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Introduction

The Analog Applications Journal (AAJ) is a digest of technical analog
articles published quarterly by Texas Instruments. Written with design
engineers, engineering managers, system designers and technicians in mind,
these “how-to” articles offer a basic understanding of how TI analog products
can be used to solve various design issues and requirements. Readers will find
tutorial information as well as practical engineering designs and detailed
mathematical solutions as they relate to the following applications:

¢ Automotive

e Communications

e Enterprise Systems
¢ [ndustrial

¢ Personal Electronics

AAJ articles include many helpful hints and rules of thumb to guide readers
who are new to engineering, or engineers who are just new to analog, as well
as the advanced analog engineer. Where applicable, readers will also find
software routines and program structures and learn about design tools. These
forward-looking articles provide valuable insights into current and future
product solutions. However, this long-running digest also gives readers
archival access to many articles about legacy technologies and solutions that
are the basis for today’s products. This means the AAJ can be a relevant
research tool for a very wide range of analog products, applications and
design tools.
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How to set-up a knock-sensor signal-

conditioning system

By Yvette Tran

Automotive System Applications Engineer

Introduction

Engine knock occurs in engine cylinders because of
improper ignition timing or faulty components. Modern
cars incorporate knock-sensor systems for engines to mini-
mize knocking, which can maximize engine lifetime,
increase power, and improve fuel efficiency. This article
discusses engine knock basics and how to set up a knock-
sensor signal-conditioning system.

Basics of engine knock

Engine knock, or detonation, is uncontrolled ignition of
pockets of air and fuel mixture in a cylinder in addition to
the pocket initiated by the spark plug. Engine knock can
greatly increase cylinder pressure, damage engine compo-
nents, and cause a pinging sound.

In normal combustion, an internal-combustion engine
burns the air and fuel mixture in a controlled fashion.
Combustion should start a few crankshaft degrees prior to
the piston passing the top dead center. This timing
advance is necessary because it takes time for the air and
fuel mixture to fully burn and it varies with engine speed
and load. If timed correctly, maximum cylinder pressure
occurs a few crankshaft degrees after the piston passes
the top dead center. The completely ignited air and fuel
mixture then pushes the piston down with the greatest
force, resulting in the maximum torque applied to the
crankshaft for each cycle.

Today’s engines are designed to minimize emissions and
maximize power as well as fuel economy. This can be
achieved by optimizing the ignition spark timing to maxi-
mize the torque. With this timing control, the spark plug
ignites the air and fuel mixture from the ignition point to
the cylinder walls and burns it smoothly at a particular
rate. Deviations from normal combustion, such as igniting
too soon, can cause engine knock and, in extreme cases,
result in permanent engine damage. Other causes of
engine knock include using the wrong octane gasoline or
defective ignition components.

Signal-conditioner interface

Modern cars have a knock-sensor system to detect engine
knock for each cylinder during a specified time after top
dead center called the knock window. A typical system
consists of a piezoelectric sense element and signal condi-
tioner. The sensor detects vibrations and the signal condi-
tioner processes the signal and sends a voltage signal to
the engine control module. The module interprets the
knock signal to control timing and improve engine effi-
ciency. Knock sensors typically are mounted on the engine
block (Figure 1).

Figure 1. Knock sensor mounted to an engine block
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Figure 2. TPIC8101 block diagram with coefficients

Automotive
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Coefficient descriptions:

Vin = Amplitude of input
voltage peak

Vour = Output voltage

Apy = Input amplifier gain

setting

Ap = Programmable gain
setting

App = Gain of bandpass
filter

Apyr = Gain of integrator

tint = Integration time
from 0.5 ms to 10 ms

Agyr = Output buffer gain

T = Programmable inte-
grator time constant

Vieser = Reset voltage
from which the inte-
gration operation
starts

The simplified diagram in Figure 2 shows the TPIC8101
dual-channel, highly-integrated, signal-conditioner inter-
face from Texas Instruments that can be connected
between the knock-sensing element and engine control
module. The two internal wide-band amplifiers (Figure 3)
provide interface to the piezoelectric sensors. The outputs
of the amplifiers feed a channel-select mux switch
(Figure 2), followed by a third-order anti-aliasing filter
(AAF). The signal is then converted using an analog-to-
digital converter (ADC) prior to the programmable gain
stage. The gain stage feeds the signal to a programmable
bandpass filter to process the particular frequency compo-
nent associated with the engine and knock sensor. The
output of the bandpass filter is full-wave rectified and then
integrated based on a programmed time constant and inte-
gration time period. At the start of each knock window, the
integrator output is reset. The integrated signal is con-
verted to an analog format with a digital-to-analog (DAC),
but can be connected directly to a microprocessor. The
processor reads the data and adjusts the spark-ignition
timing to reduce knock while optimizing fuel efficiency
relative to load and engine RPM.

Texas Instruments
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Internal blocks

The operation of the signal-conditioner interface is defined
by its transfer function:

Vour =VINxAPx§><tM+0.125 M
T T
This equation is based off of the internal blocks of the sig-
nal conditioner. The equation’s component values are then
programmed into the device by the graphical user inter-
face (GUI) through a serial peripheral interface (SPI) port.

Derivation of transfer function

The following steps outline how Equation 1 was derived
from the functional blocks in Figure 2.

Automotive

To begin derivation, the output voltage is defined as:
U
Vour = Vin XAy X Ap X Agp X Ay X . XAour + Veeser (@)
C

Let the amplitude of Vpy be equal to:

Viy = sin(A xt)x Viy 3)

N
Also, let: tpyp = ——and B=2, )
where fpp is the filter center frequency and N is the num-
ber of cycles.

Therefore, A = x fgp and B= L (5)
fgp

The integrator operation is performed N times from 0 to B. This will cover the positive side of the input. Full-wave recti-
fication is compensated later through the other gain coefficients. Substitute Vyy and integrate from 0 to 1/fgp.

. 1
Vour = Nx [o/5 Vi xsin (. x fap x t)dt X Apy X Ap X App X Apgyp X E X Aout + VRESET (6)
1 1
Vour =Nx X VN X [—Cos(n X figp X t)é/fBP }dt X Any X Ap X App X Aper X —X Aour + VRgser M
TXIgp C
Substitute for N:
1 1
VOUT = (tINT X fBP ) X RT X VIN X [— COS(TE) + I]dt X AIN X AP X ABP X AINT X ‘E_ X AOUT + VRESET (8)
BP C
_ by X Vin 1
v o tN
Vour = o %X Apy X Ap X Agp X Ay X N X Aoyt + VRESET (10)
Let Ay = 2, Ay = Aoyr = 1, Vgeser = 0.125, and
g Qe X O
Q
App = BP =, (1)
\/ 2 9)2 Q)
(‘Dc -® ) +| Og X ——
Qpp

where Qpp is a Q factor that characterizes a resonator’s bandwidth relative to its center frequency.
Evaluate at the center frequency, ® = o¢. Therefore, Agp = 2. Plug in all values for A, A, Aour Apps VreskT to get:

\% t
Vour = —X x2x Ap x2x 2x -NE 40,125, (12)
n T
where Vi is entered as a peak value.
Therefore, the final solution is Equation 1:

t
Vour = Vin X Ap xS INT 195
T TC

Texas Instruments 7
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Application example
Next are the steps necessary to set up the signal
conditioner.

