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POWER METERS

Several kinds of power meters are employed in electrical and
electronics engineering. Depending on the specific applica-
tion, a unique power meter must be used. A description of the
main kinds of power meters (dc power meters, ac power me-
ters for electric power applications, and power meters for
high-frequency electronic systems) follows. In electronic cir-
cuits, for the frequency range of approximately 1 Hz to 500
kHz, depending on the nature of the signal, power may be
measured with instruments implementing methods similar to
those employed in ac power meters for electric power applica-
tions or power meters for high-frequency.

DC POWER METERS

The direct current (dc) power dissipated in a load resistance
R may be calculated from measured voltage across R, (with
a dc voltmeter) and measured current flowing through R
(with a dc ammeter). This task may be performed in the two
circuit configurations that are shown in Fig. 1. In the circuit
of Fig. 1(a), the voltmeter measures the voltage drop Vi
across R;, while the ammeter measures the sum of two cur-
rents, I, flowing through R;, and Iy, flowing through the volt-
meter. If no correction associated with Iy is made, then the dc
power is calculated as

Py, =1V, = (I, + L))Vy, 1)

If a correction for Iy is made, then the power dissipated in the
load, Pi, is calculated as

P, =01V, =1V, - L[V, =P, — Py (2)
where Py = IV}, is the power dissipated in the voltmeter. The

worst-case relative error with which the Pj, is measured in the
circuit of Fig. 1(a) while correction for Iy is made is

Iy
SpL) = I_LBI + 8y, + E‘SIV 3)

where & is the relative measurement error of I (error of the
ammeter), &y, is the relative measurement error of Vi, (error
of the voltmeter), and &y is the relative error with which the
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Figure 1. Dc power measurement using a
voltmeter and an ammeter. There are two
possible measurement circuits: (a) direct
V., measurement, where the voltage drop
across the load is measured directly but the

ammeter measures a sum of load current
and voltmeter’s current, and (b) direct I,

measurement. The result of power mea-
surement needs to be computed from the

measured voltage and current. (a)

I has been estimated (calculated from known voltmeter resis-
tance Ry and measured V). If the power calculated from Eq.
(1) is taken as the result of a measurement (no correction is
applied), then the error of the Py, in the circuit shown in Fig.
1(a) is

1 I
Spri) = I_L‘SI + 8y + ﬁ (4)

If the circuit of Fig. 1(b) is used to measure P;, then the am-
meter measures the current I, flowing through R;, while the
voltmeter measures the sum of two voltage drops, Vi, across
R, and V, across the ammeter. If no correction related to V,
is made, then the dc power is calculated as

Py =LV =L(V, +V,) (5)

If a correction for V, is made, then the power dissipated in
the load, Py, is calculated as

P =LV, =LV -LV,=P, —P, (6)

where P, = IV, is the power dissipated in the ammeter. The
worst case relative error with which the P;, is measured in the
circuit of Fig. 1(b) while correction for V, is made is

Vv \%
SpLp) =6 + V. 5y + ‘Ti Sya (7

where &y, is the relative measurement error of I, (error of the
ammeter), dy is the relative measurement error of V (error of
the voltmeter), and &y, is the relative error with which the
V, has been estimated (calculated from known ammeter resis-
tance R, and measured I). If the power calculated from Eq.
(5) is taken as the result of a measurement (no correction is
applied) then the error of the Py is

Vv
SpLp) = 81z + ‘TL Sy + ‘TL (8)

To decide which of the two circuits is preferable, errors py
and &py;) need to be compared. The circuit that gives a lower
measurement error is preferred. The key criterion obtained
from this comparison is: which of the two ratios is smaller,
IV/IL or VA/VL?

Power meters process the information of I}, and V1, and dis-
play the measured power with given accuracy. Block dia-

grams of two dc power meters are shown in Fig. 2. The circuit
shown in Fig. 2(a) implements analog multiplication of sig-
nals proportional to V and I;. The output voltage of an analog
multiplier, Vy, is proportional to the product of two input volt-
ages. In the circuit of Fig. 2(a), V,, is proportional to the power
dissipated in R;, and may be converted to a digital form with
an analog-to-digital converter (ADC), or displayed in an ana-
log form. Analog multipliers are integrated circuits and they
allow the presence of a limited voltage at their inputs. There-
fore, when the input voltage V is equal or exceeds the full
scale value, a voltage attenuator needs to be employed. Or
else, if V is too small to be processed with the smallest possi-
ble error, an amplifier needs to be used. In circuits of Fig. 2,
current [;, is converted to voltage with a current sensor that
has a low-pass frequency response (includes dc in its fre-
quency range). The benefit of this type of current to voltage
conversion is a small equivalent R, resistance. Also, the cur-
rent sensor may be of clamp-on type, that makes the connec-
tion of the power meter to the circuit under test very easy.

