Understanding Power Monitor Accuracy
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Measurement of a system’s power consumption during a final factory test (before deployment
into the field) is a prudent part of a test program for any product. But there is an increasing
emphasis to bring this functionality into the product itself for “run-time” monitoring of power,
current, supply voltage, and energy. Accurate monitoring of these parameters provides valuable
diagnostic information for scheduling maintenance and predicting failures. It can also assist in
ensuring “green” systems are meeting their low power consumption goals. Linear Technology
offers a range of products that provide run-time measurements of voltage, current, power and
energy. These include stand-alone monitors such as the LTC2945, LTC2946 and LTC4151, or
products that combine these features with hot swap functionality such as the LTC4215 (for +12V
systems), the LTC4260 (for +48V systems) and the LTC4261 (for -48V systems). All of these
devices essentially function as “multimeters on a chip”, but how accurate are they?

The Accuracy Specification Dilemma

All of these products specify the Total Unadjusted Error (TUE) of their measurement channels,
where TUE is the worst-case error, measured error across all process parameters and
temperatures and including errors from all sources combined into a single specification. It is
usually described as a percentage of full-scale.
(Actual Code — Ideal Code)

TUE = o +100%
TUE simplifies preliminary error analysis by providing a maximum bound on the worst-case
error across all conditions expressed in a single number.

However, since TUE is a single specification it often leads to confusion about measurement
accuracy across the entire input range. Often a false assumption is made that the TUE error will
occur throughout the input range of the converter resulting in gross inaccuracy at the lower end
of the input range. Taking the LTC2946, energy monitor as an example, the TUE specification of
the ASENSE channel is specified at 0.6% of full-scale. While this value might be fine for inputs
near full-scale, it may not be acceptable for small inputs. TUE is only part of the story — other
guaranteed specifications will constrain the allowable error to a smaller value when the input is
less than full-scale.

To shed light on performance across the input range, an understanding of the various ADC error
sources is necessary. This article will consider the LTC2946 configured for a 10.24A current
measurement as an example, and will focus on the DC error specifications that are most relevant
to power monitoring applications. The current sense channel is the most involved measurement
to study because it includes errors internal to the LTC2946 as well as the tolerance of the sense



resistor, and supply current is a parameter that is likely to vary widely during the operation of a

system.

Error Sources and Specifications

Figure 1 shows the specification table present in the LTC2946 datasheet. The specifications
relevant to our analysis are TUE, Full-Scale Voltage, LSB Step Size, offset, and INL.

ADC (SENSE*, SENSE™ = 0V, 100V) (Note 7)

RES Resolution (No missing codes) (Note 5) (] 12 Bits
TUE Total Unadjusted Error (Note 6) ASENSE (C-, I-Grade) [ ] +0.6 %
ASENSE (H-, MP-Grade) [ ] 0.7 %
SENSE*pp (C-, I-Grade) [ ] +0.4 %
SENSE*Npp (H-, MP-Grade) ] +0.5 %
ADIN (C-, I-Grade) (] 0.3 %
ADIN (H-, MP-Grade) [ +0.4 %
Vis Full-Scale Voltage ASENSE (C-, |-Grade) e | 1018 1024 103 mv
ASENSE (H-, MP-Grade) e | 1017 1024 103.1 mV
SENSE*/Vpp (C-, I-Grade) [ ] 102 1024 102.8 v
SENSE*Npp (H-, MP-Grade) e | 1019 1024 1029 v
ADIN (C-, I-Grade) ® | 2042 2.048 2.054 v
ADIN (H-, MP-Grade) e | 204 2.048 2.056 v
LSB LSB Step Size ASENSE 25 pv
SENSE*Npp 25 mv
ADIN 05 my
Vos Offset Error ASENSE (C-, I-Grade) [ ] +2.1 LSB
ASENSE (H-, MP-Grade) [ ] +3.1 LSB
SENSE*Npp [ ] +15 LSB
ADIN [ ] +1.1 LSB
INL Integral Nonlinearity ASENSE [ ] 2.5 LSB
SENSE*/pp [ ] +2 LSB
ADIN [ +2 LSB
o, Transition Noise (Note 5) ASENSE 1.2 VRS
SENSE*Npp 0.3 mVams
ADIN 10 BVRms
tcony Conversion Time (Snapshot Mode) ASENSE ® | 624 65.6 68.8 ms
SENSE*Npp, ADIN e | 312 328 344 ms