Requirements
The required known values are Vyy, oscillation frequency,
tin and Vo For this example, the know values are:

e Viy = 7.3 kHz, 300 mVpp (knock sensor specification)

e QOscillator = 6 MHz (microprocessor clock specification)
e Knock window (t)= 3 ms (system specification)

® Vour = 4.6 V (microprocessor interface specification)
Calculating remaining coefficients

Now that Ant, Aout App, VreseT are set, the remaining
coefficients need to be calculated:

e Programmable gain (Ap)
¢ Integration time constant (T)
e Input amplifier gain (Ap): Set Ay =1

t
Too—Nr 8IS p60 (13)
2XTXVoyr  2XTx45V

Automotive

With known values, Equation 1 can now be solved for Ap:

45V =150 mV x Ap x S x 108
m 100 us

Note that the 100-ns value for T reflects a minor
adjustment required to program the value as indicated in
the following discussion.

+0.125 > Ap =038 (14)

How to program coefficients

After the coefficients have been calculated, they need to
be entered into the GUI. The following paragraph is an
overview of the data values that would be entered with the
GUI software for the TIDA-00152 reference design (See
Reference 1).

For f;, Table 1 show that the closest bandpass fre-
quency to 7.3 kHz is 7.27 kHz, which corresponds to a
decimal value of 42 and a hex value of 2A. For Ap, the
closest value to 0.38 in Table 1 is 0.381, which corre-
sponds to a decimal value of 34 and a hex value of 22. For
Tc, the closest value to 106 ps in Table 1 is 100 ps, which
corresponds to a decimal value of 10 and a hex value of 0OA.

Table 1. Part of SPI look up table from page 10 in the TPIC8101 datasheet

Tc Ap Ap
oL | NTCoNSTANT | FREqUEney | caw | DECMALVALE | ciioeney | can
(USEC) (kHz) (kHz)
0 40 1.22 2 32 4.95 0.421
1 45 1.26 1.882 33 5.12 0.4
2 50 1.31 1.778 34 5.29 0.381
3 55 1.35 1.684 35 5.48 0.364
4 60 1.4 1.6 36 5.68 0.348
5 65 1.45 1.523 37 5.9 0.333
6 70 1.51 1.455 38 6.12 0.32
7 75 1.57 1.391 39 6.37 0.308
8 80 1.63 1.333 40 6.64 0.296
9 90 1.71 1.28 4 6.94 0.286
10 100 1.78 1.231 II 42 7.27 0.276
1" 110 1.87 1.185 43 7.63 0.267
12 120 1.96 1.143 44 8.02 0.258

Texas Instruments


http://www.ti.com/aaj

Analog Applications Journal Automotive
Figure 4. GUI values
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Enter in 6 MHz for the oscillator frequency and 1 for the
number of channels. GUI values should look like those in
Figure 4.

Following the previous steps should result in the wave-
form in Figure 5. For more waveforms with different
degrees of amplitude modulation, see the TIDA-00152 ref-
erence design test data in Reference 1.

Conclusion

Engine knock control is necessary for optimal engine per-
formance and for protecting the engine. The dual-channel
input and advanced signal conditioning of the TPIC8101
knock-sensor interface reduces the processing load on the
engine control module.

References

1. TIDA-00152 reference design for Automotive Acoustic
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FPD-Link lll — doing more with less

By Mark Sauerwald

Applications Engineer, Automotive Connectivity and Ethernet

Flat panel display link III, better known as FPD-Link III, is
an interface used in many automotive applications to
transport video from point to point. This interface enables
the transport of high-definition digital video, as well as a
bidirectional control channel, over a low-cost cable, either
twisted pair or coax. There are FPD-Link III serializers
and deserializers (SerDes) that have been optimized
either for the link between a processor and a display, or
between the processor and a camera (Figure 1). This
article provides an overview of these links, the advances
that can be expected in the near future, and how to get
even more out of the technology.

Not long ago, cameras were a novel feature in an auto-
mobile, mostly used in larger vehicles to aid in seeing
behind the vehicle while backing up. Today, backup cam-
eras are included even in low-cost, sub-compact cars. As
automobiles develop, there will be more and more applica-
tions for cameras in the vehicle, and the cameras will
become more and more sophisticated.

The backup camera allows the driver to see directly
behind the vehicle, something that is difficult if not impos-
sible to do with mirrors alone. The next step beyond this
is surround-view systems. In a typical surround-view sys-
tem, there are four cameras mounted on the car — usually
one in each of the front and rear bumpers, and one in
each side view “wing mirror.” Each camera is fitted with a
fisheye lens, so that between the four images, a complete
image of what is happening around the car can be gener-
ated. In a surround-view system, the four fisheye images

Figure 1. Typical interface with FPD-Link 11I

are presented to a video image processor such as the TI
DRAT74x “Jacinto 6.” This processor removes the fisheye
distortion, changes the apparent point of view, and merges
the four images together to generate a virtual bird’s-eye
view of the automobile, allowing the driver to clearly see
any obstacles in front, behind, or to either side of the
vehicle.

When these images are processed, certain portions of
the image are magnified, while others are compressed. In
order to retain high image quality, the density of pixels
needs to be higher than what a standard human viewer
would require. The current automotive imagers support
1-megapixel (MP) images, but 2-MP imagers are on the
horizon. To support this next generation of image sensors,
automotive designers can expect to see new SerDes
designs optimized for 2-MP imagers. Along with the higher
data rates that these imagers require, there will be next-
generation interfaces to be supported.

Another aspect of the evolution of automotive vision
systems is that the industry is moving from the single
camera system, such as a backup camera, to where multi-
ple cameras are being used. With multiple cameras, imager
synchronization becomes an important feature. In an
application such as the surround view application, having
all of the imagers synchronized makes the processing
easier. However, if two cameras are to be used in tandem
to create a stereo image of a 3D scene in front of the vehi-
cle, synchronization is required to determine the accurate
position of a moving object — or even a stationary object as
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seen from a moving vehicle. Next-generation systems will
have to accommodate the potential for supporting multiple
cameras that are all synchronized.

In many areas, adding more capabilities to an existing
technology has made the interconnects more complicated
and more expensive. For example, adding copy protection
to the link from your home DVD player to your video mon-
itor requires changing from an analog coax cable to an
HDMI cable. The new connection method gives better
quality video, along with the copy protection. But this is at
the cost of a much more expensive cable/connector eco-
system, and there’s also the difficulty of supporting longer
cable runs.

