is to
compute a power balance where Pyy1/Pry = Nggr, Where
Ngsr IS an estimate of the boost charger’s efficiency in sim-
ilar operating conditions. The following equation can be
used to estimate the maximum charge current at a specific
battery voltage:

Vinomepy X Iinemppy X Nest
VBar ’

Icnramax) =

where Viyyppy is the solar panel’s maximum power-point
voltage, and Ijycyppy is the solar panel’s maximum power-
point current.

Rgng should be sized to provide Igppgaax)- Because
capacitor Cyp between the inductors stays charged to the
input voltage, Qpwy must have a voltage rating slightly
higher than Viyaax) + Vearauax)y- Ina SEPIC converter,
L1’s peak current is the maximum input current (Iyeyppy)
plus half the ripple current (Al;/2), and the peak current
of L2 and diode Dggcr Is the maximum output current
(crraax)) Plus Al /2. Qpwy sees the sum of these peak
currents when it is on, so it must have a current rating
higher than Iiyeppy + Ioaraoaaax) + AlL- The bq24650
charger controller can adjust the charge current to keep
the solar-panel output at its maximum power point.

Figure 5. The bq24650 configured as a SEPIC charger

Texas Instruments Incorporated

Design example of a solar-charged battery

Table 1 maps the functional pin names from Figure 1 to the
corresponding bg24650 pin names in Figure 5. Figure 5
shows the charge controller configured to charge a two-
cell Li-Ion battery with a maximum charge voltage of 8.4 V.
The maximum charge current was limited to 1.3 A. The
power NFET (Q2) and rectifying diode (D1) were sized
using standard design guidelines for a SEPIC converter.
The inductor and the output capacitors (C3 and C4) were
sized to reduce inductor-current ripple and the resulting
output-voltage ripple as well as to improve the small-signal
control-loop phase margin. A coupled inductor, in the same
footprint but only slightly taller than its single-inductor
counterpart, was used instead of two separate inductors.
The coupling effect allows the use of half the inductance
that would have been necessary for the same current ripple

Table 1. Cross-reference for controller pin names

FIGURIE,I‘:“CI\?:\\II\?;OLLER hq24650 PIN NAME
GDRVy, HIDRV
GDRVq LODRV
Vesns+ SRP
Vesns- SRN

FB VFB

VSYS
> 6.2t08.4V

(Upto2A)

c8 R22 | R23
2.2 pF PDS1040 20mQ | 10 mQ VBAT
45t08.4V
(Upto1.3A)
+ 2-Cell
c T
2.2 uF I ca
= L bq24650 A0
- | 750 kQ
R3 o7 1| VREF HIDRV
301 kQ 1uF PH
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if two separate inductors had been used. R18 Fi 6. Effici f ch in Fi 5
was used to slow down the fast turn-on of Q1. tgure . tiliciency ot charger in Figure

Also, the controller’s PH pin was grounded to

help provide the boosted output voltage. A 95
10-pF filter capacitor (C5) was necessary to 9
reduce switching noise coupled into the current- —
shunt monitor (U2). To prevent the output of 85 5‘/.’ //
-

the current-shunt monitor (U2) from loading
the SRP pin, a unity-gain buffer (U3), with
ground shifted to match that of the current
monitor, was necessary. With a discharged bat-
tery voltage of 4.5 V and the bq24650’s Vi gwy =
1.55V/2.1 Vx84V =62V, aminimum pre-
charge resistance (Rpggograoin) greater than

—— VN =19V; Vgar =84V [
—8— V) =5V; Vgar =8.4V
—A— Viy =8.4V; Vgar =8.4V

~
o

a 3
\w\\

Efficiency (%)

[=2]
(3]

60 1
6.2V-45V
0133a 108 =
50
zvaer;eOeded. A value of 100 QQ was selected - e - 15 g B
or . Igat (A)

Figure 6 shows the efficiency of this charger.
Although the bg24650 is internally compen-
sated for a buck charger, when it is configured

as a SEPIC charger its small-signal control loop
is stable over a wide operating range, as shown Figure 7. Bode plot of gain and phase with an open
in Figure 7. When using the bq24650 with a feedback loop at full charge current

different power-stage inductor and different

capacitors and batteries, the designer is

responsible for confirming loop stability. 50 | 19-V,, Gain 150
Conclusion 0 |4, sy Gain 19y, Phase 120
The demand for a buck/boost battery charger 30 1 ;Z B

is growing, especially as demand for charging 20 | )
from solar panels grows. By following the @“ 10 | 5.V Phase - 30 %’,
guidelines presented in this article and using T o0 IN 0 B
the proposed additional circuitry, the designer g ~10 | | 30 8
can convert a buck charger controller like the 20 - | 60 £
bq24650 into a SEPIC charger. When convert-

ing a different buck charger into a buck/boost — %0
SEPIC charger, the designer is responsible for —40 | - —120
understanding how that charger operates in -50 | - =150
order to determine which additional circuitry is ‘

necessary and to confirm stable operation. 100 1k 10k 100 k
Related Web sites Frequency (Hz)
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Remote sensing for power supplies

By Tiger Zhou

Senior Applications Engineer

Remote sensing is widely used in

Figure 1. Remote feedback to differential amplifier compensates for
parasitic-resistance voltage drop

telecommunication applications
TPS40400

to meet the demanding accuracy
requirements of critical ASICs and
processors. This article discusses
design considerations for remote
sensing, including power-plane

Rsns+

shortages, component placement,
parasitic resistance, and potential
oscillations. Also, a practical exam-

Differential
Op Amp

Load

ple demonstrates the effectiveness

of a high-frequency bypass capaci-
tor for mitigating oscillations asso-

Rsns-

.
:

ciated with remote sensing.

In high-end telecommunication
applications, the designer often
faces the challenges of delivering
power across large-scale printed
circuit boards. To give precious

real estate to critical ASICs and TPS62110

Figure 2. Remote sensing via resistor Rgys regulates the output for
Rp voltage drop

processors, the power supplies are
often allocated to the corner or

edge of the board. To compensate
for the resistive drop of the power

D
\/

Rsns

path, remote sensing is often
used—especially for low-voltage,
high-current applications. If not

attended to, the dynamic nature Op Amp

of the load coupled with the para-
sitic resistance of the power path
may affect the operation of the

<HHlE

.L____4F____
w
<
°
2
1]
o

WA

o]

Y

power supply.

Reducing power-path impedance

The available power planes can be used to reduce the DC
voltage gradient to within regulation tolerance. The power
plane helps with DC-regulation accuracy and improves
system efficiency by reducing the resistive drop along the
power path.

Splitting the output capacitance

It is important for a dynamic load such as a gate driver to
split the output capacitance between the supply and the
remote load. The output capacitance at the remote load
acts as a bypass capacitor for the dynamic load, reducing
the ripple/noise current from the delivering path. It also
stabilizes the output voltage at a remote sensing point,
which makes both the monitoring and the sensing cir-
cuitry more accurate and reliable.

High-Performance Analog Products
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High-frequency bypass capacitor

Adding a high-frequency bypass capacitor at the local
power supply is also beneficial. Modern converters are often
equipped with a differential amplifier for remote sensing.
Two sensing resistors are located near the remote side and
connect the load voltage back to the controller by differen-
tial pairs. As shown in Figure 1, the Texas Instruments (TI)
TPS40400 synchronous buck controller has a dedicated
differential amplifier that compensates for the voltage
drop across the power-path parasitic resistance (Rp).