R I
—VW\-o— o—
+ +
n Amplifier
Vs C—) vV VL ;RL
Attenuator +
or amplifier Vo
- Multiplier - —
O o—
(a)
R, I I
—VW\-o—— o
+ +
in ADC outl— p
start end !
Amplifier X
*~—>
Vs CtD v 7 VL;RL
Attenuator _ _start end |

or amplifier ~ | aDC out D,

o o

(b)

Figure 2. Dc power meters provide the value of measured power.
One of two methods of computing the power may be employed: (a)
analog power computation, (b) digital power computation.



Output voltage from current sensors is always a small value
and requires amplification before it is applied to the input of
the analog multiplier. Integrated circuits specially designed
for applications in power measurement circuits are available.
An example of such a device is the AD7750 product-to-fre-
quency converter from the Analog Devices company (World
Wide Web Site: http:/www.analog.com).

The circuit depicted in Fig. 2(b) shows block diagram of a
digital power meter. Instead of using the analog multiplier,
voltages proportional to V and I, are converted to a digital
form with ADCs. Digital values Dy and D; proportional to V
and I}, are then processed by the digital part of the power
meter. The circuit shown in Fig. 2(b) uses two ADCs, but
sometimes one DAC and an analog multiplexer in front of it
may be used.

Measurement errors of circuits shown in Fig. 2 are com-
puted similarly as errors for the circuit shown in Fig. 1(b);
see Egs. (5) to (8). An equivalent voltage V, (or equivalent
R,) may be specified for the current sensor as for an ammeter.

AC POWER METERS USED IN ELECTRIC
POWER APPLICATIONS

Instantaneous power p is a product of current i and voltage v
that are functions of time ¢

p@) =i®)v@) 9

Fig. 3(a) shows sinusoidal i(¢) and v(¢) as functions of phase
angle wt. In the graph, the phase shift of v is assumed to be
0° and current i lags the voltage by 50° (inductive-resistive
load). The power p for these v and i is shown in Fig. 3(b). In
cases when the instantaneous power is the signal that carries
the desired information, circuits like those shown in Fig. 2
are used. An example of using the instantaneous power as a
medium for fault detection of electric motors is described in
the paper of Legowski, Ula, and Trzynadlowski (1). In order
to update the circuits shown in Fig. 2 to ac applications, an
ac voltage source with Thévenin equivalent impedance Zg(s)
needs to be used in place of the dc voltage source. As the load
in ac circuits an impedance Z;(s) rather than R;, needs to be
used. All symbols of voltages and currents need to be changed
to those that represent ac signals. In these modified circuits,
the output voltage from the block “Attenuator or Amplifier” is
proportional to v(¢) and the output voltage from the block
“Amplifier” is proportional to i;(¢). In the ac circuit similar to
the one shown in Fig. 2(a), the output voltage from the analog
multiplier is v,(¢) and is proportional to p(¢). While using this
circuit, the v,(¢) is further processed in an analog circuit or
sampled with an ADC and processed digitally. In the ac cir-
cuit similar to the one shown in Fig. 2(b), output voltages
from the “Attenuator or amplifier” and “Amplifier” are sam-
pled with ADCs at a sampling frequency suitable for the digi-
tal signal processing of the p(¢). In both circuits, the band-
width of the current sensor, “Attenuator or amplifier,” and
“Amplifier” must match the bandwidths of v(¢) and i1(¢). In
order to recall the other definitions of power in ac circuits,
assume that the excitation is sinusoidal and the circuit is lin-
ear. Thus phasor analysis may be used. Definition of the com-
plex power is
1

S=-vVr

oL (10
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Figure 3. Ac voltage, current, and instantaneous power, (a) sinusoi-
dal v(¢) and i(¢), (b) instantaneous power p(¢). Instantaneous power is
a function of time and may take positive or negative values.

-500

which results in

S=P+jQ (11
where P is the active power (or real power, or average power),
and @ is the reactive power. A phasor diagram that shows a
superposition of current, voltage, and power phasors is shown
in Fig. 4. This phasor diagram shows a specific case for which
the phase shift of the voltage is equal zero. The active power
and reactive power are

1
P= EVpIp cos® [W] (12)

and
1 .
Q= QVpIp sin® [VAR] (13)

where V, is the peak value of the voltage, I is the peak value
of the current, and 0 is

®=¢V_¢1
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Figure 4. Phasor diagram of voltage, current, and power.