When confronted with a similar issue within the auto-
mobile, FPD-Link IIT was extended to allow the same
twisted-pair cable to carry copy-protected content from a
Blu-ray™ player or server to a back-seat entertainment
screen. The specification is to do so with no penalty for
the cost of the media, or the range of the older, non-
copy-protected media. The chipset shown in Figure 1
embodies this technology. In these devices, the same
information that was carried over separate conductors is
now encoded and carried along the FPD-Link III — sharing
the same conductors that carry the video content.

Getting video out of a camera and to the processor, or
from a Blu-ray player to a screen, is not enough. In both
cases, control signals going in the opposite direction are
also required. In the case of the camera, the processor
needs to configure the imager. In the case of the back-seat
entertainment panel, the user interface is often a touch
screen, and touch commands must be sent back from the
screen to the processor.

FPD-Link IIT handles this with an integrated back
channel, which allows the same piece of coax or twisted
pair to carry video in one direction, and to have an inde-
pendent, bidirectional control channel sharing the same
conductor. This allows the cable to remain thin, flexible

Figure 2. Block diagram showing the power-over-coax topology

Power
Regulator

.||_”_‘

100 nF

Shield

Coaxial Cable

Automotive

and inexpensive. But what about power — cameras and
displays still need to be powered. Can the same cable be
used to power the device as well as provide a communi-
cations link?

Power over coax

The key to using the same cable for power and communi-
cations is to think of what is going on in the frequency
domain. The video forward channel and the bidirectional
control channel on FPD-Link III are able to share the same
cable because they occupy different spaces in the fre-
quency domain. Using the DS90UB913A-Q1 and
DS90UB914A-Q1 as an example, the control channel occu-
pies the space from about 1 MHz to about 5 MHz. The
video channel occupies a space from about 70 MHz to
about 700 MHz. The addition of power to the same cable
must be accomplished without interfering with either of
these two bands.

For power over coax (POC), a circuit is required that
will split the input signal into two branches (Figure 2).
One branch carries DC power for the POC circuit, and the
second branch carries the signals without DC power. To do
this, an element is placed in the signal-path branch that
passes both the back channel and the forward channel,
but blocks the DC. A simple capacitor works for this. The
0.1-pF capacitor has very low impedance from the start of
the 1-MHz back-channel band through the 700-MHz upper
limit. It is readily available and inexpensive. Parasitic
inductance for a 0.1-pF, 0603 capacitor is on the order of
1 nH, so it does not really come into play within the band
of interest. The capacitors are a good choice to separate
the AC signals from the DC power.

The other branch, one that passes the DC but doesn’t
interfere with the AC signal, is a bit harder. Since the data
channels are being passed over a controlled impedance
transmission line, the impedance of the low-pass circuit
must be large over the band of the forward channel.

Power
Source

47 nF
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Figure 3. Impedance plots of various inductors
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For the power circuit to not interfere with the data
path, the impedance of this circuit must be greater than
about 20 times the characteristic cable impedance. So for
a b0-Q coax line, the impedance should be greater than
1 kQ from 1 MHz up to 700 MHz. An ideal inductor would
work for this application.

Unfortunately, ideal inductors are much harder to find
than ideal capacitors. To have over 1-kQ impedance at the
1-MHz lower band of the back channel, a 100-pH inductor
is required. But a typical 100-pH inductor has a parasitic
capacitance, which drops its impedance below 1 kQ at fre-
quencies above 70 MHz. Thus, it would interfere with the
forward channel.

Figure 3 shows plots of the impedance of some different
inductors versus frequency. Notice how impedance rises
up to a certain point where the parasitic capacitance
becomes dominant, and then the impedance drops. This
figure shows that a 100-pH inductor will do a good job of
blocking the control channel since its impedance is about
1 kQ from 1 MHz up through 5 MHz. However, when the
forward channel is at 150 MHz, the impedance drops to
about 200 Q. The solution is to use a circuit with two
series inductors, a 100-pH inductor to block the control
channel, and a second, smaller inductor that blocks the
video channel. It turns out that about 5 pH is right for the
second inductor.

The physics of the requirements dictate the values of
the inductors (100 pH and 4.7 pH), but the physical size is
dominated by the ability of the core to sustain the

Texas Instruments 12

magnetic field. Physically, smaller inductors have lower
saturation currents. One way to use a smaller inductor is
to reduce the current requirement of the circuit. This can
be done by increasing the voltage that is being carried by
the coax cable. If the camera requires 1.5 W, and power
over the coax is a voltage of 5V, then the current required
is 300 mA. The 100-pH inductor that was chosen is proba-
bly about the smallest physical size that could be tolerated
(it is 7 mm x 7 mm x 4 mm in size). However, if a 12-V
supply is used, then only 125 mA is required. An inductor
that supports this lower current occupies about one-fourth
of the physical space of one that will support the 300 mA.

Conclusion

Video is becoming a bigger part of the modern automobile.
FPD-Link III is an ideal technology to support today’s and
tomorrow’s needs, minimizing the system cost through
using inexpensive cable to do more. It is also a technology
that is ready to keep pace with future advances.

Related Web sites
For more information about FPD-Link III solutions, visit:
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Dealing with nonlinearity in LVDT

position sensors

By Arun T Vemuri

Systems Architect, Enhanced Industrial

Introduction

Sense elements convert a physical quantity of interest into
electrical signals. One common characteristic of the output
of a sense-element is nonlinearity — the output of the a
sense element does not vary linearly with the physical
quantity of interest. This nonlinearity leads to inaccura-
cies, or errors, in measurements.

This article describes methods to correct the nonlinear-
ity in the output of linear variable differential transformer
(LVDT) position sensors that are used in many applications,
including automotive hydraulic-valve position sensing. This
discussion also applies to other types of automotive sensor
applications such as ultrasonic park-assist.

Sensors with high-frequency outputs
The electrical signal produced by many sense elements is
a relatively high-frequency signal. This is either because
the stimulus to the sense element is a high-frequency sig-
nal, or the physical quantity being measured is high fre-
quency in nature. For example, position measurement of
automotive hydraulic valves using LVDT position sensors.
This sensor is high frequency because the LVDT primary
coil is excited using a high-frequency signal — say, 5 kHz.
Similarly, the output of piezoelectric transducers used in
ultrasonic park-assist applications is high frequency
because the transducers measure the intensity of
ultrasonic waves, whose signal frequency is greater
than 20 kHz.

In such high-frequency-sensor signal outputs, the
signal information is most often embedded in the
amplitude of the signal. Figure 1 shows a time-plot
of a sensor signal which is high frequency, and the
amplitude represents the variation of the physical
quantity that the sensor is measuring. The mathe-
matical representation of such a signal is:

y(t)=Agsin(ogt)+Agsin(ogt)Acsin(ogt), (1)

where Ag is the amplitude of the sensor excitation,
o is the sensor-excitation frequency in rads/s, Ag
is the amplitude of the physical quantity of interest,
and g is the frequency of the physical quantity of
interest in rads/s.