If there is no dedicated differential amplifier, the power
supply can still be remotely sensed. A remote sense resis-
tor can connect the load voltage back to the converter,
compare the load voltage to the reference voltage, and
regulate the output voltage. Figure 2 shows the TI
TPS62110 step-down converter configured to remotely

202012 Analog Applications Journal
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sense the load and regulate the output for any
parasitic-resistance (Rp) voltage drop.

However, when a dynamic load is applied as
illustrated in Figure 2, the remote sense line picks
up the dynamic voltage and tries to compensate
for the voltage drop across the parasitic resistance Switch Node
(Rp). This may result in a low-frequency oscillation (5 Vidiv)
due to the controller propagation delay. It appears ML AR o W VLA LNA mb m  t
as slight jittering on the switching waveform and
causes elevated ripple on the output side. A high-
frequency bypass capacitor (Cpy,g) can easily
remedy the situation. It filters out the high- ‘ IR
frequency dynamic voltage while keeping the I ‘ \
characteristics of DC remote sensing. R ol B N M <]

A 7-V gate-drive power supply with a 1-nF I ‘ A W LAk ‘
bypass capacitor was tested with the TPS62110 " VoyrRipple 1T ‘
step-down converter. Figure 3 shows an output B peli)
ripple with 33-kHz oscillation that occurred when
no bypass capacitor was used. Figure 4 shows that
the addition of a 1-nF bypass capacitor clearly Time (50 ps/div)
removed the 33-kHz oscillation from the output
voltage and resulted in a low output ripple of 20 mV,
which was 0.3% of the regulated voltage.

Figure 3. Original output ripple with 33-kHz oscillation

bl bbb

Related Web sites Figure 4. Low output ripple with oscillation removed by
.......... 1-pF bypass capacitor

L www.ti.com/product/TPS62110; ;
Switch Node
(5 Vidiv)
it LA e K it 0 L s s i e il

Vour Ripple
(20 mV/div)

Time (50 ps/div)
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Charging a three-cell nickel-based
battery pack with a Li-lon charger

By Charles Mauney

Senior Applications Engineer, Power Marketing

Introduction Figure 1. Charge profile of 3S NiMH pack

One thing common to all portable devices is the
need for a portable energy source to power the

device. Many portable devices use lithium-ion 2

(Li-Ion) polymer cells, which have a high energy 4.9 —~

density that allows them to be light and small in 48 /

size. This has led to the design of numerous low- /

cost, highly integrated Li-Ion charger ICs to = 4.7 /

charge the batteries of such devices. For any g 4.6 //

device requiring high current, nickel-based cells 0] N

are still very popular due to their low impedance, s - //

low cost, and availability. They are also consid- é 4.4 /‘

ered safer than Li-Ion cells, which require many & 43

safety features. 4.2 [ 1C Constant-Current | |
Most systems require at least 3 V to operate, ’ Charge Rate =1A

which dictates using one Li-Ion cell or three 4.1

series (3S) nickel cells. Either type of cell 4.0

chemistry can power portable devices, but each 0 10 20 30 40 50 60 70

requires a different “fast-charge” method and Time (minutes)

thus a completely different charger IC. Due to

the emphasis on Li-lon cells and the need for
nickel-charger 1Cs to have several external com-

ponents, there are few modern, integrated, and Figure 2. Charge profile of typical Li-lon battery
easy-to-use nickel-charger ICs available today.

This article shows the justification for using a
highly integrated, low-cost, Li-Ion single-cell Precharge | CC Fast Charge CV Taper Termination
charger IC to charge nickel-cell packs and dis-
cusses the benefits and trade-offs.

VBAT(REG) [F~——-=—===-f-==-------—2

Charge profiles of nickel and Li-lon
batteries

All nickel cells require a constant-current (CC)
fast-charge rate greater than 0.3C and less than \
3C to have a detectable termination signal. Battery
Discharging a full cell in one hour takes 1C of Voltage
current. For example, a 2300-mAh cell is com- Viowy [--------

pletely discharged if loaded at 2300 mA for one IpRECHG /
hour. The nickel-charger IC uses a peak-voltage- /

lo(cHg) [ ———-- - -~ ~ e - — = - oo
Battery

Current

/

Taper-Current
Termination

detection algorithm to monitor the nickel pack’s Iterm
voltage. When the pack reaches a peak voltage
and then drops from that voltage by typically

3 to 6 mV per cell, the fast charge is terminated.
Once the cell becomes full, the excess energy is
dissipated as heat in the cell and the voltage
drops, since the cell’s internal impedance has decreased complete charge cycle at a 1-A (1C) constant-current

due to the increase in temperature. A very precise sam- (CO) fast charge.

pling circuit is required to detect the small voltage change By contrast, a Li-Ion charger has a constant-current and
that indicates fast-charge termination. Figure 1 is an constant-voltage (CC-CV) charge algorithm (Figure 2).
example of a 3S NiMH-pack charge profile during one During fast charge, the charge current is constant until
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the pack voltage reaches 4.2 V. At this point,

the voltage loop takes over and holds the volt-
age constant as the current tapers, typically to
one-tenth of the fast-charge current. When the

Figure 3. Discharge profile of 3S NiMH pack after
traditional CC charging

Power Management

charge current decreases to this level, termina- 4.5
tion occurs. The precharge mode is a safety fea-

ture for Li-Ion cells with internal shorts and will 40

be discussed later. The taper curve is nothing
more than a slow RC time constant. The pack
has internal resistance and capacitance. As the

e
2]

cell’s voltage increases, the voltage drop across
the cell’s internal resistance decreases, which
means less charge current.

o
=)

Pack Voltage (V)

A typical Li-Ion charger detects only the taper-
current termination (Ipggy), Which presents

some design challenges when it is used as a 25

nickel-cell charger. With the standard CC
method, a typical NiMH cell charges up to 20

Discharge Rate =1 A \
Capacity = ~2.2 Ah \

~1.55 V prior to termination. After termination, 0
it relaxes to ~1.45 V. A NiCd cell terminates at
~1.45 V and relaxes to ~1.35 V. So the total volt-

20 40 60 80 100 120 140
Time (minutes)

age for a 3S NiMH pack is 4.65 V/4.35 V, and for
a 3S NiCd pack, 4.35 V/4.05 V. Since the
“relaxed” voltages are very close to the Li-Ion cell’s termi-
nation point of 4.2V, this article investigates using a Li-Ion
single-cell charger to charge a 3S nickel pack. As the
nickel cells charge to full capacity, the pack’s voltage
approaches 4.2 V, which causes the Li-lon charger’s current
to taper to a very low level.

Safety concerns

There are no real safety concerns with the Li-lon CC-CV
method of charging a 3S nickel pack up to 4.2V, since the
current naturally tapers toward 0 A as the pack reaches
full capacity. Thus, there is little energy being applied to
the pack once it is full. Termination of the Li-lon charger
should be disabled, since it is not necessary and reduces
the charged capacity of the nickel cells if set too high. For
example, with the Texas Instruments bq24040/50/90 fami-
lies, the termination threshold can be programmed to a
fairly low level if desired.

