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Introduction

Industry standard for the control of switch mode power supply (SMPS) systems has been analog
control. Now with the advent of high speed, lower cost digital ICs there has been an increased
interest in digital control of SMPS. Digital control offers opportunities to optimize operation w.r.t
control, efficiency, line and load regulation. The ease of loop control is what makes digital control
most attractive especially in non-isolated buck application. A converter with a digital loop can act
as its own network analyzer. Based on measurement of the system, a device can optimize its
loop response. This is of special advantage in point of load bucks to compensate for actual
capacitive loading and adjust as components age. The aim and challenge of this paper is to
compare the feedback loop of analog buck solution and feedback loop of a digital buck solution.
The entire frequency domain to time domain calculations will be clearly stated and this will give a
theoretical confidence in moving from analog to digital solution. A TPS40k analog buck solution
will be compared to an UCD921x digital solution and its feedback loops will be designed

Feedback Theory

A system always exists in time domain. It can be represented in different domains to get more
information on the nature and characteristic of the system. The various domains for signals and
systems are as shown in table 1.

Table 1.
Domain Continuous Discrete Used for
Time t n Responses, wave shapes
Frequency ® ) Spectral analysis
Pole-zero S z Analysis, design

The pole-zero domain is of importance in power supply design and in the rest of the paper our
discussions will be based on pole zero responses. In the pole-zero domain, the continuous plane
is called the s-plane and the discrete plane is called the z-plane. Although a system always
exists in the time domain whether it is continuous or discrete, it is important to transit between
the various system representations to gather important characteristic information about the
system. The pole-zero domain provides information about damping, natural frequencies, time
constants and dominant time constants for analysis and design. The transfer function, location of
poles and zeros and the like help us in this analysis




I3 TEXAS
SLUAG622 — December 2011 INSTRUMENTS

Stability of a control system is ascertained from the roots of the characteristic equation. If the
roots lie on the right half of “s” plane system is unstable. The transfer function provides a basis
for determining important system response characteristics without solving the complete
differential equation. These transfer functions are represented in the form of a numerator
polynomial and a denominator polynomial in terms of the Laplace variable. In general the
transfer function is of the form:

hn'!.“’lﬂl —|_ 'b?n__]_l"!'ﬂl_l + . ow + E;'l“‘:' —I— h{:}
Ay s 4y Lo ags +ag

H(s) =
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The order of the denominator polynomial “n” indicates the order of the system. The above
equation can be represented in the factored form as

N(s) _ (s =21)(s —22) ... (5 = 2m1)(s = 2m)
D(s) (s —p1)(s—p2)...(s = pn=1)(5 — pn)

For values of s = z1, z2...zm, the transfer function is a zero and these values are called zeros of
the system. The values of s = p1, p2...pn, the transfer function is infinity and these values are
called poles of the system. The roots of the characteristic equation varies between poles and
zeroes

H(s) =

The feedback loop has to be stable to obtain the desired operation of the power supply. For this
negative feedback is used where the output voltage is compared to the reference voltage VREF
and the difference is amplified by the error amplifier. The error voltage output of the error
amplifier is inverted with respect to the output voltage and is therefore -180° out of phase. The
goal of the feedback loop is to minimize the error between output voltage and reference voltage.
The error is small when the overall feedback loop gain is high. An ideal feedback loop would
have infinite gain for all frequencies providing stability for all load conditions. The stability of a
feedback system can be characterized in terms of how closely the gain through the feedback
path approaches a gain of less than 1, under the conditions of interest. Because the feedback
has both a magnitude component and a phase component relative to the output, stability can be
expressed in terms of gain margin and phase margin. Therefore the design of the control system
involves modifying the loop gain. A compensator network is added for this purpose