It is assumed that the amplitude of the signal of
interest is less than the amplitude of the high-
frequency carrier signal so that y(t) is an undis-
torted amplitude-modulated signal.
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Note that in some cases, the signal information could be
embedded in the signal’s frequency. For example, if an
ultrasonic transducer in the bumper or wing mirror of a
moving automobile is used to measure distance to another
moving vehicle, then the frequency of the signal will have
information about the relative speeds of the vehicle based
on the Doppler effect.

In this article, the focus is on extracting the amplitude
information from the output of the high-frequency sensor.
The technique of extracting amplitude information is
called amplitude demodulation.

Amplitude-demodulation techniques have been in exis-
tence ever since AM radio transmissions began in the early
1900s. Many solutions have been implemented in both the
analog and digital domain to extract the amplitude infor-
mation from a signal. Further, the demodulation processes
could extract just the amplitude of the signal, or could
also extract the phase of the sensor output signal relative
to the sensor stimulus. The former demodulation tech-
nique is called asynchronous demodulation while the latter
technique is called synchronous demodulation.

Based on the above definitions, the focus of this article
is limited to one specific family of amplitude-extraction
techniques — digital asynchronous amplitude demodulation.

Figure 1. High-frequency sensor output with
signal information in the amplitude

——T———
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Why is this narrow family of techniques important? With
the advent of advanced manufacturing techniques for
mixed-signal integrated circuits (ICs), such as the LBCSLV
process at Texas Instruments, mixed-signal signal condi-
tioners are available to support a variety of sensors. With
such sensors, signal conditioning occurs partly in the ana-
log domain and partly in the digital domain. Even though
signal-conditioning architectures have quantization
aspects, such devices offer flexibility and, if designed
right, offer sufficient accuracy for most sensor applica-
tions. Application engineers can easily customize signal
conditioners for their specific application scenario and
speed up their product-development cycles.

The PGA450-Q1 from Texas Instruments is an example
of a mixed-signal signal conditioner for automotive sensors
used in ultrasonic park-assist applications. This signal con-
ditioner specifically amplifies the electrical signal using an
amplifier and extracts the amplitude of the signal using
the digital asynchronous, amplitude-demodulation
technique.

Digital asynchronous, amplitude-demodulation
techniques

Two methods of the digital asynchronous, amplitude-
demodulation technique are investigated: peak and
average.

Peak Method
In this method of asynchronous demodulation, the peak

Automotive

is extracted. That is, this process discretizes the signal in
time at a frequency of the underlying carrier signal.

If the frequency of the underlying signal is known
(which is usually the case), and if the signal is sinusoidal
(which is a typical high-frequency excitation signal), then
the extracted peak value is the amplitude of the sine wave
in each cycle. That is, the peak value in the nth carrier-
frequency cycle can be mathematically expressed:

yp(t=1T,)=Ag +Assin{ms (n—%)Tc} , @)

where T = 2m/0.
The PGA450-Q1 implements the peak method of
demodulation.

Average Method

In this method of asynchronous demodulation, the sensor
signal is first rectified. The rectified output is then filtered
using a low-pass filter. Mathematically, the full-wave recti-
fied output of the signal described in Equation 1 is:

yr(t) = |Y(t)|
=[ A¢sin(ogt)+Agsin(ogt) Agsin (oct) Ju(t),

(3)

where u(t) is a square wave with amplitude equal to 1 and
frequency equal to m¢.
Using Fourier series, the square wave can be written as:

_4z sinf (2n+1)ogt |

. . 4
value of the sensor output signal in every frequency cycle u(t) T om+1 <)
Therefore, the rectified output can be written as:

, . . 4 = sin|(2n+1)agt
(1) =[Agsin(ogt) +Assm(mst)ACsm(mCt)]{;IEO%} (5a)
4A~ = sin(oet)sin| (2n+1)oat AAA~ = sin(mgt)sin(mat)sin| (2n+1)mat
SRORELY LRI >c]+{ Ao 5 S(wt)sin(wctsin >c]} o
n=0 n+1 T =0 an+1
o gi t)sin| (2n+1)mxt
yR(t):AIA_Csin2 (wct)+4ASAC sin (gt )sin (mct)+4AC ) sin(@ct)sin] (2n +1)oct ]
b4 T P~ 2n+1
) ) . (5c)
+{4ASAC E sm((ost)sm(wct)sm[(Zn+1)wct]}
T n=1 2n+1
yr(t) = % —ZA—Ccos(Z(nct) + 2Aghc sin ((»St) - 2Ashc sin ((ost)cos(Z(nCt)
T i T )
4A = sin(ogt)sin[ (2n+1)oct] [4AgA, = sin(wgt)sin(ogt)sin] (2n+1)oct]
i T nzz'l 2n+1 i T 5o 2n+1
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Filtering the rectified output using a low-pass filter with
a gain of 0 dB and the cutoff frequency is o, the filtered
output can be expressed:

2A, 2AgA
yipr (t) = LPFyg(D)]= TC +%sin(mst) 6)

Equation 6 shows that the signal can be extracted using
this method.

Effect of nonlinearity

In a linear system, the output of the system is proportional
to its input; in other words, the output is:
1 i
y= Zaixl, (M
i=1
where x is the input to the system, y is the output of the
system, and a; is the coefficient. For simplicity of analysis,
the offset term (the term that is independent of the input
signal) has been neglected.
In a nonlinear system, the output of the system has

higher-order input terms; or the output is:

y= Zaixi. ®
i=1
In the context of LVDT signal conditioning, the amplitude
modulated signal given in Equation 1 could be affected by
nonlinearity. The possible causes of nonlinearity are:

1. Distorted drive signal, or the carrier has higher-order
harmonics. The carrier could have high-order har-
monics because the carrier signal itself is the output
of a nonlinear system:

Yo = 'Elai I:AC Sin((l)ct)]i
i=

2. The nonlinear signal chain, or the signal output, is
nonlinear with regards to its input:

Vg = Eai [Ac sin(mct)+Assin(o)st)Acsim(ooct)Ji
i=1

3. Nonlinear transducer, or the transducer output, is
nonlinear with regards to the physical quantity it is
measuring:

g ) i
Vg = Xa; [AS sm(mst)]
i=1
Note that the first two sources of the nonlinearities are

a result of a non-ideal signal generator/conditioner, while
the third source of nonlinearity is from the transducer.

Texas Instruments
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Also, all nonlinearities can be present in the system at
the same time, making the output of the signal chain a
complex mathematical expression.

Dealing with nonlinearity

The two sources of nonlinearity that are a result of non-
ideal signal generator and conditioner will now be
addressed. Also, a second-order nonlinear system, which
is one of the common forms of nonlinear systems, will be
analyzed. This analysis can be extended to higher-order
nonlinearities as well as a nonlinear transducer output.