There is some possibility that one of the 3S nickel cells
may become shorted and the fast charge may not reach
voltage regulation where the current tapers toward zero.
This concern can be addressed by placing a thermistor in
the battery pack so the charger IC can monitor and limit
the maximum temperature during this and other fault con-
ditions. The Li-Ion charger’s precharge mode is not needed
or used for typical charging of a nickel pack. However, this
mode can be a safety benefit that reduces the charge cur-
rent if the pack voltage drops to the precharge threshold
(2.5 to 3 V) due to a shorted pack. Another way to miti-
gate the risk of a shorted cell is to reduce the fast-charge

Analog Applications Journal 202012 www.ti.com/aa

current to C/5. This approach reduces the temperature
rise at the expense of moderately increasing charging time.

Many designs for nickel chargers do have some inherent
risks that are mitigated through circuitry that monitors the
charging process, declares a fault condition, and stops the
charge. In the typical CC fast-charge method, the IC looks
for a —dV or dT/dt. One issue with this method is that after
termination, if the device is removed and used for a minute
and then reconnected to the charger, the pack will have to
charge and heat up that much more to get a further dV
drop or dT/dt increase. If the device is removed and
replaced a few times, the impedance can drop only so
much, and charging will not terminate. However, as previ-
ously stated, adding a thermistor will enable the charger
IC to terminate the charge if the temperature fault thresh-
old is reached. Using a Li-Ion charger does not have this
recharging issue with the temperature unless a cell is
shorted, which suggests an overall safer design.

Test results

A NiMH pack was charged and discharged to determine
the difference in results between the CC and CC-CV charge
profiles. Figure 3 shows the discharge profile and capacity
of a typical 3S 2.3-Ah NiMH pack that was charged by the
traditional CC method at 1C. The capacity measured
~2.2 Ah and was the reference point for judging the CC-CV
charging method.

The first attempt at charging the pack with the CC-CV
method yielded a surprise, since the termination was still
set for 0.1C (230 mA). The battery did not charge long

High-Performance Analog Products
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before termination was reached, and the capacity was
measured at 0.76 Ah. Figure 4 shows the discharge profile
of the partially charged cell. Obviously, the cells were
undercharged due to the 0.1C termination. The fast-charge
termination threshold was similar to a 0.1C “trickle”-charge
rate, which means that a much higher capacity could have
been obtained if the trickle charge had been allowed to
continue. In order to store more capacity in the cells, the

Texas Instruments Incorporated

next step was to disable termination and see how the
capacity changed.

Figure 5 shows the charge profile of the pack when it
was charged without termination. The profile plots current
instead of voltage since the battery current was changing
and the battery was in voltage regulation 99% of the charg-
ing time. CC mode was seen for a few minutes at the start
of the charge. The current data was integrated over the

Figure 4. Discharge profile of 3S NiMH pack after CC-CV

charging with 230-mA termination
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Figure 5. CC-CV charge profile of 3S NiMH pack with no

1.2 i i 100
Capacity = 1.99 Ah 1 90
1.0 / 1 80
< o038 /l 1 3
S 1603
E E
306 50 §
(] ©
g 1409
-5 0.4 /Charge Current 1 30
1 20
0.2
N 110
0 0
0 5 10 15 20 25 30
Time (hours)
High-Performance Analog Products www.ti.com/aaj 202012 Analog Applications Journal


http://www.ti.com/aaj

Texas Instruments Incorporated

charging time and was used to determine that ~2 Ah were
delivered to the cell. Figure 6 shows the discharge profile

of the pack after it was charged without termination. The

pack’s measured capacity was 1.99 Ah.

As one can see, using the CC-CV method of charging a
3S NiMH pack results in charge capacity that approaches
that of a standard CC fast charge, but the last 30% of that
capacity takes longer to obtain.

Other applications

It is possible to apply the CC-CV method to a multicell
Li-Ion charger to charge more than three series cells by
adjusting the output voltage. If the regulation voltage is set
by using the rule of thumb of 4.2 V/3 cells = 1.4 V per cell,
this method should work fine. The design could be opti-
mized by choosing a regulation voltage that is closer to the
pack’s full-capacity voltage with a 0.1C current level. This
would give slightly more drive and would fully charge the
pack quicker with a slightly higher capacity. The NiMH
cells evaluated for this article had a pack voltage of 4.45V
at 0.1C (30°C) when full.

The CC-CV charging method can also be applied to a
pack with NiCd chemistry. The NiCd pack has a specified
voltage of 4.32 V at 0.1C (30°C) when full. The NiCd
open-circuit voltage immediately after termination of a
fast charge is ~1.4 V per cell times three, or 4.2 V, imply-
ing that the current goes to zero as the pack approaches
full capacity.

Figure 6. Discharge profile o
charging for 119 minutes

Power Management

When optimizing the maximum regulation voltage, the
designer should take into account the characteristics of the
cells to be used and whether or not they will be replace-
able. To identify any system design issues, a charger appli-
cation should always be tested over the full range of oper-
ation for all variables, plus a little more for some margin
assurance.

The CC-CV charging method can be applied to adapters
or USB sources, making the charging possibilities vast.

Conclusion

This article has shown that it is possible to charge a 3S
NiMH pack safely and to nearly full capacity with a single-
cell Li-Ion charger. The Li-Ion “nickel charger” can be clas-
sified as a hybrid fast/trickle charger, getting 70% of the
bulk charge in 5 hours. The charge current tapers toward
0 A near the end of the charge, which reduces the chance
of any thermal issues and possibly provides longer cell life.
Most noteworthy is that the CC-CV method can be used to
charge battery packs with either nickel-based or Li-Ion
chemistry with no changes in hardware or firmware, making
it a highly integrated solution at a low cost.

Related Web sites

'www.ti.com/battery

.
www.ti.com/product/partnumber
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Design considerations for a resistive
feedback divider in a DC/DC converter

By Darwin Fernandez
Applications Engineer

Introduction

The resistive divider is the most common network in any
DC/DC converter’s feedback system. However, it is often
misjudged as a circuit that simply sets the output voltage
by scaling it down to a reference voltage. After computing
the proper divider ratio, power-supply designers must make
careful considerations when choosing the actual resistance
values because they influence the overall performance of
the converter. This article discusses the design consider-
ations for the resistive divider in a feedback system and
how the divider affects a converter’s efficiency, output-
voltage accuracy, noise sensitivity, and stability.

Efficiency

Switching DC/DC converters have relatively high efficien-
cies because they provide power transfer to a load through
low-loss components such as capacitors, inductors, and
switches. High efficiencies allow for a longer battery life
and, consequently, an extended operational time for porta-
ble devices.

For low-power DC/DC converters, a typical design for
resistive feedback requires the total resistance of the
divider resistors (R1 + R2) to be very large (up to 1 MQ).
This minimizes the current through the feedback divider.

Figure 1. Efficiency of TPS62060 buck converter with
different feedback-divider resistances

This current is in addition to the load, which means that
for lower feedback-divider resistances, the battery must
supply more current and more power for the same load.
Hence, efficiency is lowered. This is undesirable, especially
in portable applications where battery life is important.