2 Digital Loop Exemplified
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The Analog Loop In S-Plane

A typical block diagram of a power supply is as shown in figure 1. It consists of a controller,
power stage and feedback stage. The feedback stage acts as the interface between the output
of the power stage and the input of the controller. The feedback section senses the output of the
power stage which may be voltage or current or both of various levels and then converts it to the
voltage or current or both to the controller input level and compares with a given reference to
generate a signal which is fed to the controller, which in turn controls the power stage as
desired. These three blocks were designed and implemented in analog domain. With the
growing popularity of microcontrollers and digital signal controllers (DSC), one has seen the
possibility of dividing the feedback block into two sections; one section gets inputs from the
power stage in analog domain and the other section converts this analog signal to digital domain
and interfaces with the DSC
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In analog controllers such as the TPS40k, the compensation is mainly done by a type-lli
compensator as shown in figure 2. This compensation network has 3 pole points and two zero
points, which can be fixed by means of the correct calculation of the values for the individual

components
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Figure 2.

The error amplifier transfer function with Type Ill compensation is as below:
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By algebraic manipulations it can be expressed in terms of poles and zeros as
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This equation gives two zeros at frequencies of Fz1, Fz2 and three poles at frequencies of Fp1,
Fp2, Fp3

1 1
F,, = and F,, =
2Tf (Rﬂ]h + Rﬁ:} - Cﬁ: 2?'( R1 C1
1
dF L e
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C.+C,
The bode plot for the above type Il compensation is given in figure 3.
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Type Il compensation provides two zeros and two poles which push the cross-over frequency
as high as possible and boosts the phase margin greater than 45 degree. A higher bandwidth

yields a faster load transient response. The faster transient response results in a smaller output
voltage spike

The individual values of R and C required for compensating the error amplifier is as below:

F
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Rfbh and Rfbl are decided by the output voltage

For TPS40k series of controllers there is a loop stability tool which is available online which
calculates the values for the R and C in the above pole-zero equation.
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Figure 4.
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The Digital Loop In Z-Plane

While transiting from an analog domain to a digital domain, two key components are essential.
One is the analog to digital converter and the other is the sample and hold circuit. The sample
and hold circuit consists of two important functions, one is sampling the signal at pre-determined
times and second is holding the value till the next sample so that the ADC can convert the held
analog value to the corresponding digital value. The sampling logic signal in practice is of the
order of few hundred nanoseconds to a few micro seconds to allow for the acquisition of the
analog signal by the hold circuit. A typical digital power supply block is as shown in figure 5
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Consider the signal x(t) shown in figure 5. For simplicity, the signal x(t) considered is a linear
ramp. The signal is sampled with sample interval T. The sample interval is the inverse of the
sampling frequency. The sampling frequency is chosen such that it is at least twice the

maximum frequency component of the band-limited signal x(t). The discretized signal x(n) is

shown in figure 6 and its discrete domain representation is as below:
]

x(n) — Z xik). & (n-k)

k=10

Or

X(2)= i x(x)z7"

k =0

X(t)

/ x(n)

v

Figure 6.

-1

If the above equation of X (z) is multiplied by = then,

X(2).z™" :Zr(k )z
k =0

8 Digital Loop Exemplified



I3 TEXAS
INSTRUMENTS SLUAG622 — December 2011

This when reconstructed will give a signal that is delayed w.r.t the original signal x(t) by one unit

time step (i.e. 1T). This implies that passing a sllgnal through a = block introduces a unit time

delay. If one were to pass a signal through = block, then the input signal will be time shifted
by m time delays or by mT. While implementing a unit delay in hardware, one will have to pass
the input signal in a memory element for a period of 1T. Then after 1T duration has elapsed, the
value in the memory is released as output and current input is stored in the memory

All systems in digital domain are considered as digital filters as they modify the wave shape of
the signal and hence the harmonic amplitude. Therefore, any design in the digital domain is a
digital filter design. There are broadly two distinct type of filters, finite impulse response (FIR)
filter and infinite impulse response (lIR) filter

Digital Filters are based on the common difference equation for Linear Time-Invariant (LTI) —
systems:

N-1 N-1
> a, y[n-m]=>"b, -x[n—k]
k=0

m=0

+ y(m) = output signal

+ X(n) = input signal

+ a,, b, = coefficients

+ N =number of coefficients ( order of system)