Distorted drive signal

In the presence of a distorted drive signal (or carrier sig-
nal), the amplitude-modulated carrier signal given in
Equation 1 can be written as Equation 9 by setting a; = 1
and a, = b after trigonometric manipulations.

y(t)=Agsin(ogt)+Agsin(ogt) Agsin(ogt) o)
a
+b[ Ag sin(mct)]z +bAg sin(wgt)[ Ag sin(mct)]2

y(t) = Agsin(ogt) +Agsin(mgt) Agsin (ogt)

) ) (9b)
+bAZ [ 1-sin(20t) |+ bAgAG sin (wgt)[1-sin(2ogt) ]

Equation 9 shows that the output of the transducer has
frequency components at 0 rad/s and at around 20, in
addition to a signal around

One clear way to minimize the frequency components at
0 rad/s and at around 2wy is to use a bandpass filter with
the center frequency set at o and with sufficient band-
width. The bandwidth specifically should be such that
there is no significant attenuation at og + wg. With such a
bandpass filter, the output of the bandpass filter is:

yppr (t) = BPF[y(0)]
= A sin(ogt) +Agsin(ogt)Agsin(ogt)

(10

This bandpass filter output can then be demodulated
either by using the peak or average method to extract the
transducer signal.

Nonlinear signal chain
The presence of second-order signal-chain nonlinearity
causes the amplitude modulated signal to be modified to be:

y(t) = %ai [Ac sin(wct)+ASsin(wSt)ACsin(th)T an
i=1
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Setting al = 1 and a2 = b, and following trigonometric manipulation, Equation 11 can be written:

y(t)= {[AC sin(w¢t) +Assin(mst)ACsin(mct)]} + b{[AC sin(u)ct)]z}

(12a)

+b {[Assin (0gt) Agsin ((nct)]z } +b[ 24 sin (oqt) Agsin (wgt) Agsin (o) |

y(t) =[ Agsin(wgt) + Agsin (wgt) Acsin (ogt) |+ bAZ [1-sin(20t)]

(12b)

+bAZAZ [ 1-sin(200t) |[1-sin(20gt) |+ 2bAZAg [ 1-sin(20t) |sin(wgt)

y(t) =[ Agsin(opt) + Agsin(wgt) Acsin(wt) [+ bAZ[1-sin(20.t) ]

(120)

+bAZAZ [ 1-sin(20t) - sin(20gt) + sin (20t)sin (20gt) |+ 2bAZAg[ sin (wgt) - sin (2o0t)sin (ogt) |

Equation 12, once again, shows that the output of the
transducer has frequency components at 0 rad/s and at
around 2o and higher frequencies, in addition to the
signal around o

Again, using a bandpass filter with the center frequency
set at o, and with sufficient bandwidth, the nonlinearity-
induced frequency components can be reduced. With such
a bandpass filter, the output of the bandpass filter is:

yppr (t) = BPF[y(0)]

13)
= A sin(ogt)+Agsin(ogt) Agsin(ogt)

This bandpass filter output then can be demodulated
either using the peak or average method to extract the
transducer signal.

Conclusion

The output of a LVDT position sensor could be nonlinear.
This article described how the use of a bandpass filter in
the signal chain can be an effective way to deal with signal
nonlinearities.

Figure 2 shows a simplified block diagram of the LVDT
signal conditioner described in this article. Specifically, the
block diagram shows the use of the bandpass filter in the
signal chain.

Note that the PGA450-Q1 signal conditioner from Texas
Instruments is designed for automotive ultrasonic park-
assist sensors and already implements a bandpass filter.
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Figure 2: LVDT signal conditioner with bandpass filter
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Decrease testing time for quality control
of op amp noise

By Mohamed Tabris

Test Engineer, Precision Amplifiers

Richard Barthel

Characterization and Validation Engineer, Precision Amplifiers

Introduction This article presents noise as a density function, with
voltage noise density having the units of VAHz. The volt-
age noise exhibited can be calculated by integrating the
power spectral density between two frequencies of inter-
est (f; and fy), rather like a probability density function.

Industrial and high-precision applications require strict
control over non-deterministic noise. Some testing may be
required to assure system quality because the typical
noise value denotes the mean value of a parameter in a

population of devices, and does not guarantee that individ- The integrated voltage noise is calculated using e, as noise
ual devices will not exceed a certain level. spectral density:
Devices without guaranteed noise parameters may be
. . V, _ ik de @9)
rapidly tested to ensure quality. Most product data sheets RMS = Ifl (en)

for operational amplifiers (op amps) specify a typical value
for 1/f noise (also known as flicker noise) for a range from
0.1 Hz to 10 Hz. Conventionally, testing devices in these
situations require tens or hundreds of seconds per device,
vastly increasing time-to-market and production costs.
Additionally, measuring noise density across a wide
bandwidth may not be relevant in all systems or applica-
tions. To address the issue, this article uses existing theory

The combination of broadband noise and 1/f noise of an
op amp (Equation 2) is obtained by taking the square root
of the sum of the squares of RMS values of the broadband
component and 1/f component, respectively. This is possi-
ble because broadband noise and 1/f noise are modeled as
uncorrelated noise sources.

Total RMS voltage noise:

and empirical data to explore test methodology for quickly _ 2 2 (2)
. . . . En T= Enf + EnBB ’

testing for noise on any portion of the 1/f region. -

Furthermore, theoretical and real-world results are com- where E ¢ = 1/f RMS noise [Vgys] and E g = broadband

pared using the OPA1652 low-noise audio op amp from RMS noise [Viysl-

Texas Instruments.

Description and theory Fi 1. Volt M
The voltage noise-density curve of the i e

classic op amp (Figure 1) has two regions:

a frequency-independent region known as 10k : ‘

the broadband noise region; and a fre- 1/f Noise RegiLn I White Noise Region
quency-dependant region known as the 1/f
noise region. The 1/f noise region refers to
1/f noise which, as the name suggests,
exhibits a 1/f slope with respect to fre-
quency. The 1/f noise is dominant at lower
frequencies and decreases at higher fre-
quencies. This means that it takes longer
to measure than broadband noise. Low-
frequency signals take longer to measure
since their cycles take longer to complete
in the time domain. The point at which
broadband noise is equal to 1/f noise is
called the corner frequency. The corner 10
frequency for bipolar and CMOS amplifiers 0.1 1 10 100 1k 10 k 100 k
varies by architecture and process. Frequency (Hz)

Generally, bipolar amplifiers have a lower
corner frequency than CMOS amplifiers.

1k

100 - =

Voltage Noise Density (nV/VHz)
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In the datasheet, the noise in the 1/f region is generally
expressed in terms of peak-to-peak noise over a range of
frequency, while broadband noise is expressed as a voltage
noise density at a particular frequency. The units for noise
spectral density are V/AHz. The individual noise compo-
nents can be calculated by using the following equations,
assuming a fixed noise spectral density.