In the last equation, ¢y, is the phase shift of the voltage, and
¢ is the phase shift of the current. The apparent power is the
magnitude of S

1
IS|=VP*+ Q%= 5Velo (VA

(14)

A graph of various components of ac power in the time do-
main (as functions of phase shift wt) is shown in Fig. 5. As
before, ¢y = 0° and ¢ = —50° have been chosen for the figure.
In this figure, two components of p(¢) are shown, pp(¢) repre-
senting the energy flow into the load impedance, and pq(?)
which characterizes the energy borrowed and returned by the
load impedance. The real power P is at the same time the
average value of p(¢) and also the average value of pp(¢). The
reactive power @ is the peak value of pq(#), while the average
value of po(¢) equals zero. The apparent power |S| equals one
half of the peak-to-peak value of p(¢). A description of power
in ac circuits may be found in the book by Cunningham and
Stuller (2).
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Figure 5. Components of ac power in time domain.

Ac power meters are designed to measure individual com-
ponents of the ac power (including power factor, PF = cos®)
or given sets of these components. The electrodynamic instru-
ment (or dynamometer, or electrodynamometer) is the moving
coil instrument that measures active power. The main parts
of its mechanism are shown in Fig. 6(a). Between 1843 to
1910, the work of researchers like Wilhelm E. Weber, Lord
Kelvin, James P. Joule, Andre Marie Ampere, and the broth-
ers Werner and William Siemens made possible the develop-
ment of a reliable electrodynamic instrument that started to
be mass manufactured. In it, the magnetic field is produced
by a two-part fixed coil conducting current i;. This magnetic
field and current i, in the moving coil produce a torque that
turns the moving mechanism of the meter. Fig. 6(b) depicts a
circuit in which ac power is measured [similarly as shown in
Fig. 1(b)] with the electrodynamic instrument. The average
value of the torque is

T
T, = %/0 imif% dt (15)
where M is the mutual inductance between the moving and
fixed coils, « is the angular deflection of the moving coil, and

Figure 6. Electrodynamic power meter. Inductance L; is formed by
a series connection of two inductors. Rotating inductor L,, is placed
in the middle of these two inductors.



T is the period of i; and i,. In series with the moving coil is
connected a reference resistor Ry that makes the current i,
proportional to the voltage v. Current i, is carried to the mov-
ing coil by two control springs (that produce the reference re-
storing torque) and the shaft of the moving mechanism. The
position of the pointer that is attached to the shaft of the mov-
ing mechanism is read from a scale in watts. The electrody-
namic instrument can measure dc power. When ac power is
measured, the averaging effect of the T, is produced by the
inertia of the moving mechanism. Therefore, it is not possible
to measure the power at frequencies below 10 Hz or so, be-
cause the averaging effect is not in place yet. On the other
hand, the electrodynamic instrument may be used for fre-
quencies up to 400 Hz. These instruments are optimized for
measurements at 50 Hz or 60 Hz and may be used for sine
wave signals with limited nonlinear distortions (harmonics of
the line current up to the seventh harmonic are included in
their frequency range). Measurement error of these instru-
ments is usually in the range from 1% to 5% when the mea-
sured power equals the full scale value. When smaller than
full scale values are measured, the measurement error in-
creases accordingly. Other types of power meters that convert
electric power to deflecting torque, for example, electrostatic
wattmeters or moving-iron wattmeters, were also developed.
Meters of other components of electric power, for example,
power-factor meters and reactive power meters (varmeters),
have been developed too. More information on torque based
measurement instruments may be found in books by Kidwell
(3) and Kinnard (4).

Figure 7 shows the block diagram of single phase elec-
tronic power meter. This instrument measures a set of compo-
nents of the ac power that includes true rms values of line
current and line voltage and the active power. The electronic
power meter shown in Fig. 7 uses analog integrated circuits
to convert the line current and voltage to their rms values
and to produce a signal proportional to the instantaneous
power. The ADCs in this type of wattmeter are of the inte-
grating type (similar to those used in digital multimeters).
The integrating ADC converts the output voltage from the
analog multiplier, that is, proportional to the instantaneous
power, to its average value over the time of integration, that
is, to the active power. The power factor may be computed
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from these measurements using Eq. (12) if vy, and iy, are
sinusoidal. Also, reactive power and apparent power may be
computed.