Figure 1: LTC2946 Specification Table

These specifications include contributions from all errors internal to the LTC2946, including the
ADC, reference, current sense op amp (for the ASENSE channel), and internal dividers (for the
SENSE+/Vdd channel). Figure 2 shows the block diagram of the LTC2946, as well as an
external 10mQ, 1% tolerance sense resistor.
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Figure 2: LTC2946 Block Diagram Showing Signal Chain
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A useful concept for this analysis is the idea of a transfer function. This is the mapping of the
input voltage between the SENSE+ and SENSE- pins to the digital output code. Figure 3 shows a
hypothetical perfect transfer function, where a zero input produces an output code of zero counts,
a full-scale input of 102.4mV produces an output code of 4095 counts, and there is a perfectly
linear relationship between these points. Each code transition occurs exactly 25uV above the
previous transition. In this perfect LTC2496, there is never an error greater than 1LSB*. The
errors described next are all departures from this ideal.

! The ideal transition from code 0 to code 1 occurs at 25uV for the LTC2946. Some ADCs are
trimmed to give an ideal transition at % LSB input.
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Figure 3a: Zoomed In Transfer Function; Figure 3b: Entire Transfer Function

Offset error determines the ability to accurately measure small currents.

Offset is the output code of the LTC2946 that results when the input is zero. In the case of the
LTC2946 this error has a maximum value of 2.1LSB, or 52.5uV. This equates to 0.057% error —
about 10% of the TUE spec.
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Figure 4: Positive and Negative Offset Error



Note that the offset may be positive or negative. If the offset is positive, the output code will be
nonzero when the input is zero. If the offset is negative, the ADC will be “clamped” or “railed”
at zero, and it will take some small voltage at the input to produce a nonzero output. For this
reason, the offset must be evaluated with a small, known voltage applied to the input. This
voltage is subtracted from the ADC reading to calculate the offset. Consider an LTC2946 with a
worst-case negative offset; applying a voltage equal to 10 LSBs (250uV) would result in an
output code 7.9 LSBs. Subtracting 10 LSBs from this output code results in -2.1 LSB. Similarly
for a LTC2946 with a positive offset, the output code would be 12.1 LSBs, subtracting 10 LSB’s
would result in the +2.1LSB offset.

It is true that applying this voltage allows other error sources to contaminate the measurement
(Gain Error, Linearity) but the test voltage is chosen such that the offset error is still dominant
and the additional errors are negligible.

The effect of offset on our 10.24A application is that when zero current is flowing through the
sense resistor, an LTC2946 with a positive offset may indicate a current as high as 5.25mA, and
an LTC2946 with a negative offset may continue to read zero until 7.75mA is flowing. The sense
resistor’s tolerance does not affect the current measurement when the current is zero, and has
minimal effect for small currents. That is, the LTC2946 offset is the dominant error source for
small currents.

Full-Scale error determines the ability to accurately measure large currents.

Full-scale error is the error in the LTC2946 output code that results when an ideal full-scale
voltage of 102.4mV is applied across the SENSE inputs. Full-scale error includes all error
sources internal to the LTC2946: Offset (described previously), Gain Error, and INL(to be
defined shortly.) The Full-scale error of the sense input is specified in terms of the input voltage
that will result in a full-scale output: a part with negative full-scale error will output a code of
4095 when the input is 103mV, and a part with a positive full-scale error will output a code of
4095 when the input is 101.8mV. This specification can be “inverted” to be expressed in terms of
the code that will result from a perfect 102.4mV input. An input of 102.4mV may produce an
output code indicating a value from a minimum of 101.8mV (output code of 4071) and a
maximum of 103mV (output code of 4119).