Normalized to a0 = 1 we derive the basic equation in time domain:

N-1 N-1
v(n) = Zbk x[n—Fk]- Z a, - vin—m]
k=0

m=1

The transfer function of a digital filter of order N in frequency domain is

N-1
bz ™"
( )= X(Z) — k=0
N £(2) 1+N_la z"
m=1
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A FIR filter is built by using only = blocks and gain blocks as shown in figure 7. Here all poles
are at z =0 and only the location of zeros can be designed by the choice of the scalar gains b0,

b1.... Furthermore FIR filter is an open loop filter. The number of unit delay elements indicates
the order of the filter.

Figure 7.

With an IIR filter both poles and zeros can be designed leading to much better cut-off filters. It

can be realized as shown in figure 8. In an IIR filter, the order of the system is the number of
poles of the IIR filter

x(n) y(n)

y(n-m)

Figure 8.
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Digital controllers compensate the error voltage using digital-filter techniques. This enables the
compensator to be programmable. It also allows the manufacturer to incorporate a nonlinear
response to the error. The required number of poles and zeros in the digital filter depends on the
application. For a voltage-mode buck regulator, two zeros are needed to compensate for the
second order plant (power stage) and a pole at the origin is needed to minimize steady-state
error. Control engineers will recognize this as a proportional, integral, derivative (PID)
compensator. The below equation is this two-zero, one-pole filter expressed in the discrete-time,
or z domain. Here z—1 represents a unit-sample delay

K,+K,z ' +K,z72
Gc(z):d(z}: 0 1£ l 27

e(z) 11—z

One approach to constructing a digital filter to be used as the compensator is shown in figure 9.
Here the multiplication of the error by the numerator-filter coefficients KO, K1 and K2 is done
using a table look-up technique. This is the method used by the Texas Instruments UCD9112
digital controller. By using a table for each product in the numerator of the compensator-transfer
function, non-linear gains can be built into the table. The down side to this technique is that the
tables grow geometrically with increasing dynamic range on the error signal. In the UCD9112 the
sampled error signal has a 4-bit range so each table is 16 elements long.

Additional poles can be incorporated into the compensator to shape noise in the compensated
error. The addition of a second pole has the effect of smoothing the quantization error in the
compensator output. In general, a two-zero/two pole digital filter has the following form given
below:

d(z) by erlz_1 + bz.z_2

G.(z)= - = =)
e(z) l-a;z —a,z
Numerator Denominator
r_—_A e
— -
N o J > d[n]
Kon Kin Kon 21
d[n— 1]
Ko1 Kiq K21
Koo Kio K2g
e[n »| 21 N
[n] z '
Figure 9.
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The discrete-time-domain difference equation resulting from the previous equation is
d[n]=bjy xe[n]+b; xe[n—=1]+b, xe[n-2]

—a;xXd[n—1]—-a, xd[n-2]
Expressing the difference equation in this form is called the direct form. A direct-form digital filter

has a topology that follows this equation as shown in figure 10. The Texas Instruments
UCD92xx family of digital-POL controllers uses this filter arrangement for the compensator

Numerator Denominator
e e~
-~ o~ -~ d[ ]
» d[n

1 a4 d[/n_al] az
rF 9
| ;\ dn-2
e[n] —— z-'=* > z”"@ D4z >z U
’; ,-’f L 4
bo | en=1] [b1] efnZ21[ b, w !

Figure 10.