Electronic power meters are digital instruments. An exam-
ple of this class of power meters are the instruments devel-
oped by Valhalla Scientific (5) and Fluke (6,7). They are more
accurate than electrodynamic instruments, measure more
than one component of power, and have several ranges of
measured quantities. Electronic power meters may measure
active power in the range from 1 mW to 12 kW, voltage from
1V to 600 V, current from 0.1 mA to 20 A. They have much
better frequency characteristic than the electrodynamic in-
strument. Electronic wattmeters can be used for measuring
dc power and ac power from 20 Hz to 500 kHz. They have the
total measurement uncertainty from 0.1% to 0.5% of reading
for frequencies up to 5 kHz or 10 kHz. For frequencies larger
than that the uncertainty deteriorates, and is from 2% to 5%
at 20 kHz. It worsens further for increasing frequencies. Elec-
tronic power meters may be used when the current’s crest
factor is in the range from 2.5:1 to 50:1, depending on the
ratio of the rms value of the measured current to the full scale
value. The smaller this ratio is, the larger the crest factor
may be.

In the circuit of Fig. 7, a Hall effect current sensor is used.
There are three types of current sensors: (1) resistive shunt
(for currents lower than 500 A), (2) current transformer, and
(3) Hall effect device. Two kinds of resistive shunts are made,
for frequencies up to 100 Hz and for frequencies exceeding
500 kHz. Among the advantages of the resistive shunt current
sensors are: they convert dc and ac current, are very reliable,
do not produce offset voltage, and those made for frequencies
below 100 Hz are not expensive. To the disad vantages of
these current sensors belong: a lack of electrical isolation
from the line voltage, significant power loss, they require am-
plification of the output voltage, those made for frequencies
exceeding 500 kHz are expensive. Current transformer type
sensors may sense currents up to 100 kA and their output
current may be easily converted to voltage. Their advantages
include: electrical isolation from the line voltage, they are
very reliable, and low cost. The disadvantages are: they sense
ac current only, the power loss is not negligible, their output
current is frequency dependent, and they are susceptible to
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stray ac magnetic fields. The Hall effect current sensors can
measure dc and ac currents. They provide electrical isolation
from the line voltage, may measure large currents (3 kA or
s0), some have bandwidth from dc to 200 kHz, and they are
very reliable. The disadvantages include: they require exter-
nal power supply and the output signal includes an offset that
needs to be compensated. An electronic power meter may in-
clude resistive shunt current sensors. In such a case, the
range of the current input may be increased up to a few ki-
loamperes by using additional current transformers. How-
ever, use of current transformers increases the measurement
error by about 1% or 2% and the frequency range will be lim-
ited to a range from 40 Hz to about 400 Hz. More information
on current sensors is provided in the paper written by
Drafts (8).

Figure 8 shows circuits for three phase power measure-
ments with single-phase power meters. The circuit shown in
Fig. 8(a) is used when the load is A connected and only three
phase lines are used. In such a case two power meters are
used. Inputs to “Power meter 1” are iy and v,g, while inputs
to “Power meter 2” are iy and vcg. Power delivered to the three
phase load is

Pypow =P, +Py, [W] (16)
where Pjy3y is the total active power measured in the three-
phase, three-wire circuit, P, and P, are the active powers
measured by “Power meter 17 and “Power meter 2”, respec-
tively. Figure 8(b) shows the measurement circuit used when
in addition to the three phase lines the neutral conductor is
used. Three power meters are used in such a case. Inputs to
the “Power meter 1”7 are iy and v,y, inputs to the “Power me-
ter 2” are iz and vy, and inputs to the “Power meter 3” are
ic and vcey. The power delivered to the three phase load is

Pyyyw =P +Py+P; [W] a7
where Pjq4y is the total active power measured in the three-
phase, four-wire circuit, P;, P, and P; are the active powers
measured by “Power meter 1”, “Power meter 2”, and “Power
meter 3”7, respectively.

In many cases, for example, when adjustable speed drives
are used to drive electric motors, the line current is not sinus-
oidal at all. An adjustable speed drive may be supplied from

(b)

a single phase line (this is not a typical case), as it is shown
in Fig. 9(a), or from a three-phase line, as shown in Fig. 9(b).
An adjustable speed drive contains a rectifier with a huge ca-
pacitance at its output and an inverter that converts the dc
supply to adjustable frequency three-phase supply. Because
of this huge capacitance the line current i, has a form of
relatively narrow pulses. An oscillogram of ij;,. of a single
phase inverter is shown in Fig. 10(a) and spectrum of it is
shown in Fig. 10(b). Because i}, may be of the nature shown
in Fig. 10(a), one of the important parameters of a power me-
ter is the maximum acceptable crest factor of the current. A
power meter usually has an indicator in the form of a light-
emitting diode (LED) that warns the user when the current
has too large of a crest factor and the measurements are unre-
liable. An example of waveforms on the output from the “Ad-
justable speed drive” that drove a 60 hp induction motor are
shown in Fig. 11(a) and (b). The inverter used in the adjust-
able speed drive that produced these signals was a voltage
source type and the direct torque control was used in it. Line-
to-line voltages at the output of this drive are pulse trains, as
shown in Fig. 11(a). Because an inductive load is driven by
the drive, the current waveform is similar to the integral of
the voltage and are sinusoidal with a ripple component, as
shown in Fig. 11(b). Fig. 11(c) shows the spectrum of the line
current. An analysis of the graphs shown in Fig. 11 makes it
clear that high-bandwidth instruments must be used to mea-
sure the output power of the “Adjustable speed drive” shown
in Fig. 9. Electronic instruments called power analyzers are
used to make these measurements. They are capable to mea-
sure power delivered to the “Adjustable speed drive” (rectifier
with a large capacitor on its output), as well as the output