Integrated broadband noise (broadband noise constant
over frequency):

EHBB = eBB X ”BWH B (3)

where epp = broadband spectral noise density [V/\/E] and
BWn = bandwidth [Hz].
The integrated 1/f noise component:

Ent = €form X \ ln(fH /fL) )

where ey, = normalized noise density at 1 Hz from

Equation 5 [V/AHz, fyy = upper frequency band limit [Hz],

and fj, = lower frequency band limit (0.1 Hz typically) [Hz].
Normalized noise density at 1 Hz in 1/f region:

« vV fknovv‘n

Ctmorm = Cknown )

1Hz

where ey, .. = known voltage noise density in 1/f region
[VAHz] and fy,,y, = frequency in 1/f region where noise
density is known [Hz].

The detailed calculations are shown in Reference 1 and
are beyond the scope of this article.

The Problem

In noise-sensitive applications, choosing an op amp with
minimal noise is critical for maintaining accuracy and pre-
cision. When selecting the op amps suitable for the appli-
cation, screening may be required to remove any outliers.
Testing for broadband noise occurs rapidly, since kHz
cycles can be measured in just a few milliseconds.
However, the same cannot be said for the 1/f noise compo-
nent. Measuring the 1/f noise region can require anywhere
from 0.1 seconds upwards to several minutes, depending
on the bandwidth and level of averaging. This is because a
cycle of the 0.1-Hz signal takes at least 10 seconds to com-
plete. When averaging, the required time becomes even
longer. Additionally, when performing a fast Fourier trans-
form (FFT) to calculate noise density, the resolution
bandwidth required may entail many hours of test time.
This calls for a quick and precise way to extrapolate the
1/f noise of the op amp.

4)

)

Texas Instruments
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A quick and simple solution

The quickest way to test the 1/f component of the ampli-
fier is to use Equations 4 and 5 to extrapolate. The 1/f
integrated noise is proportional to the square root of the
natural logarithm of the ratio of two frequencies (f;, fy),
over which the 1/f noise is to be determined. Extending
this further, one can say that a 1/f RMS noise component
depends on the ratio of two frequencies: fy and fj. An
example calculation is given by calculating 1/f RMS noise
with voltage noise-density curve given (Figure 1).

To calculate 1/f RMS noise over the two ranges, 1 Hz to
10 Hz and 10 Hz to 100 Hz, assume an ideal 1/f curve with
known normalized noise density eg,qm, at 1 Hz. Both
ranges are located in the 1/f dominated portion on the
noise spectral-density curve (Figure 1). This ensures a
negligible error contribution from the broadband noise
portion. Equation 4 is used to compare noise for the two
ranges:

Epnt = €mom X Y ln(fN /fL)
EIIfl = efnom X ln(lo / 1) andEnfz = efnom X ﬂln(loo / 10)

Eo1 = €morm X VIN10andE ;5 = €00 XVIN10

Enf1 = €popm X VIN10 = Eypo = gy XVIN10

Notice how the equations for E,;; and E s render the
same value for 1/f RMS noise. This is because this equa-
tion is dependent on the ratio of the two frequency limits,
not the frequencies themselves. There are three critical
conditions for this rule of thumb to apply:

1. The 1/f curve must approximate 1/f on the power
spectrum or 1/ on the noise spectrum,

2. The area of interest must be in a 1/f-dominated region
of the noise spectrum, and

3. The ratios must be the same.

Using this method, one can estimate 1/f RMS noise of an
op amp from 0.1 Hz to 10 Hz by screening the op amp
from 10 Hz to 1 kHz, as long as the frequencies aforemen-
tioned are in the 1/f dominated region. This change in
frequency of interest improves a device’s test time by a
factor of 100 or more. Instead of waiting for 10 seconds for
a sample to be acquired; a sample could be taken in 100
milliseconds. The most time savings are with CMOS ampli-
fiers because the corner frequency is greater than it is for
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bipolar amplifiers. The graphs in Figures 2
and 3 show that the peak-to-peak noise
level of an amplifier is the same over dif-
ferent frequency ranges, assuming the
ratio of the frequencies is equal and the
measurements are in the 1/f dominant
region.

Conclusion

The technique of extrapolating the 1/f
noise component only holds if all frequen-
cies are lying in the 1/f-dominated region.
This technique performs with high accu-
racy as long as the chosen bandwidth for
extrapolation is sufficiently far away from
the corner frequency, because the broad-
band noise component is significant in this
region. Additionally, the 1/f curve must
approximate 1/f on the power spectrum or
1A on the noise spectrum. Most classical
semiconductor op amps follow this rule,
notable exceptions being chopper or auto-
zero amplifiers that do not have a 1/f noise
region. One example is the low-noise,
zero-drift OPA2188.
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Figure 2. Voltage noise from 0.1 Hz to 10 Hz
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Design tips for an efficient non-inverting

buck-boost converter

By Haifeng Fan

Systems Engineer, Power Management

Introduction

Buck-boost (step-down and step-up) converters are
widely used in industrial personal computers (IPCs),
point-of-sale (POS) systems, and automotive start-stop
systems. In these applications, the input voltage could be
either higher or lower than the desired output voltage. A
basic inverting buck-boost converter has a negative output
voltage with respect to ground. The single-end primary
inductor converter (SEPIC), Zeta converter, and two-
switch buck-boost converters have positive or non-inverting
outputs. However, compared with a basic inverting buck-
boost converter, all three non-inverting topologies have
additional power components and reduced efficiency. This
article presents operational principles, current stress and
power-loss analysis of these buck-boost converters, and
presents design criteria for an efficient non-inverting
buck-boost converter.

Inverting buck-boost converter

Figure 1 shows the schematic of a basic inverting buck-
boost converter, along with the typical voltage and current
waveforms in continuous conduction mode (CCM). In
addition to input and output capacitors, the power stage
consists of a power metal-oxide semiconductor field-effect
transistor (MOSFET), a diode, and an inductor. When the
MOSFET (Q1) is ON, the voltage across the inductor (L1)
is Vi, and the inductor current ramps up at a rate that is
proportional to Vyy. This results in accumulating energy in

Figure 1. Inverting buck-boost converter

the inductor. While Q1 is ON, the output capacitor sup-
plies the entire load current. When the Q1 is OFF, the
diode (D1) is forward-biased and the inductor current
ramps down at a rate proportional to V. While Q1 is
OFF, energy is transferred from the inductor to the output
load and capacitor.

The voltage conversion ratio of an inverting buck-boost
in CCM can be expressed as:

D

M2 Your _
1-D’

eY)
Vi

where D is the duty cycle of Q1 and is always in a range of
0 to 1. Equation 1 indicates that the magnitude of output
voltage could be either higher (when D > 0.5) or lower
(when D < 0.5) than the input voltage. However, the
output voltage always has an inverse polarity relative to
the input.

Conventional non-inverting buck-bhoost
converters

The inverting buck-boost converter does not serve the
needs of applications where a positive output voltage is
required. The SEPIC, Zeta, and two-switch buck-boost
converter are three popular non-inverting buck-boost
topologies. The Zeta converter, also called inverse SEPIC,
is similar to SEPIC, but less attractive than SEPIC since it
requires a high-side driver that increases the circuit
complexity.