Note that in the maximum case, the output code will be “clamped” at 4095, in the same way that
the output of a part with negative offset will be clamped at zero. In this regard Full-Scale error is
similar to offset error i.e. Full-Scale error is the endpoint error at full-scale input whereas the
Offset error is the endpoint error at zero input. The full-scale error spec for the LTC2946 is +/-
0.58% - slightly less than the 0.6% TUE spec.

Why isn’t the TUE spec simply 0.58%? The additional 0.02% error allowed by the TUE spec
allows for the nonlinearity of the transfer function, which will be discussed shortly.

One additional error source must be considered to calculate the effect of full-scale error on our
10.24A application — the sense resistor’s tolerance. A current of exactly 10.24A flowing through
a 1% tolerance, 10mQ resistor will produce a voltage as low as 10.24*0.01*0.99 = 92.16mV or



as high as 10.24*0.01*1.01 = 103.42mV. The error in this voltage will add directly to the
LTC2946’s full-scale error, which will then be reflected in the output code. Thus the measured
current can be as low as 10.24 * 0.99 * (0.9942) = 10.079A or as high as 10.24*1.01*1.0058 =
10.402A. Of course the high case will be clamped at an indicated current of 10.24A, so we can
calculate the actual current that would produce the full-scale output code: 101.8mV / (0.01 *
1.01) = 10.079A,; any current higher than this will continue to output a code of 4095.
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Figure 5: Full Scale Error

Gain error is often less useful than full-scale error.

Gain error is the difference in slope between the ideal transfer function and the actual transfer
function as shown in Figure 6a. It requires two points along the transfer function to calculate,
preferably close to the endpoints to account for the whole input range. Gain error, as a datasheet
specification, is often not as useful as full-scale error for DC current and voltage measurements
as it is possible to have zero gain error when the offset and full-scale errors are equal. This is
illustrated in Figure 6b, which shows the transfer function of a device that has an offset error, a
full scale error, but perfect gain.



The LTC2946 current measurement application has four sources of gain error. Three are internal
to the LTC2946: the reference, the sense amplifier’s gain of 20, and the ADC itself. The
tolerance of the external sense resistor also directly affects the gain of the current measurement.
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Figure 6a: Non-Zero Gain Error
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Figure 6b: Zero Gain Error

The gain error is not specified separately in the LTC2946 datasheet. However it can be estimated
using the following equation:

Gain Error = FullScale Error — Offset Error

Noting the magnitude of the offset and full-scale errors, Gain Error is the dominant term in the
full-scale error spec.

Integral Nonlinearity is the deviation of the transfer function from a straight line.

Integral Nonlinearity (INL) is defined as the deviation of a code transition from its ideal
transition point, without considering offset error and full-scale error, as shown in Figure 7.
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Figure 7: INL Error

The “shape” of the INL curve is determined by the architecture of the ADC. The LTC2946 has a
first-order delta-sigma ADC, which tends to produce INL curves that are qualitatively similar
from device to device. The typical INL curve shown in Figure 8 has a single “bow”, with INL
error building gradually to a maximum near the center of the transfer function. Thus while the
datasheet specification would allow a part to have a maximum INL error just a few codes away
from either endpoint, actual devices will not behave in this way.
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Figure 8. Typical LTC2946 INL

The impact of the LTC2946’s 2.5LSB INL specification on a typical current monitoring
application is minimal. 2.5LSBs is equivalent to 6.25mA in our 10.24A example application,
which is on par with the offset error, and insignificant compared to the 161mA full-scale error.