iline

—_—

o— Ao—

+ Adjustable Adjustable
Vine speed Bo— speed

— drive drive
o— Co—

(a) (b)

Figure 9. Adjustable speed motor drives: (a) motor drive with single
phase input or single phase or three phase converter, (b) motor drive
with three phase input or three phase to three phase converter.
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Figure 10. Line current of an adjustable speed drive, (a) timing dia-
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o

power of the “Adjustable speed drive.” A block diagram of a
power analyzer is shown in Fig. 12. It has three input chan-
nels, but it may be used in any configuration, from single-
phase power meter to three-phase, three-wattmeter measure-
ment system. Current inputs accept various current sensors.
Signal-processing methods are used to compute all compo-
nents of three phase power, including spectrum analysis of
line currents. Every channel has a “Programmable attenua-
tor” and “Programmable amplifier” for matching the signal
levels with the ranges of ADCs. These ADCs sample the sig-
nals with sampling frequency that is required for processing
signals like these shown in Figs. 10 and 11. Every program-
mable attenuator/amplifier with its ADC is supplied by a
floating power supply, because its input is connected to a
three-phase system. Digital signals from every programmable
attenuator/amplifier are transmitted through isolation cir-
cuits to the digital signal processing (DSP) system, where the
signal processing takes place. Power analyzers may be used
as instruments in a measurement system using the IEEE-488
Bus or connected to a computer using the RS-232-C transmis-
sion line. Power analyzers measure active power, reactive
power, apparent power, power factor, rms value of voltages
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and currents, peak values of voltages and currents, crest fac-

Figure 12. Three phase electronic power analyzer using digital computation method. Successive
approximation digital to analog converters are used to acquire samples of phase voltages and
phase currents. Signal processing is used to compute parameters of a three phase system.

tor of voltages and currents, peak inrush current, impedance,

spectrum of voltages and currents (fundamental frequency,
up to 99th harmonic, and total harmonic distortion), and inte-
grals of active and reactive power (Whr and Varhr). Active
power range is from 25 mW to 400 kWp, voltage range is from
0.5 V to 2 kVp, current range is from 50 mA to 200 Ap, fre-
quency range from 0.1 Hz to 500 kHz. Measurement uncer-
tainty is usually in the range from 0.05% to 0.2% of the read-
ing. An example of this kind of instrument is the Voltech

power analyzer (9).

Example of a measurement circuit for efficiency measure-
ments of induction motors driven by the “Adjustable speed
drive” is shown in Fig. 13. This kind of measurements must
follow requirements described in appropriate standards, for
example, IEEE Std.112, and it is feasible to make these mea-
surements in a computer-controlled system, as shown in Fig.
13. In this system, as the load of the motor under test a pro-
grammable dynamometer made of a dc generator with digi-
tally controlled field current is used. The dynamometer is ad-
justed to the required power range by changing the load of the
dc generator. The input power is measured with the power
analyzer, while the mechanical power is measured with the
torque measurement system. Measurement of temperature in
up to 8 points of the motor under test is necessary in some

measurement protocols.

MECHANICAL POWER METERS

A block diagram of a mechanical power meter used in the
measurement system of Fig. 13 is shown in Fig. 14. A torque
transducer is inserted in the shaft connecting the motor un-
der test with the dynamometer. The torque transducer con-
sists of a reference part of the shaft (reference diameter and
material) with a strain gauge bridge (R,, Ry, R;, and R,) af-
fixed to its surface in such a way that the output signal from
the bridge is proportional to the torque. The bridge is used as

an ac bridge at carrier frequency in the range from 1 kHz to

20 kHz. Supply voltage to this bridge and the output signal
from the bridge are transmitted between the stationary mea-
surement system and the rotating shaft with two rotary
transformers. The ac bridge is used because of very large in-
terference of noise to the sensing part of the meter. The out-
put voltage from the bridge is a very low level signal, hence a
large voltage gain amplifier must be used before the signal
can be rectified with the synchronous demodulator. The syn-
chronous demodulator uses a reference voltage from the same
oscillator that produces the excitation for the bridge and has
the ability of rejecting dc offset and the noise, and passing
only the signal of frequency of the oscillator. As the synchro-
nous demodulator the integrated circuit AD630 from Analog
Devices, described in the Analog Devices databook (10), may

be used. The signal from the oscillator that is used as the
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Figure 13. Automatic system for measuring efficiency of electric motors. The dc generator is
used as a programmable load for the motor under test. Various test programs may be carried

out in this system.