Vin + Vour -— — Vin - — Vin * Vour — —
=Vour r— - -
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A SEPIC converter and its ideal waveforms in CCM are
shown in Figure 2. The voltage conversion ratio of a
SEPIC converter is:

Mz Jour _ D

— 2
Viy  1-D =

Equation 2 indicates a positive output voltage and the
buck-boost capability.

Like an inverting buck-boost converter, a SEPIC con-
verter has a single MOSFET (Q1) and a single diode (D1).
The MOSFET and diode in a SEPIC converter have voltage
and current requirements similar to their counterparts in
an inverting buck-boost converter. As such, the power
losses of the MOSFET and diode are similar. On the other
hand, a SEPIC converter has an additional inductor (L.2)
and an additional ac-coupling capacitor (Cp).

In a SEPIC converter, the average inductor current of
L1 equals the input current (Iyy), whereas the average

Figure 2. SEPIC converter
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inductor current of L2 equals the output current (Inyr). In
contrast, the single inductor in an inverting buck-boost
converter has an average current of Iy + Ioyr The coupling
capacitor sees significant root-mean-square (RMS) current
relative to both input current and output current, which
generates extra power loss and reduces the converter’s
overall efficiency.

To reduce power loss, ceramic capacitors with low
equivalent series resistance (ESR) are desired, which
usually leads to higher cost. The additional inductor of a
SEPIC converter, coupled with the extra coupling capaci-
tor, increases printed circuit board (PCB) size and total
solution cost. A coupled inductor can be used to replace
two separate inductors to reduce PCB size. However, the
selection of off-the-shelf coupled inductors are limited
when compared to separate inductors. Sometimes a
custom design will be required, which increases cost and
lead time.

Vin = =

—Vout —— =

Vin + Vour = =

IN S
=lour

- Q A

Y.

Iin * lout

—Vout —— =

lout [~ b
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A conventional two-switch buck-boost converter uses a
single inductor (Figure 3). However, it has an additional
MOSFET (Q2) and an additional diode (D2) compared to
an inverting buck-boost converter. By turning Q1 and Q2
ON and OFF simultaneously, the converter operates in
buck-boost mode, and the voltage conversion ratio also
complies with Equation 2. This confirms that the two-
switch buck-boost converter performs a non-inverting
conversion. The ideal waveforms of a two-switch buck-
boost converter operating in buck-boost mode and CCM
are shown in Figure 3. Q1 and D1 both see a voltage stress
of Vi, while Q2 and D2 both see a voltage stress of V.
Q1, Q2, D1, D2, and L1 all see a current stress of Iy + Ioyr
with inductor ripple current neglected. The relatively large

Figure 3. A two-switch buck-boost converter in buck-boost mode of operation

Industrial

number of power devices and high-current stress in buck-
boost mode prevent the converter from being very
efficient.

Operating-mode optimization of a two-switch
buck-boost converter

The two-switch buck-boost converter is a cascaded combi-
nation of a buck converter followed by a boost converter.
Besides the aforementioned buck-boost mode, wherein @1
and Q2 have identical gate-control signals, the two-switch
buck-boost converter also can operate in either buck or
boost mode. By operating the converter in buck mode
when Vi is higher than Vg, and in boost mode when Vi
is lower than Vg, the buck-boost function is then realized.
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In buck mode, Q2 is controlled to be always OFF, and
output voltage is regulated by controlling Q1 as in a typi-
cal buck converter. The equivalent circuit in buck mode
and corresponding ideal waveforms in CCM are shown in
Figure 4. The voltage conversion ratio is the same as that
of a typical buck converter:

M= Your _ D, 3)
Vi
where D is the duty cycle of Q1. In buck mode, the output
voltage is always lower than the input voltage since D is
always less than one.

Higher efficiency is possible in buck mode compared to
the buck-boost mode for three reasons. First of all, Q2 is
always OFF in buck mode, which means there is no power
dissipated in it. Second, Q1, D1, and L1 see a lower cur-
rent stress of only Iy in buck mode compared to Iy +
Iyt In buck-boost mode, which potentially reduces power
loss. Third, although conduction loss of D2 stays the same,

Figure 4. Buck-mode operation of the two-switch buck-boost converter

Industrial

the reverse recovery loss is eliminated in the buck mode
because D2 always conducts.

By keeping Q1 always ON, D1 is reverse biased and
stays OFF, and the two-switch buck-boost converter then
operates in boost mode. Similar to the typical boost con-
verter, the output voltage is regulated by controlling Q2.
The equivalent circuit in boost mode and corresponding
ideal waveforms in CCM are shown in Figure 5. The volt-
age conversion ratio is the same as that of a typical boost
converter:

v
M= Jour _ 1

: 4
Vy 1-D =

where D is the duty cycle of Q2. In boost mode, the output
voltage is always greater than the input voltage because D
is always greater than zero. Similarly, higher efficiency
could be achieved in boost mode than in buck-boost

mode due to fewer operating power devices and lower
current stress.

Vout
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Implementation of an efficient two-switch buck-
boost converter

The two-switch buck-boost converter can function in
buck-boost, buck or boost modes of operation. Various
combinations of operating modes can be used to accom-
plish both a step-up and step-down function. Appropriate
control circuitry is required to ensure the desired modes
of operation. Table 1 summarizes a comparison between
four different combinations of operating modes. The buck-
boost mode alone features the simplest control, but has
low efficiency for both step-up and step-down conversion
over the Vyy range.

Table 1. Comparison of operating modes

CONTROL | EFFICIENCY | EFFICIENCY
OPERATION MODES COMPLEXITY (le > VOUT) (le < VOUT)
Buck-boost Simple Low Low
Buck and buck-boost Moderate High Low
Buck-boost and boost Moderate Low High
Buck, buck-boost, and . . .
boost Complicated High High

buck-boost operating modes

Figure 6. Two-switch buck-boost converter features buck and

Industrial

The combination of buck, buck-boost and boost modes
has the potential to achieve high efficiency over the Viy
range. However, its control is very complicated due to
multiple modes of operation and the resulting transitions
between different modes. In many applications, the input
voltage usually drops below output for only a short period
of time. In such applications, the efficiency of step-up con-
version is not as critical as step-down conversion. As such,
the combination of buck and buck-boost modes is a good
trade-off between control complexity and efficiency.

Figure 6 shows a practical implementation of a two-
switch buck-boost converter that uses the LM5118 dual-
mode controller from Texas Instruments. This converter
acts as a buck converter when the input voltage is above
the output voltage. As the input voltage decreases and
falls below the output voltage, it transits to buck-boost
mode. There is a short gradual transition region between
buck mode and buck-boost mode to eliminate distur-
bances at the output during transitions.