Putting it all together

Consider our 10.24A LTC2946 example on a telecom board that draws 5A when no data is being
processed, and 9A under full load. The LTC2946 with a 100hm resistor for 10.24A full-scale is
a good fit, leaving some room for higher current transients. IF TUE was the only error specified,
the measurement error could be as much as 164mA, for any input current (including the error
contributed by the sense resistor.) An error of 164mA in a 9A current measurement is fairly
good, about 1.8% of the actual current, and the error would be dominated by the 1% tolerance of
the sense resistor. At 5A, the 164mA error would represent 3.22% of the actual current, still
adequate for a “state of health” measurement. However, if the application has a very low power
sleep state or other operating modes that draw significantly less current, then a 164mA error is
bothersome.

Applying the other specifications defined previously shows that the measurement error is
considerably better than the TUE spec at low currents. With zero current flow, there is zero
voltage across the sense resistor and the maximum error will be determined by the offset
specification of 2.1LSB. Multiplying this number by the 25uV LSB gives an offset of 52.5uV
which results in a maximum error of 5.2mA assuming a perfect sense resistor of 270mOhms.



Similarly, the maximum error seen at full-scale would be bounded by the full-scale error and
result in an error of 161mA as calculated previously.

The remaining error is caused by the INL which results in the departure of the transfer function
from the ideal straight line between its end points. The LTC2946’s INL spec for the ASENSE
channel is 2.5LSB, or 62.5uV. This translates to an error of 5.2mA for a 10mOhm sense resistor.
Note that the INL error will be at a maximum somewhere along the transfer function (see Figure
8) but its contribution will be small for inputs close to zero or full-scale.

This means, for a 10A application if we were to introduce the error introduced by a 1% resistor
we would measure low currents with an accuracy of about 6.3mA. The dominant error for small
inputs being the offset, and for larger inputs the full-scale of the LTC2946 and the tolerance of
the sense resistor.

Figure 9 was generated by a handy error calculator spreadsheet accompanying this document. It
calculates the maximum error that can be expected for any voltage within the device’s input
range. The inputs to the spreadsheet are TUE, Full-scale error, offset, and INL. One additional
parameter called the “INL Build Rate” is required to estimate the contribution of INL. This
parameter, expressed as a percentage of the transfer function, allows the INL error to build from
zero contribution at the zero-scale and full-scale to a maximum close to the center of the transfer
function. Entering a value of zero will produce a more conservative result; entering a value of 30
will more closely model actual LTC2946s.
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Figure 9: Actual Error Vs TUE



Voltage Measurement Accuracy

The same analysis applies to voltage measurements as well. The 0.4% TUE spec for the
SENSE+ / Vpp channel sounds like a good number for a power supply output; 1% is considered
very accurate for a low voltage linear regulator, and a 0.4% accurate measurement of a 48V
telecom supply is more than adequate, considering most loads will accept 36 to 72V. But 48V is
about in the middle of the LTC2946’s Vin measurement range of 102.4V; if the 0.4% TUE was
the only specification, the relative impact to the measurement would be approximately double:

48V measurement error = 0.4% * (102.4 / 48V) = 0.8%

This is still good for a 48V supply, but entering the LTC2946 specifications for the SENSE+ /
Vpp channel and a measurement input of 48V into the spreadsheet shows that the error is
approximately 0.25% of full-scale.

A B C O E F e} H
1 INPUT
2
3 MM P | max |
4 WES 102 1024 1025
5 L5B A, 2.50E-02 P&,
] WIS M4, M4, 15
E ML MA, MW, 2
g TUE 0.4
9 RES 12
10 |L BUILE RATE 1a
11 Enter Desired Measurement Yalue Resulting Error At Measurement Walue
12 4 S0E+01 0.25743895 v
13 0.251405225 % of Full Scale
14 ouTPUT
15 Humeric Error % BEror
16 |TUE 0.1096 0.4 «
17 |vOs 0.037509158 0.03663 TUE = VESerrar+ INLerror
15 |WFS 0.4 0.39062 &
19 |INL 0.05001221 0.048854
20
21
22
23
24
25

Conclusion



Total Unadjusted Error is a convenient accuracy specification expressed as a single number. But
an understanding of all accuracy specifications is essential for understanding what measurement
errors to expect across the entire input range.