reference for the synchronous demodulator must have its
phase shift adjusted accordingly with the phase of the output
signal from the bridge. The dc value of the output voltage
from the synchronous demodulator (average value of the out-
put voltage) carries the information of changes of resistances
of the bridge. The dc value of the output voltage from the
synchronous demodulator is obtained by using a low-pass fil-
ter. The AD630 with ease allows the measurement of change
of bridge resistances of 0.5 ppm, which corresponds to a 3.2
mV change in the output voltage from the low-pass filter. The
dc output voltage from the low-pass filter is proportional to
torque. This output voltage is converted to a corresponding
digital value with the ADC. In addition to torque, the velocity
of the shaft is measured and the results are stored in the
microprocessor system. Mechanical power is computed in the
microprocessor system based on the measured torque as

VT
™ 63025

(18)

Rotating circuit

where P, is the mechanical power in horsepower, T' is the
torque in pounds per inch, and V,, is the average shaft veloc-
ity in revolution per minute. An example of the mechanical
power meter is the torque transducer and mechanical power
instrument from the Himmelstain company (11).

POWER METERS FOR HIGH FREQUENCY
(HF) ELECTRONIC SYSTEMS

Electronic systems employ a very wide frequency range, from
dc to hundreds of gigahertz, and a great variety of waveforms,
ranging from continuous wave (CW unmodulated and modu-
lated sinewaves) to complex pulse trains. Values of measured
power range from tenths of picowatt to several kilowatts. A
number of measurement methods are used to measure the
power of these diverse signals. In electronic systems that op-
erate in the radio frequency (RF) and microwave frequency
ranges from about 100 kHz to 110 GHz, active power is the
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Figure 14. Mechanical power meter for measurement of power transmitted by a shaft. A torque

transducer that includes a rotating strain gauge

bridge needs to be installed in the shaft.
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most frequently measured quantity. In this frequency range,
power meters belong to the group of typical instruments used
for evaluating electronic systems. An HF power meter con-
sists of a power sensor, which converts active power of a RF
or microwave signal to a dc or low-frequency signal propor-
tional to the active power and a power meter (also called an
RF meter). For a given kind of signal and its range of fre-
quency, a right power sensor must be selected from a set of
more than twenty different kinds of power sensors. One
power meter may work with a few power sensors that were
designed specifically for this power meter. Therefore, power
sensors and the power meter must be of the same brand, say
Hewlett-Packard or Rhode & Schwartz. Three methods of
power sensing are used and they are described below. Results
of power measurements are expressed as absolute power in
watts (W) or as relative power in dBm. The definition of dBm
is

dBm = 101log;, ( (19)

)
1mW
where the active power P is expressed in milliwatts. The ac-
tive (or average) power in RF and microwave power measure-

ments is averaged over many periods of the signal and is de-
fined as

Pavg = (20)

1 t0+nTl
/ v)i(t)de

nT, t

where T is the period of the lowest frequency component of
v(¢t) and i(¢). The averaging time is typically in the range from
several hundredths of a second to a few seconds and is much
greater than T; therefore it is not essential to integrate over
an integer number of periods of v(¢) and i(¢). For pulse type
signals, the pulse power is defined as

1 t0+f
P, == v(@®)it)dt (21)
P=7 ]

0

where 7 is the pulse width, defined as a time from the in-
stance when the rising edge rises to 50% of the pulse ampli-
tude to the instance when the falling edge falls to 50% of the
pulse amplitude. Two envelopes of power pulses are shown in
Fig. 15. The envelope of power shown in Fig. 15(b) represents
a pulse train of single periods of the function [1 — cos(wt)].
This shape of pulses has been chosen because it is easy to
envision the three values of power for this signal [which are
depicted in Fig. 15(b)]. Measurements of pulse power as de-
fined by Eq. (21) are difficult to perform, therefore another
definition of the pulse power is also used:

P, avg

Py, = 22
Pa DT (22)
where DT is the duty cycle defined as
DT == (23)
T

Only for a rectangular power envelope [p.(¢)] such as the one
shown in Fig. 15(a) will the definitions described by Eqgs. (21)
and (22) give the same result. For the particular power enve-
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Figure 15. Envelopes of power pulses, (a) rectangular power pulses,
(b) sinusoidal power pulses.

lope shown in Fig. 15(b), the peak value of p.(t) equals P,,.
For many practical kinds of power envelopes, as for example,
Gaussian pulse shape used in certain navigation systems, the
peak value of p(t) is not equal P,,. Power meters for many
other kinds of complex signals, like fast digital phase-shift-
keyed modulation or multiple carrier signals, are also avail-
able. Proper selection of a power sensor and power meter ade-
quate for the specific kind of measured signal is a critical
factor in accurate power measurements.

The measured power may be the terminating power, that
is the power absorbed in a load, or directional power, that is
forward or reflected power. For measuring the terminating
power, the measurement usually made, the power sensor is
used in place of the load. The readout from the power meter
is affected by errors related to inaccuracies of:

1. the HF part of the circuit, because the HF power dissi-
pated in the power sensor is slightly different from the
power that would be dissipated there if everything in
the circuit is perfect (in the description that follows, the
perfect parameters are called “ideal”)

2. the circuit that produces dc or low frequency power
equal to the HF power dissipated in the power sensor
(this function is performed by a closed loop control sys-
tem)

3. the measurement circuit of the dc or low frequency
power

Denote the HF power actually dissipated in the load (the
HF power dissipated in the power sensor) as P, and the ideal
amount of power that would be dissipated there when the Hf
part of the circuit is perfect as Pjje.. The relationship be-



tween P; and P4, is

1—|r?

1= |1 _ FSF1|2 l,ideal (24)
where I'; is the reflection coefficient of the load (a complex
number with magnitude p; and phase shift ¢,) and T is the
reflection coefficient of the source (a complex number with
magnitude p, and phase shift ¢,). Denote the dc or low fre-
quency power that substitutes the HF power as P,,. Inaccu-
racy of the substitution process is represented by the effective
efficiency 7.

P
— _sub (25)

Recalling that
P =P -P (26)

where P; is the incident power and P, the reflected power, and
that the calibration factor k. is

P b
sul 2
P (27)

Keal =

the following relationship between the effective efficiency and
calibration factor may be written

Kear = Ne(1 = |Ty1%) (28)
If the result of the HF power measurement displayed by
the power meter is denoted as P,, its departure from the

P, iget = Pqy is expressed by the equation

Pm = st,ideal + Pm‘os (29)
where ¢ represents the gain coefficient (ideally ¢ = 1) and
P, represents the offset error (P, may be a positive or neg-
ative number, ideally P, , = 0). Hence, the relationship be-
tween the readout from the power meter and the ideal value
of HF power delivered to the power sensor is

Pl,ideal

Pm = chalm

+ Prm,os (30)

A more detailed description of the accuracy of HF power mea-
surement may be found in the Hewlett-Packard Application
Note 64-1A (12).

Power sensor circuits are quite complex and only basic
principles of their operation are described below. Every power
sensor is characterized by a set of calibration coefficients that
may be stored in an EEPROM installed in the power sensor
unit. The power meter reads these calibration coefficients and
automatically implements them in computations of the result
of a measurement. Peak power analyzers for power measure-
ments in pulsed RF and microwave electronic systems are
also available. A broader description of RF and microwave
power measurements may be found in Hewlett-Packard’s Ap-
plication Notes 64-1A (12) and 64-4A (13). Parameters of
power sensors and power meters currently available from the
Hewlett-Packard company may be found in the product cata-
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Figure 16. HF thermistor power sensor. Two thermistors TRF are
used to convert HF power to an equivalent dc or low frequency volt-
age. Two thermistors TC are used to compensate for changes of ambi-
ent temperature.

log (14) and listed there publications. Power sensors and RF
meters offered by the Rhode & Schwartz company may be
found in the Tektronix company’s catalog of measurement
products (15). The author also referred to unpublished mate-
rials written by Barp (16).