Design example 1

Figure 1 confirms that efficiency drops at low loads with
lower feedback resistances. In this example, the Texas
Instruments (TI) TPS62060EVM was used with Vi =5V,
Vour = 1.8 V, and power-save mode enabled. At high-load
currents, the power dissipated by the load was much
larger than the power dissipated by the resistive-feedback
network. This is why the efficiencies for different R1 and
R2 values converge at higher-load currents. However, at
low-load currents, the differences in efficiency for differ-
ent feedback resistances are more prominent. This is
because the current through the divider dominated the
current through the load. Therefore, to have higher effi-
ciencies at light loads, it is good design practice to use the
large feedback resistances recommended in the datasheet.
If efficiency at light loads is not important in a given design,
then smaller resistances can be used with essentially no
impact on efficiency.
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Output-voltage accuracy

Using large feedback resistances to increase
efficiency was just discussed. However, choos-
ing resistances that are too large affects the
converter’s output-voltage accuracy because of
leakage current going into the converter’s feed-
back pin. Figure 2 shows the current paths at
the resistive feedback divider (R1 and R2). For
a fixed feedback leakage current (Ipg), current
through R1 (I;) decreases as the values of R1
and R2 increase. Therefore, an increase in divider
resistance means that a larger percentage of Iy;
leaks into the feedback pin, and the current

Power Management

Figure 2. Leakage current going into the feedback pin
of a converter

* Vour
DC/DC
Converter R1 Um
&
FB Vs Rioad ILoad
R2 U R2

through R2 (Iyy) decreases, causing a lower

feedback-pin voltage (Vpg) than expected. Since

Vg is compared to an internal reference voltage to set the
output voltage, any inaccuracies in the feedback voltage
create inaccuracies in the output voltage. Equation 1 can
be derived from Kirchhoff’s Current Law, showing Vg as a
function of R1 and R2:

Vour —IppR1

Ve = R2X P Re

€))

Note that Ipp is not fixed in a real system and can vary
from device to device and over the operating conditions.
To generate a worst-case estimate of the output-voltage
change that is due to the leakage current, the specified
maximum value of Ipg is used in the calculations.

Design example 2

Equation 1 and the TI TPS62130 step-down converter were
used to graph the feedback-pin voltage and the correspond-
ing output voltage as functions of the feedback-divider

feedback-divider resistance

Figure 3. TPS62130's Vg and Yoyt as functions of

resistance (Figure 3). The voltage graphs were based on
the ideal resistances required to generate an output volt-
age of 3.3 V with a feedback-pin voltage of 0.8 V. The only
error term considered was the maximum feedback leakage
current of 100 nA specified in the datasheet.

Figure 3 shows that the feedback-pin voltage decreases
as the feedback-divider resistance increases. Since the
feedback-pin voltage is offset, the output of the converter
is also offset. At low resistances, there is no offset from
the feedback-pin voltage, and the output regulates at 3.3 V
as designed.

When the recommended maximum value of 400 kQ2 was
used for resistor R2, resulting in a total divider resistance
of 1650 kQ, the leakage current caused only a minimal
decrease in the output voltage. Keeping the output voltage
within the datasheet’s specified accuracy is typically the
reason for the datasheet to specify a maximum value for
one of the resistors.
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Noise sensitivity

The resistive divider is one source of noise for a converter.
This noise, known as thermal noise, is equal to 4KpTR,
where Kp is Boltzmann’s constant, T is the temperature

in Kelvin, and R is the resistance. Using large resistance
values for the divider increases this noise.

Additionally, large resistances allow more noise to couple
into the converter. This noise comes from a multitude of
sources, including AM and FM radio waves, cellular phone
signals, and switching converters or RF transmitters on
the PCB. Noise can even come from the switching DC/DC
converter itself, especially if proper PCB-layout practices
are not followed. Since the resistive divider is tied to the
feedback pin, the noise is amplified by the closed-loop gain
of the converter and is seen at the output. To reduce the
susceptibility to other noise sources, a designer might use
lower feedback resistances, better board layout, or shield-
ing. Using lower feedback resistances does reduce the noise
susceptibility, though at the cost of slightly lower efficiency.

Control loop, transient response, and
converter stability

A stable converter ideally has at least 45° of phase margin

when measured with a network analyzer. This much phase
margin gives less or no ringing on the output voltage, which
prevents damage to voltage-sensitive loads during an input-
voltage transient or load transient.

Depending on the control topology, the datasheet may
require or recommend a feedforward capacitor (Cpp) to be
used with the resistive feedback network. This setup is
shown in Figure 4. Adding the feedforward capacitor to the
resistive divider produces zero and pole frequencies that
generate a phase boost capable of increasing the converter’s
phase margin and crossover frequency for a higher band-
width and more stable system. Reference 2 describes this
circuit in great detail. From the transfer function of the
circuit in Figure 4, the zero frequency (f,) and the pole
frequency (f;,) are calculated with Equations 2 and 3,
respectively:

1

S — 2
Z 2nR1x Cpp @
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Figure 4. Resistive feedback network with
feedforward capacitor

DC/DC ¢
Converter
R1 % Cer

FB
R2
1
b xRz @)
FF'ZRI+R2

Clearly, the zero and pole frequencies are functions of
the values used for the resistive divider and the feed-
forward capacitor. Therefore, increasing or decreasing the
resistance values to optimize efficiency, voltage accuracy,
or noise changes the frequency location of the phase boost
and the overall loop of the system. To ensure stability,
Equation 4 should be used to calculate a new Cpp value
based on the previous zero frequency or the zero fre-
quency recommended in the datasheet (whichever value
is available):

1
Cpp (new) = 2nR1(new) x f,(recommended) or 4)
1
2rR1(new) x f,(old)
£,(old) = !
z ~ 2rR1(old) X Cpp(old)

Design example 3

The effect of the resistive divider on converter stability is
seen by using a buck converter. For example 3, the TI
TPS62240 buck converter was used, with Vi = 3.6 V, Vo
= 1.8V, Loyr = 2.2 pH, Coyp = 10 pF, and Ij,,q = 300 mA.
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Figures 5 and 6 respectively show the closed-loop the datasheet for the divider-network components were
response and its corresponding transient response under used (R1 =365 kQ, R2 = 182 kQ, and Cyp = 22 pF), the
three different resistive divider networks. A feedforward converter was stable, with a phase margin of 59°. Its tran-
capacitor was used in each network to illustrate how chang- sient response verified this with a slight output-voltage
ing the divider-network components changes the stability drop and no oscillations.

of the buck converter. When the values recommended in

Figure 5. Buck converter's closed-loop frequency response with

different R1, R2, and Cg values
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Figure 6. Buck converter’s load-transient response with different
R1, R2, and Cg values
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When the feedback-divider resistances were proportion-
ally reduced to R1 = 3.65 kQ and R2 = 1.82 kQ, but the
same feedforward capacitance (Cpyp = 22 pF) was used, the
change in the zero and pole frequencies of the feedback
network moved the phase boost away from the crossover
frequency of the loop. The frequency response showed
that the converter was less stable, with a phase margin of
40°. The converter’s transient response verified this with a
larger output-voltage drop and more ringing. To maintain
the original frequency response and stability, the Cpy value
was recalculated for the new feedback-resistance values.