In this example, the nominal output voltage is 12 V.
When Vyy is above 15.5 'V, the converter operates in buck
mode. When Vyy falls below 13.2 'V, the converter operates

swi1 Sw2

VCC HB HO
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in buck-boost mode. When Vyy is between 15.56 V and 13.2
V, the converter operates in the transition mode. Figure 7
shows voltage waveforms of switch node 1 (SW1) and
switch node 2 (SW2). In buck mode (Vi = 24 V), SW2
voltage stays constant which suggests that Q2 is kept OFF.
In contrast, Q2 as well as Q1 are switching in buck-boost
mode (Viy =9 V). Figure 8 shows the efficiency with
respect to input voltage at 3 A of load current. The
improved efficiency for step-down conversion is achieved
by operating the converter in buck mode.

Conclusion

SEPIC, Zeta, and two-switch buck-boost converters are
three popular non-inverting buck-boost topologies that
provide a positive output as well as a step-up/down func-
tion. When operating in the buck-boost mode, all three
converters can experience high-current stress and high-
conduction loss. However, by operating the two-switch
buck-boost converter in either buck mode or boost mode,
the current stress can be reduced and the efficiency can
be improved.
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Figure 7. Voltage waveforms at switch nodes
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AC cycle skipping improves PFC

light-load efficiency

By Bosheng Sun

Systems Engineer

For power supplies with an input power of 75 watts or
greater, power factor correction (PFC) is usually required.
It forces the input current to follow the input voltage, so
that any electrical load appears like a resistor to the volt-
age source that powers it. This is essential for many
server, telecommunications and industrial applications,
where energy efficiency and power quality have become
more and more strict. The most important criteria to judge
PFC performance is efficiency, total harmonic distortion
(THD), and power factor (PF). With the help of new semi-
conductor devices and new control methods, the modern
PFC circuit has achieved very good performance at middle
and heavy loads. However, during light-load conditions, the
efficiency, THD and PF deteriorate significantly.

A typical PFC efficiency curve is shown in Figure 1.
Notice how the efficiency gets lower and lower at light
loads. This is because the switching loss, driving loss,
and reverse-recovery loss of semiconductor components
become dominant at light loads. Meanwhile, a PFC may
transition from continuous-conduction mode (CCM) to
discontinuous-conduction mode (DCM), which causes

Figure 1. Example of a typical
PFC efficiency curve
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the converter dynamics to change abruptly and the
current-loop bandwidth to reduce significantly. The small
current-feedback signal also makes control very difficult.
As aresult, the THD of the current waveform increases
(Figure 2).

This article provides a novel method to increase effi-
ciency and reduce THD when the PFC enters the light-
load condition. In this method, when the load is reduced
to less than a predefined threshold, the PFC enters a spe-
cial burst-mode. In this mode, depending on the load, one
or more AC cycles are skipped by the PFC. In other
words, the PFC turns off for one or more AC cycles, and
turns back on for the next AC cycle. The turn-on/turn-off
instance is at the AC zero-crossing, such that the whole
AC cycle is skipped. Moreover, since PF'C turn-on/turn-off
occurs when the current equals zero, less stress and elec-
tromagnetic interference (EMI) noise are generated. This
is different than the traditional PWM pulse-skipping burst-
mode, where the PWM pulses are skipped randomly.

The number of AC cycles to be skipped is inversely pro-
portional to the load. If the load continues to decrease
below the threshold, additional AC cycles will be skipped.

Figure 2. Example of a typical
PFC THD curve
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A look-up table can be generated with the load versus the
number of cycles to be skipped. This table will show the
maximum number of AC cycles can be skipped while
maintaining the output voltage ripple within a specified
range. Figure 3 shows four different AC cycles that are
skipped at different loads.

Figure 3. AC cycles being skipped at different loads
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(a.) One AC cycle skipped
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(c.) Three AC cycles skipped

Communications

Once the PFC turns off, the switching loss, driving loss,
and reverse-recovery loss are all reduced to zero, and the
power loss is just the PFC stand-by power. Since the cur-
rent is zero, THD is zero. When the PFC turns on, it deliv-
ers more than the power required by a light load because
it needs to compensate for the turn-off period. Because

AAAAATASATAVAVAVAVAY

AC Current (1 A/div)

Time (20 ms/div)
(b.) Two AC cycles skipped

ATAVAVATAVAY AVAVAVAVAAY

A T e

Time (20 ms/div)
(d.) Four AC cycles skipped
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the PFC now operates at middle load or completely shuts
off to skip AC cycles, the light-load efficiency is increased
and THD is reduced. Figures 4 and 5 show the efficiency
and THD improvements with this special burst-mode.

Note that when PFC turns off to skip AC cycles, both
the current loop and voltage loop need to be frozen.
Otherwise, the integrators in these loops build up to
generate a big PWM pulse when the PFC turns back on,
which causes a large current spike.

To determine whether or not the PFC enters the
light-load condition, the load information needs to be
monitored. Normally there is no current sensor at the
PFC output, so to directly measuring output load is not

Figure 4: Efficiency comparison

Communications

feasible. However, the PFC voltage-loop output is propor-
tional to the load when Vi is fixed. Therefore, the loop
output can be used as a rough indicator to determine
whether or not the PFC is operating with a light load.

If there is a requirement for the precise number of AC
cycles to be skipped in order to maintain the output volt-
age ripple within a specified range, accurate load informa-
tion is required. Since there is a current shunt measuring
input current for PFC current-loop regulation, the input
power of a PFC can be measured. The input current and
voltage can be monitored by analog-to-digital converters
(ADCs), and then used to calculate the real input power.
This accurate input-power information can be used to
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Figure 6. Load transient from zero to 100% during AC cycle skipping
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precisely adjust the number of AC cycles to be skipped.
There is no need for any extra hardware. For details of
accurate PFC input-power measurement, please see
Reference 1.

A big concern of this approach is the output voltage
drop during a load transient. Assuming a load step-up
occurs when the PFC is off, Vqr may drop too much. To
address this issue, Vqr is compared with a predefined
threshold through a comparator. Once Vqyp is below this
threshold, the PFC will immediately exit the burst mode,
AC cycle skipping is disabled, and the PFC returns to nor-
mal operation. It will handle transient response as if there
is no special burst mode. Figure 6 shows the effects of a
load transient from 0 to 100% during AC cycle skipping.
Note that the Vo drop during the transient is only 27 'V,
which is very normal for a 360-W PFC.

Conclusion

A novel PFC burst mode allows one or more AC cycles to
be skipped when a PFC operates with a light load. As a
result, both efficiency and THD are improved. Moreover,

Texas Instruments
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since the PFC turns on/off at AC zero-crossing, circuit
stress and EMI noise are reduced. The number of AC
cycles to be skipped can be precisely adjusted based on
load to maximize performance and maintain the output
voltage ripple within a specified range. If a load transient
occurs when the PFC is off, the burst mode is disabled
immediately and the PFC handles the effects of the load
transient normally. Finally, the implementation is easy
with a digital controller, and no extra hardware is needed.
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