Finally, the two-pole, two-zero digital filter can be realized as a parallel-filter structure. Some
digital controllers use this implementation for the compensator. The classic proportional, integral,
derivative (PID) controller is a parallel filter structure. Even if the hardware realization of the filter
is not implemented as a PID controller, it is useful to express the filter in this form mathematically
‘ d(z) zZ z—1
e(z) zZ—

Z—0O

In the above equation we see that a PID compensator is the sum of the voltage error multiplied
by a proportional gain, KP, the voltage error multiplied by a integral gain, Kl, and accumulated,
and the voltage error subtracted from the previous voltage error and multiplied by KD. We can
multiply this expression out so that it is expressed as a ratio of polynomials with a common
denominator as in below equation to show that the PID controller is an equivalent representation
of the direct-form filter

G ) (Kp +K; +Kp)z? =(Kp (1+0)+ Ko+ 2K p )z + (Kpor + Kpy )
1. 1Z)= - -
) zz—(l+a)z+0t
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In figure 11, dI[n] is the integrator state and represents the average duty cycle for the controlled
loop. dD [n] is the derivative state and is zero at steady state. Of the three K gains, KD is the
largest and is a function of the location of the zeros in the compensator-transfer function

;

Kp
3 dpln] - dIn]
e[n] —¢ > > Proportional

} Integral
} Derivative

Figure 11.

One of the most straightforward ways to determine what compensation to apply to a SMPS is to
express the total open loop gain and plot the magnitude and phase of the loop gain as a Bode
plot. From the Bode plot, the stability metrics of phase margin and gain margin can be
determined and adjustments to the compensation made until the desired metrics are obtained.
Since most power engineers are familiar with the behavior of the total loop gain as the gain and
compensating zeros are changed, it is advantageous to first define the compensation as a
continuous-time transfer function with specified gain, zeros, and poles. Then this continuous-
time transfer function is transformed to the discrete-time domain to determine the discrete filter
coefficients. Either of the below two equations can be used to describe the continuous-time
prototype controller. If the compensating zeros are complex, the second equation is a more
convenient form

Once the design parameters of wr, Q, wp2 and KDC are determined, the continuous-time
transfer function is mapped to the z-domain using the bilinear transformation

zZ—1

s =21
Yoz +1

5
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Here fsw is the sampling frequency used by the compensating digital filter. This is typically the
switching frequency. This mapping results in the following relationship between the continuous
time design parameters and the discrete-filter coefficients

0)p 2f ) | ]
by =Kpc W ——+ .
A +o, || of  0Q 2f B —4 fow
a1 — -~
~
bl = KDC (DT’ —4fsw + L éi—sw + (t)p
2f5“’ + OJP 0); fsw e
o 2f 1 1 An = —() AT-“W B mﬂ
b, =Kpc ; ————+ 27 Pl 4w
gy + Wy . 0. Q 2f, “low b

The most basic method of designing the compensator tunes the zeros and poles to obtain the
desired bandwidth while maintaining reasonable phase and gain margins (>45° and >10 dB,
respectively). However, these criteria may not be sufficient to provide optimal performance

It was earlier mentioned in the introduction that the digital power supply can act as its own
network analyzer and also auto-tune its performance based on load conditions. A controller
optimized for one set of operating conditions might actually become unstable under other
conditions. Real-time system identification and controller auto tuning can fine-tune controller
parameters, either during development or in actual operation. The system identification and auto
tuning techniques are used in the TI UCD9240 digital controller. The system is perturbed by an
excitation signal and then the response to that excitation is measured. The excitation signal can
be an impulse, a step, white noise, or a sine wave. Exciting the system by injecting a sine wave
into the feedback loop is the technique used by power system/dynamic network analyzers
because it produces the highest signal-to-noise measurement of the system-transfer function.
The UCD9240 digital controller and its supporting design software use this approach

Digital Loop Exemplified
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This technique synthesizes a digital-sinusoidal signal and injects it into the closed-loop system.
Then the response to that excitation is measured at another point in the loop. From this
measured closed loop response the open-loop gain is calculated. Repeating this over a range of
frequencies provides the data necessary to create the Bode plot for the system. Figure 12 shows
the location of the injected signal, r[n], and of the measurement point’s e[n] and d[n] in the
UCD9240

Power Stage G(s)

u[n] Vout
(--';thlayr 2 GPIant >

Y

GDiv Vsense

Digital Controller

Measured
Response Excitation r[n]
Td["] Compensator | ¢[n] Vo A\Vr Nominal
11 Kpwm [«* H(z) Kare + Kpac [+ % ) of

Figure 12.