Using Equation 4 with the smaller resistance values
yielded a new value for the feedforward capacitance of
2200 pF. This generated results similar to those of the first
condition. The converter was stable with a phase margin
of 56°, which its transient response verified with a slight
output-voltage drop and no oscillation.

For a converter that utilizes a feedforward capacitor in
its control topology, changing the values of the resistive
divider can easily make the converter less stable. However,
the example just given shows that changing these values
maintains the same frequency response and transient
response as long as the feedforward capacitance is
adjusted appropriately.

Special-case designs

The internal compensation of some converters requires a
specific Cpp value if a designer must use a feedforward
capacitor to improve stability. For these cases, Equation 4
should not be used. Rather, the designer should use the
datasheet’s recommended design equations. For example,
the TI TPS61070 has internal compensation across the
high-side feedback resistor (R1). Its datasheet recom-
mends using the following design equation for adding a
capacitor in parallel to R1:

200 kQ_l) 5)

Co = 3 pF
FF px( R2
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Conclusion

The resistive feedback divider or network affects the effi-
ciency, output-voltage accuracy, noise sensitivity, and sta-
bility of a DC/DC converter. To achieve the performance
shown in a particular datasheet, it is important to use the
datasheet’s recommended values for feedback components.
In other cases, system requirements may dictate departing
from these recommendations to achieve some other design
goal. By understanding the trade-offs between these differ-
ent parameters, designers can choose larger or smaller
resistances to meet their application needs.
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Source resistance and noise considerations
in amplifiers

By Jorge Vega

Characterization Engineer

Introduction

In many applications it is critical to design for low
noise. Different types of sensors, filters, and audio
designs are common examples where low noise is
critical. These applications can be modeled as a
source resistance in series with a signal source.
The source resistance has thermal noise and also
converts current noise into voltage noise, increas-
ing the amplifier’s total output-voltage noise.

A common question is how to choose an ampli-
fier that minimizes total output-voltage noise, even
when a source resistance is modeled. This question R
is relevant because amplifiers can be fabricated in S
either bipolar or CMOS technology. Bipolar ampli-
fiers have significant current noise but often have =
lower voltage noise than CMOS amplifiers for a (a) Bipolar amplifier (b) CMOS amplifier
given quiescent current. Current noise is most
problematic when the source resistance is high.
This article demonstrates how a CMOS amplifier is
the best choice when a high source resistance is used and _ \/ 2, (. 2
noise is the only concern. Knowing these facts along with o = (eN) * (IN % RS) M (4KBTRS) M
the voltage-noise specifications of the amplifier is instru-
mental in making the right choice. For this analysis, it is
assumed that the bipolar and CMOS amplifiers have com-
parable bandwidth, power, and intrinsic voltage noise. The
trade-offs between the two amplifiers are also examined.

Figure 1 shows each amplifier in a buffer configuration
with a modeled source resistance connected to the positive
input and ground. The different noise contributions from
the modeled source resistance, input-referred voltage noise,
and input-referred current noise are taken into account.
These models serve as reference examples for analyzing
and comparing amplifier noise performance in a low-noise
application where noise is the only parameter in play.

Figure 1. Buffer-configured amplifiers with source
resistance attached to positive input and ground

In Equation 1, Ej is the total voltage-noise density at the
output of the amplifier. ey and iy are the voltage- and
current-noise densities of the amplifier, respectively. Rg is
the source resistance connected to the positive input. Ky
is Boltzmann’s constant, equal to 1.38 x 1023 J/K, and T is
absolute temperature in Kelvin units. At room tempera-
ture, T is equal to 300 K. For all the calculations in this
article, it is assumed that T is at room temperature.

The three terms in Equation 1 account for the noise-
density contributors at the output of the amplifier. The
first term, ey, is the intrinsic voltage-noise density of the
amplifier, which is independent of the source resistance.
The second term, iy X Rg, shows the voltage contribution
Total voltage-noise contributions from the current-noise density multiplied by the source
resistance. The third term, \/4KgTRg, corresponds to the
thermal-noise density of the source resistance. The RMS
sum of these three terms yields the total voltage-noise
density of the amplifier in volts per square root of hertz.

In Equation 1, note that iy X Rg increases faster than
J4KpTRg as the source resistance increases. This is signif-
icant because, for low source resistance, the thermal-noise
density of the source resistance dominates. But there
comes a point when the contribution from iy X Rgbecomes

The key to choosing the best amplifier is to understand
how the amplifier’s current noise, voltage noise, and resis-
tor thermal noise combine to form the total output-voltage
noise. Depending on the magnitude of the source resist-
ance, sometimes low-current noise is the key specification.
In other cases, low-voltage noise may be the key specifica-
tion. To better understand this, the designer needs to have
a grasp of the amplifier’s total voltage-noise density, which
is given by a root-mean-square (RMS) operation:!

= ======7T"= J
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significant and is thus the domi-
nating noise source. Figure 2
presents a plot of these two
noise contributors in a linear-
linear scale.

Bipolar amplifiers have signifi-
cant current-noise density, which
the source resistance converts
into voltage-noise density. CMOS
amplifiers have a major advantage
in this regard over bipolar amplifi-
ers because their components
have extremely low current-noise
density. Even though both bipolar
and CMOS amplifiers have all three
noise contributors, the total noise
density in a CMOS amplifier is
primarily from only two noise
contributors, ey and \/4KgTRg.
This is because the current-noise
density of iy X Rg is very small
and its impact on the total noise
density can be neglected.

Datasheets for low-noise ampli-
fiers present a typical graph
showing the voltage- and current-
noise densities versus frequency
traces. Figure 3a shows this graph
for a bipolar amplifier, and Figure
3b for a CMOS amplifier. Note
that the trace for current-noise
density is not shown in Figure 3b
because it is extremely low, well
into the femtoamperes range.
This is in contrast to the bipolar
amplifier’s current-noise density,
which is in the picoamperes
range, or 1000 times greater than
that of the CMOS amplifier.

To compare the noise contribu-
tors on both amplifiers, the voltage
and current noise at 1 kHz can be
used as the reference. This facili-
tates the explanation, since the
thermal-noise region, not the
flicker region, of the graphs is
being examined. In Figure 3a,2 the
bipolar amplifier has a voltage-
noise density of 3.3 nV/v/Hz and a
current-noise density of 1 pA//Hz.
In Figure 3b,3 the CMOS amplifier
has a voltage-noise density of
4.5 nV/+/Hz. With these values for
intrinsic-noise density identified,
the noise-density contributors can
be quantified by using all three
terms of Equation 1 for the bipolar

Figure 2. Voltage-noise density versus source resistance

Texas Instruments Incorporated

50 T . . -
=== Resistor Thermal-Noise Density

. Intrinsic Current-Noise Density Times Rg
T 40 .
% in X Rs\
z
5 30
5
aQ e
2 [ f
g 20 — /
3 _— J4KgTRg
= /
o 10 -
>

0

0 5 10 15 20 25 30 35 40
Source Resistance, Rg (kQ)

10000

o
2
s
=
>
=
7]
c
[
o
(]
2
<]
=z
.
(]
(=)
©
=
o
>

1000

100

10

0.1

Frequency (Hz)

(a) Voltage- and current-noise density for a bipolar amplifier

Figure 3. Noise density versus frequency on bipolar and CMOS amplifiers
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amplifier, and the first and third terms for the CMOS
amplifier. The sweeping variable in Equation 1 is the
source resistance. In other words, the voltage-noise den-
sity is calculated as a function of source resistance with
voltage- and current-noise densities taken at 1 kHz. This is
shown in Example 1 for a bipolar amplifier.