To generate the excitation signal, a table look-up technique is used. The table contains a
sequence for one period of the sine wave and a pointer is stepped through the table at different
rates to generate each excitation frequency. To measure the response, the same table is used
to generate a cosine and a sine sequence. These two sequences are multiplied by the response
vector, d[n], and summed to obtain a complex estimate of the response at the excitation
frequency. This is repeated at each frequency for which a measurement is desired. From the
complex estimate of the response, we can generate the Bode plot for the system. Because most
of the gains in the system are digital—the compensator, the digital PWM, the computational
delay, etc.—this technique produces an accurate estimate of the transfer function of the power
stage. Then, once we have that estimate, we can use it to make decisions about the optimal
compensation of the loop

Digital Loop Exemplified 16
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Traditional controllers usually require redesign or retuning during development to account for
wide variations in the power-supply parameters and operating conditions. Most of the well-
known digital autos tuning techniques try to shape the frequency response of the closed-loop
gain. The controller coefficients are tuned to achieve the desired phase and gain margins and
loop bandwidth. These techniques do not guarantee optimal time domain- transient
performance. A user interface that can communicate with the digital controller provides an
adequate tool for auto tuning. The Tl GUI can perform auto tuning based on both the frequency
response of the system and the time-domain simulation results. Auto tuning based on frequency
response can use the simulation results or the system identification technique previously
described. Figure 13 shows the Auto-Tune design screen of the Tl GUI for the UCD9240. The
auto tuning process uses criteria such as crossover frequency, phase margin, gain margin, DC
gain (the loop gain at 10 Hz), and the maximum closed-loop output impedance for frequency-
response shaping. The user chooses the desired value and the weight applied to each criterion.
The GUI also supports time-domain criteria including settling time, overshoot, and undershoot.
The GUI iterates the compensator coefficients to achieve the desired frequency response and
time-domain simulation results. After evaluating the results, the user can load the final
compensator coefficients into the device register of the UCD9240

— Desired Response
Weight:
[ Feov: ws ez =——fF—
Low High
[7] P 60.0 % deq :ﬂ
' ' i
[“lam: 1008 & = F—
DC Gain @ 10 Ha: (0.0 & =
' ' i
Max Qutput Impedance: 2.5 % ms2 :'_|:
[] Transient Peak-Peak Error: 600 mi  =——]——
[v] steady State voltage Error RMS: 1.0 |1- mY ':ﬂ
[i¢] Settling Time: w0 s =]
| Load Response Goals From Bode, Impedance, and Time Plots ‘

Figure 13.
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Figure 14 shows the compensator design window available with the UCD9240. The GUI accepts
the compensator coefficients in various forms, including real zeros, complex zeros, or PID
coefficients. The user interface calculates the z-domain compensator-transfer function using a
bilinear mapping technique. The resulting z-domain transfer function is then applied to the plant
transfer function to provide the loop gain.

lrl:umpensatm - Rail #1, Bank 0x1 - Regulation
(=) Real Zeros Only () Complex or Real Zeros () Continuous PID
Ko 4167643 5 K: Kp:
Fzl: 1800 EkHz @ Ki:
Fz2! 15.300 S kHz  Fz: kHz  kd:
Fz3: kHz  [_| simple Integrator Disable 3rd Pole/Zero
Fpl: kHz Fpz: 50.240 ﬁ kHz Fp3:
Figure 14.