Example 1: Bipolar amplifier's noise contributors
ey =3.3nV/vHz

iN XRS =1 pA/\/HZ XRS

JAKGTRg = \[4x(1.38 1072 J/K)x (300 K) x (Rg)

The second term of Equation 1 is not used for the CMOS
amplifier because current-noise density is negligible in a
CMOS amplifier. The calculation for the CMOS amplifier is
shown in Example 2.

Figure 4. Voltage-noise density versus source resistance

Amplifiers: Op Amps

Example 2: CMOS amplifier’s noise contributors

ey =4.5nV/VHz

JAKETRg = \/4 X (1.38 x10723 J/K) x (300 K)x(Rg)

Figure 4a plots the three noise-density contributors
for the bipolar amplifier. The trace for intrinsic voltage-
noise density (ey) is constant and independent of the
source resistance. As the source resistance increases,
the value of iy X Rg, although small for low source resist-
ance, increases faster than that of \/4KgTRg, becoming
the dominating noise source.

The noise-density contributors for the CMOS amplifier
are plotted in Figure 4b.

For the bipolar amplifier, the total voltage-noise density
(Ep) at 1 kHz can be obtained by using Equation 1. The
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total noise density for the CMOS amplifier is given by
Equation 2:

Eo = \/ (ex)” +(4KTRs) (2)

Figures 5a and bb respectively plot the total voltage-noise
density for the bipolar amplifier and the CMOS amplifier.
Figure ba shows that, on a bipolar amplifier using low
source-resistance values, the total voltage-noise density
(Ep) converges with the intrinsic voltage-noise density (ey)
of the amplifier. For midrange source-resistance values, Eq,
approaches the thermal-noise density of the source resist-
ance ( [4KpTRg ) For large source-resistance values, Eq
converges with the product of the current-noise density

Figure 5. Total voltage-noise density versus source resistance
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and the source resistance (iN X Rs)- The current-noise
density becomes a significant contributor towards the
amplifier’s total output-voltage-noise density as source
resistance increases.

Figure 5b shows that, for low source resistance, the E,
of the CMOS amplifier, like that of the bipolar amplifier,
converges with the amplifier’s intrinsic voltage-noise
density (ey). The difference between the bipolar and the
CMOS amplifier lies where the noise density converges for
high source resistance. As already noted, the bipolar ampli-
fier’s Eq converges with iy x Rg for large source resistance.
However, as shown in Figure 5b, the CMOS amplifier’s E
converges with the thermal-noise density of the source

resistance ( J4KgTRg )
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Noise analysis using
different Rg values

Figure 6 shows the total voltage-
noise density as a function of

Figure 6. Total voltage-noise density of bipolar and CMOS amplifiers
compared to thermal-noise density of Rg
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ging values from the voltage-noise-
density curves into Equations 1
and 2 to get an idea of what type of amplifier will yield the
best noise characteristic.

In Example 3, the bipolar amplifier (Figure 3a) has a
voltage noise (ey) of 3.3 nV/~/Hz at 1 kHz. The equivalent
resistor value that generates this same amount of noise
can be calculated by rearranging ey = \/4KgTRg to solve
for Rg.

Example 3: Calculations with iy xRg << ,/4KgTRg and a
small Rg value

Ry - N
ST 4KET’

where ey = 3.3 nV/+/Hz, Kp = 1.38 x 1023 J/K, and
T =300 K.

(3.3 nVA/Hz )2

~ 660 Q
4x(1.38x10°% J/K)x (300 K)

RSZ

Substituting 660 € for Rq yields the noise-density
contributors:

ey = 3.3 nV/v/Hz

iy X Rg = (1 pAAHz) % (660 Q) = 0.66 nV/</Hz

JAKGTR = \[4x(1.38x 10 J/K) x (300 K) x (660 Q)
=3.3nVA/Hz

The total noise is

B = /(3.3 nVA/Hz )| +(0.66 nVAHz ) + (3.3 nvA/Hz )
= 4.71 nVA/Hz.
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Note that if the current-noise density is ignored, the
following is obtained:

E = \/(33 nVAHZ )+ (3.3 nVAHZ) = 4.66 nVAHz

Thus, ignoring this term for a source resistance of 660
has little impact on the total voltage-noise density. Factor-
ing yields a term of +/2, or 3 dB:

Eo =~2x(3.3nVA/Hz) = 4.7 nV/A/Hz

Thus, if a source resistance of 660 Q is used, the increase
in noise is approximately 4.7 nV/~/Hz, or 3 dB. Beyond
660 Q, the total noise starts to converge with the thermal
noise of the source resistance.

Example 4: Calculations with iy xRg = ,/4KgTRg and a
larger Rg value

Just like in Example 3, the current-noise density begins to
become a major factor when ,/4KgTRg becomes approxi-
mately equal to iy X Rg:

iy XRg = \/m
_4KgT
)
where iy = 1 pA/AHz, Ky = 1.38 x 1023 J/K, and T = 300 K.
4x(1.38x107 J/K)x (300 K)
) (1 pAAHZ )2

Substituting 16 kQ for Rq yields the noise-density
contributors:

=16 kQ

Rg

ey = 3.3 nV/vHz
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iy X Rg = (1 pAATHZ) x (16 kQ) = 16 nV/A/Hz

JAKTRg = \/4 X (1.38 x10723 J/K) x (300 K)x (16 kQ)
= 16 nVAHz

The total noise is

E = \/(33 nVATHZ ) + (16 nVAHZ ) +(16 nVA/Hz )’
= 23.06 nV/A/Hz.

If the intrinsic voltage-noise density is ignored, the follow-
ing is obtained:

Eo = \/(16 nV/JE)2 +(16 nV/\/E)2 =/2x(16 nVA/Hz)
=22.82 nV/\/Hz

Ignoring the intrinsic voltage-noise density for a source
resistance of 16 kQ has little impact on the total noise
density because the amplifier is starting to be affected
only by the current-noise density and the thermal-noise
density of the source resistance. Beyond 16 kQ, the total
voltage-noise density begins to converge with iy X Rg. The
bipolar amplifier provides the least noise of the two ampli-
fiers at low source impedance, from approximately 660 Q
and below.

The CMOS amplifier shows the least amount of noise at
high source resistance. The 3-dB point is when the ther-
mal noise of the source resistance is equal to 4.5 nV/~/Hz ,
which corresponds to 1.2 kQ. Beyond this point, the out-
put noise starts to converge with the thermal noise of the
source resistance because the CMOS amplifier has negligi-
ble current noise.

Choosing the right amplifier

A quick rule of thumb can be used to decide if a bipolar or
a CMOS amplifier is best: If ey is larger than or equal to

iy X Rg, a bipolar amplifier should be used; otherwise a
CMOS amplifier should be used. For example, if data for
the OPA1662 were used and Rq equaled 100 Q, then ey
would be 3.3 nV/+/Hz, and iy x Rg would be 1 pA/x/Hz x
100 Q, or 0.1 nV/~/Hz. Since 3.3 nV/v/Hz > 0.1 nV/</Hz,
using a bipolar amplifier would be best. If Rq equaled

100 kQ, then iy x Rg would be 1 pA/NHz x 100 kQ, or

100 nV/~/Hz. Since 3.3 nV/~/Hz < 100 nV/~/Hz, the right
choice would be a CMOS amplifier. This rule of thumb
ignores the thermal noise of the source resistance, which
will be present regardless of the amplifier chosen. Figure 6
validates this rule of thumb.

If the application calls for a midrange source resistance
of about 4 kQ, what amplifier should be used according to
Figure 6? When the gain bandwidth, power, and DC speci-
fications are comparable, a bipolar amplifier can be almost
twice the price of a CMOS amplifier. So the choice would
be the CMOS amplifier because it yields noise characteris-
tics that are approximately equal to those of the bipolar
amplifier for this source resistance.

Www.ti.com/aa
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The choice of source resistance also plays a role in the
amplifier’s total harmonic distortion plus noise (THD+N).
The THD+N in bipolar amplifiers gets worse with increas-
ing source resistance, whereas the CMOS amplifier has
negligible current noise to increase the total distortion.4
In a low-noise, low-distortion application with a large source
resistance, a CMOS amplifier would be a better choice.

Coincidentally, the measurement of current noise in
bipolar amplifiers is done with the choice of a source resist-
ance whose value for thermal noise is lower than iy X Rg.
The voltage noise due to iy X Rq is intentionally made big-
ger than the thermal voltage noise of the source resistance
so it can be easily measured.

Conclusion

Low-noise applications that demand the use of source
resistance require an amplifier that minimizes the total
output-voltage noise. This article has discussed the differ-
ent voltage-noise contributors on a bipolar and a CMOS
amplifier that have comparable bandwidth, power, and
intrinsic voltage noise. It has been shown that the bipolar
amplifier is a poor choice for use with high source resist-
ance because the voltage-noise contribution from iy X Rg
becomes increasingly dominant. The CMOS amplifier is a
better choice since its current noise is negligible. With this
information in hand, the system designer is better equipped
when choosing between a bipolar or a CMOS amplifier for
a low-noise application when noise is the only concern.
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Industrial flow meters/flow transmitters

By Deepa Kalyanaraman
Business Development Manager, End-Equipment Solutions

Introduction

Flow meters are an integral tool for measuring the flow

of liquid, gas, or a mixture of both in applications used in
the food and beverage industry, oil and gas plants, and
chemical/pharmaceutical factories. There are many differ-
ent types of flow meters available on the market. Fluid
characteristics (single or double phase, viscosity, turbidity,
etc.), flow profile (laminar, transitional, or turbulent, etc.),
flow range, and the need for accurate measurements are
key factors for determining the right flow meter for a par-
ticular application. Additional considerations such as
mechanical restrictions and output-connectivity options
also impact this choice. The overall accuracy of a flow
meter depends to some extent on the circumstances of
the application. The effects of pressure, temperature,
fluid, and dynamic influences can potentially alter the
measurement being taken.

Industrial flow meters are used in environments where
noise and sources of high-voltage surges proliferate. This
means that the analog front end (AFE) needs to operate
at high common-mode voltages and have extremely good
noise performance, in addition to processing small electri-
cal signals with high precision and repeatability. The 4- to
20-mA loop is the most common interface between flow
transmitters and flow-control equipment such as program-
mable logic controllers. Flow transmitters can either be
powered by this loop or have a dedicated power line. Flow
transmitters designed to use the loop have extremely
stringent power constraints, as all of the electronics for
signal acquisition/processing and transmission may need
to operate solely off the 4- to 20-mA loop. Ultra-low-power
processors such as the Texas Instruments MSP430™ and
TMS320C5000™ DSP families, in conjunction with high-
precision, low-power AFE solutions, are commonly used in
loop-powered transmitters. Transmitters with digital-
connectivity features such as a process field bus
(PROFIBUS), I/O links, and/or wireless connectivity are
increasingly popular, as they reduce start-up times and
provide continuous monitoring and fault diagnostics. All
these factors greatly improve productivity and efficiency
of the automation loop.

This article provides an overview of the working opera-
tion of the four most common flow meters: differential-
pressure, electromagnetic (magmeter), Coriolis, and
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ultrasonic, the last of which includes Doppler-shift and
transit-time flow meters. The key uses of these meters are
presented along with their advantages/disadvantages and
system considerations.

Differential-pressure flow meter

This meter operates based on Bernoulli’s principle. It mea-
sures the differential-pressure drop across a constriction
in the flow’s path to infer the flow velocity. Common types
of differential-pressure flow meters are the orifice, the pitot
tube, and the venturi tube. An orifice flow meter (Figure 1)
is used to create a constriction in the flow path. As the
fluid flows through the hole in the orifice plate, in accord-
ance with the law of conservation of mass, the velocity of
the fluid that leaves the orifice is more than the velocity of
the fluid as it approaches the orifice. By Bernoulli’s princi-
ple, this means that the pressure on the inlet side is higher
than the pressure on the outlet side. Measuring this differ-
ential pressure gives a direct measure of the flow velocity
from which the volumetric flow can easily be calculated.

System considerations for differential-pressure flow meters

e Robust and mature technology with easy maintenance
(no moving parts)

e Suitable for turbulent flow

e Poor accuracy for low-flow measurements

e [Uses extractive flow-measurement technique, so there
is always a permanent pressure loss that must be over-
come with extra pumping energy

e Requires strict placement of pipe fittings, elbows, and
bends for downstream and upstream constriction taps

Figure 1. Differential-pressure orifice
flow meter

Orifice
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Electromagnetic flow meter (magmeter)

The electromagnetic flow meter, also known as a magmeter,
is based on Faraday’s law of electromagnetism and can be
used to measure the flow only of conductive fluids. Two
field coil magnets are used to create a strong magnetic field
across a pipe (Figure 2). Per Faraday’s law, as the liquid
flows through the pipe, a small electric voltage is induced.
This voltage is picked up by two sensor electrodes located
across the pipe. The rate of fluid flow is directly propor-
tional to the amplitude of the electric voltage induced.