The UCD9240 implements bit formatting and arithmetic in such a manner that the equivalent
gain of the eADC and DPWM equals unity (neglecting the quantization effect on the gain).
Therefore, the gain factors for the loop gain are the control-to-output-voltage transfer function of
the power stage, Gvd; the output-voltage sense, H; and the compensator, Gc.
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Mapping Between S-Plane And Z-Plane

The physical system exists in the continuous or analog domain. When expressed in the digital
domain with the sampling information incorporated, it would give a better understanding if one is
able to relate critical s domain parameter in z domain, The z-plane variable “z”, the s-plane

variable “s

__EJ.ET
T, S=0jw

-

o JoT
=€ e

jo
The above equation is of the form € wherer= €

O

and the sampling time T are related by the following relation:

andq=wT

The Cartesian co-ordinate system is used in s-plane and the polar co-ordinate system is used in
z-plane on account of mapping rule

The j@ axis of the s-plane

Im

is the location of the Fourier .
A -
basis functions \ Ja S-Plane A Z-Plane
Inside the unit circle Outside the unit circle
corresponds to thea <0 corresponds to o>-0 part
3t part of the s-plane of the s-plane
________________ B
gU
) S,
> ¢ .
> >
_________________________________ Re
T
""""""""" Sommmmmmmmmnees \
TTTTTTTEsT e "_;: """"""" The unit circle corresponds
" to the jo axis of the s-plan,
it is the location of the Fourier
basis functions

Figure 15.

The whole of the positive real axis maps to the real axis between 1 and infinity in the z-plane.
The right half of the s-plane is called the unstable region. It can be shown that the area outside
the unit circle in the z-plane is the unstable region. Thus for a discrete system transfer function if
the poles and zeros lie inside the unit circle, the system is stable whereas if they’re outside the
unit circle, the system is unstable
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6 Conclusion
Analog and Digital Controller Performance can be compared as given in table 2:
Table 2.
Control Properties ANALOG | DIGITAL
Switching frequency (CPU limitations) + -
Precision (tolerances, aging, temperature effects, drift, offset, ete.) +
Resolution (numerical problems, quantization, rounding, etc.) + -
Bandwidth (sampling loop, ADC - DAC speed) + -
Instantanecus over current protection + -
Compatibility with power components + -
Power requirements + -
Communication, data management +
Understanding theory + -
Advanced control algerithm (non-linear control, improved transient) +
Multiple loops +
Cost of controller + -
Cost of a platform (flexibility, time to market) +
Component count (comparable functionality, integration)
Reliability +
The digital control loop theory was discussed in detail along with the traditional analog loop
comparisons and with this clear understanding we can now design around the digital controllers
like the UCD92xx with complete ease and comfort. The references mentioned at the end will
further help in understanding the other blocks of a digital power supply and their modeling
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such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications of their applications, and
acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related requirements concerning their products
and any use of Tl products in such safety-critical applications, notwithstanding any applications-related information or support that may be
provided by TI. Further, Buyers must fully indemnify Tl and its representatives against any damages arising out of the use of Tl products in
such safety-critical applications.

Tl products are neither designed nor intended for use in military/aerospace applications or environments unless the TI products are
specifically designated by Tl as military-grade or "enhanced plastic." Only products designated by Tl as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of Tl products which Tl has not designated as military-grade is solely at
the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in connection with such use.

Tl products are neither designed nor intended for use in automotive applications or environments unless the specific Tl products are
designated by Tl as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any non-designated
products in automotive applications, TI will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications
Audio www.ti.com/audio Communications and Telecom www.ti.com/communications
Amplifiers amplifier.ti.com Computers and Peripherals www.ti.com/computers
Data Converters dataconverter.ti.com Consumer Electronics Www.ti.com/consumer-apps
DLP® Products www.dlp.com Energy and Lighting www.ti.com/energy
DSP dsp.ti.com Industrial www.ti.com/industrial
Clocks and Timers www.ti.com/clocks Medical www.ti.com/medical
Interface interface.ti.com Security www.ti.com/security
Logic logic.ti.com Space, Avionics and Defense  www.ti.com/space-avionics-defense
Power Mgmt power.ti.com Transportation and Automotive www.ti.com/automotive
Microcontrollers microcontroller.ti.com Video and Imaging www.ti.com/video
RFID www.ti-rfid.com
OMAP Mobile Processors www.ti.com/omap
Wireless Connectivity www.ti.com/wirelessconnectivity
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