Figure 2. Electromagnetic flow meter

Flow

€y o——

ey (voltage) = —dB/dt B = Magnetic field

The coils used to create the magnetic field can be
excited with AC or DC power sources. In AC excitation,
the coils are excited with a 50-Hz AC signal. This has the
advantage of drawing a smaller current from the system
than the DC excitation technique. However, the AC excita-
tion method is susceptible to interference from nearby
power cables and line transformers. Thus, it can introduce
errors into the signals measured. Furthermore, null drift-
ing is a common problem for AC-powered systems and
cannot be calibrated out. Pulsed DC excitation, where the
polarity of the current applied to the field coils is periodi-
cally reversed, is commonly employed as a method to
reduce the current demand and mitigate the problems
seen with AC-powered systems.
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System considerations for electromagnetic

flow meters (magmeters)

e (Can measure only fluids with conductivity greater than
10 pS/cm, eliminating their use in the petroleum, oil,
and gas industries, since hydrocarbons have poor
conductivity

e Sensor-electrode choices change depending on fluid
conductivity, pipe construction, and type of installation

e No losses in system pressure, which may be critical in
applications that cannot tolerate pressure drops, such as
applications with low-velocity flow

e [deal for corrosive and dirty fluids, slurries, etc., pro-
vided the liquid phase has sufficient conductivity, since
the flow meter has no internal parts

e High accuracy to within 1% of indicated flow
e Higher cost

Coriolis flow meter
This popular flow meter directly measures mass flow rate.
The installation can include a single straight tube or, as
shown in Figure 3, a dual curved tube. The architecture
with a single straight tube is easier to construct and main-
tain because it is subject to fewer stress forces, but it is
susceptible to interference and noise. The architecture
with dual curved tubes cancels out any noise picked up
because the two tubes oscillate in counterphase.

In Coriolis meters, the tubes through which the fluid
flows are made to oscillate at a particular resonant
frequency by forcing a strong magnetic field on the

Figure 3. Coriolis flow meter
[ 1
)

( —| |
| T

I

F¢ (Coriolis force) = 2mav,
m = Moving mass

o = Speed of rotation
v, = Radial velocity
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tubes. When the fluid starts flowing through the tubes, it
is subject to Coriolis force. The oscillatory motion of the
tubes superimposes on the linear motion of the fluid, exert-
ing twisting forces on the tubes. This twisting is due to

Figure 4. Signals detected by sensor in
Coriolis flow meter

At

Pickoff
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A Pickoff
' ' (Outlet Side)

(a) Time difference between inlet and outlet

(microseconds)

Phase Shift

/

(b) Phase shift translates to flow rate

General Interest

Coriolis acceleration acting in opposite directions on either

side of the tubes and the fluid’s resistance to the vertical
motion. Sensor electrodes placed on both the inlet and
outlet sides pick up the time difference caused by this
motion. This phase shift due to the twisting forces is a
direct measurement of mass flow rate. Figure 4 shows
typical detection results.

System considerations for Coriolis flow meters

e Direct measurement of mass flow rate eliminates
effects of temperature, pressure, and flow profile on
the measurement

e High accuracy

e Sensor can make simultaneous measurements of flow
rate and density because the basic oscillating frequency
of the tube(s) depends on the density of the fluid flow-
ing inside

e (Cannot measure flow rate of fluids with entrained
particles (liquids with gas or solid particles; gas with
liquid bubbles; etc.) because such particles dampen the
tube’s oscillations, making it difficult to take accurate
measurements

Ultrasonic flow meter

Doppler-shift meter

The Doppler-shift ultrasonic meter, as the name suggests,
is based on the Doppler effect. This meter (Figure 5) con-
sists of transmit- and receive-node sensors. The transmit
node propagates an ultrasound wave of 0.5 to 10 MHz into
the fluid, which is moving at a velocity v. It is assumed that
the particles or bubbles in the fluid are moving at the same
velocity. These particles reflect the propagated wave to
the receiver with a frequency shift. The difference in fre-
quency between the transmitted and received ultrasound
wave is a measure of the flow velocity. Because this type
of ultrasound flow meter requires sufficient reflecting
particles in the fluid, it does not work for extremely pure
single-phase fluids.

Figure 5. Doppler-shift ultrasonic flow meter

Transmitter
and Receiver
e

’_.—&._‘

O Oy

Q) 0

Flow

Q (volumetric flow rate) = KA(f;, f)

f; and f, = Incident and reflected frequencies, respectively

K = A constant that is a function of angle of incidence/reflection,
reflective-particle position, cross section
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Transit-time meter

On the contrary, the transit-time ultrasonic meter can be
used for measuring only extremely clean liquids or gases.
It consists of a pair of ultrasound transducers mounted
along an axis aligned at an angle with respect to the fluid-
flow axis (Figure 6). These transducers, each consisting of
a transmitter/receiver pair, alternately transmit to each
other. Fluid flowing through the pipe causes a difference
between the transit times of beams traveling upstream and
downstream. Measuring this difference in transit time gives
flow velocity.

The difference in transit time is typically on the order of
nanoseconds. Hence, precise electronics are needed to
make this measurement, whether the time is measured
directly or a conversion corresponding to frequency differ-
ence is made. The latter is more popular and involves an

Figure 6. Transit-time ultrasonic flow meter

Flow —

Q (volumetric flow rate) = K x (t; — ty)/(t; x t,)

K = A constant that is a function of acoustic-path length, ratio
between the radial and axial distances from the sensors, velocity
distribution (flow-velocity profile), cross section

ty = Transit time for downstream path

t, = Transit time for upstream path
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FFT analysis of the difference in frequency between waves
received in and against the flow direction.

System considerations for ultrasonic flow meters
e The Doppler-shift flow meter is relatively inexpensive
e The transit-time flow meter provides one of the few

techniques for measuring nonconductive slurries and
corrosive fluids

e The ultrasonic flow meter is externally clamped onto
existing pipes, allowing installation without cutting or
breaking pipes, which minimizes personal exposure
to hazardous liquids and reduces possible system
contamination

e The ultrasonic flow meter’s most significant disadvantage
is its dependence on the fluid’s flow profile; for the same
average flow velocity, the meter could give different out-
put readings for different flow profiles

Conclusion
This article has discussed the working operation of the four
most common flow meters. Their key uses and design con-
siderations, summarized in Table 1, were also discussed.
There is a wide range of solutions available for flow
meters, including interfaces for industrial field-bus trans-
ceivers, a variety of AFEs, and low-power processing solu-
tions. Selecting the right flow meter for an application from
the various different technologies and designs available on
the market can be rather challenging. By understanding
the properties of the fluid being used, knowing the appli-
cation’s flow rates and required measurement accuracy,
and being aware of physical constraints and operating con-
ditions, the designer can narrow down the choices faster.

Related Web site

Table 1. Characteristics of the four most common flow meters
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FEATURE

DIFFERENTIAL-PRESSURE

ELECTROMAGNETIC

CORIOLIS

ULTRASONIC

Volume/mass measurement

Volume

Volume

Mass

Volume

Fluid/flow rate

Not suitable for gases with
low flow rate

Not suitable for gas flow

Not suitable for very high
flow rates (>20,000 I/min)

Not suitable for gas flow

Particulate flow/slurries

Conditionally suitable

Suitable

Conditionally suitable

Conditionally suitable

Liquid/gas mixture

Not suitable

Conditionally suitable

Conditionally suitable

Conditionally suitable

Liquid conductivity

Suitable for all

Only conductive liquids

Suitable for all

Suitable for all

Food and beverage
(consumable liquids)

Not suitable

Suitable

Suitable

Most suitable for non-
intrusive measurement

Installation/maintenance

Easy installation; periodic
cleaning required

Moderate installation effort;
minimal maintenance

Installation outlay can be
considerable; relatively
maintenance-free

Easy installation and
maintenance

Typical accuracy

0.6 to 2% of full scale

0.2 to 1% of reading

0.1to0 0.5% of reading

Doppler-shift meter:
1% of reading to 2%
of full scale

Transit-time meter:
0.35% of reading to 2%
of full scale
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