Thermistor Power Sensors and Power Meters

Bolometers are power sensors that implement devices whose
resistance is a function of temperature. The increment of tem-
perature of such a device is proportional to the increment of
active power dissipated in it, no matter what kind of signal
(ac or dc) is delivering the power. Hence, bolometers possess
a power substitution ability that is beneficial in transferring
standards. There are two types of bolometers, barretters and
thermistors. A barretter is a very small power (about 10 mW)
metallic resistor. Power sensors using barretters are not man-
ufactured any more because the allowed overload of a bar-
retter is small and its damage may readily occur. Power sen-
sors employing thermistors are still fabricated, but they are
not typical power sensors now. Their frequency range is lim-
ited and their impedance matches are not good. The main use
of thermistor power sensors is as power transfer standards to
references, for example, at the National Institute of Stan-
dards and Technology (NIST) in Boulder, CO, and in the
round robin procedures. Thermistors are mounted in either
coaxial or waveguide structures. Figure 16 shows the circuit
of the RF thermistor power sensor and Fig. 17 shows the mea-
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Figure 17. Thermistor HF power meter. This simplified circuit dia-

gram shows a power measurement system formed by the power meter
and the power sensor.
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surement circuit of the power meter. Thermistors TRF1 and
TRF2 are heated by the input RF signal, vgp,, and a portion
of the dc supply voltage of the measurement circuit, Vgy. The
RF signal is applied through the coupling capacitor C; to
thermistors TRF1 and TRF2 connected in parallel (for the RF
signal, the bypass capacitor C,; connects the terminal RFB2
to the ground). Thermistors TRF1 and TRF2 are connected to
the dc bridge measurement circuit using terminals RFB1 and
RFB2, therefore in the dc bridge they are connected in series.
Equivalent resistance of the parallel connection of Rigr and
Ripre equals a matching impedance for the transmission line
(50 Q or 75 Q). This equivalent resistance is maintained con-
stant (temperature of TRF1 and TRF2 is maintained con-
stant) and independent of the amount of RF power delivered
to it as well as of ambient temperature variations. The dc
voltage across thermistors TRF1 and TRF2 equals 0.5Vgg. The
power meter keeps the sum of the RF power and dc power
dissipated in Rz and Rigppe at a constant value. In order to
simplify the description, first ignore the presence of Ry, and
Ry in the circuit. For vgg, = 0, the Vip has its largest value
(the whole power dissipated in Rigp; and Rigpe is delivered
from the dc voltage source) corresponding to the full scale
power. When vgp;, produces in Rizp; and Rigp, one half of the
full scale power, then Vi delivers one half of the full scale
power. When the vgp, delivers the full scale power, then the
Vizr = 0. The second pair of thermocouples, TC1 and TC2, is
used to compensate for variations of ambient temperature. All
four thermistors are mounted on a thermal conducting sub-
strate and they are in the same temperature. The bypass ca-
pacitor Cy, ensures that there is no RF signal between termi-
nals CB2 and CB1. Thermistors TC1 and TC2 are a part of
the compensation bridge supplied by the dc voltage V. For
I,; = 0, the voltage across thermistors TC1 and TC2 con-
nected in series equals 0.5 V. Voltage V; changes when the
ambient temperature changes. The resistance temperature
coefficient of thermistors is negative, thus if the ambient tem-
perature increases, the Ry¢; and Ryc; would like to decrease.
However, instead of that the V decreases, less power is deliv-
ered from the V and the Ry; and Rqc, remain constant. The
same mechanism changes Vir when the ambient temperature
varies. Because of that, Vzy must be larger than initially was
assumed. The readout of the power meter is proportional to
the difference (V; — Vip), hence Vyr may be made larger than
the full scale Vgp, (rms value of vgpy,). To adjust the zero of
the power meter, at vgp, = 0 the auto-zero circuit sets the
auto-zero current I; to a value for which the output voltage
from the power meter, Voyur, that is proportional to the differ-
ence (Vo — Vip), equals zero. For increasing vgp, the Vyp de-
creases and Viyr increases in proportion with the increase of
VRFin-

Thermocouple Power Sensors and Power Meters

Thermocouples exhibit an inherent square-law transfer char-
acteristic, where square-law means that the dc output voltage
is proportional to the square of the input rms voltage across
a reference resistance, that means to the input RF power.
Thermocouple sensors are heat-based devices, consisting of a
resistor that dissipates the measured power of any kind of an
electric signal and the thermocouple that converts its temper-
ature to a dc voltage. Thermocouple sensors allow power me-
ters to be made with full scale power from 0.3 uW and with a

small SWR (standing wave ratio). Thermocouple sensors are
fabricated using combined thin-film and semiconductor tech-
nologies. A simplified circuit diagram of a thermocouple sen-
sor is shown in Fig. 18. The bypass capacitor C, is a short
circuit for RF signal, thus the vgr is applied to the two pairs
of resistor—thermocouple connected in parallel. The equiva-
lent resistance of this parallel connection constitutes the 50
Q or 75 () termination resistance of the RF transmission line.
However, from the standpoint of the dc output voltage Voyr,
these thermocouples are connected in series, hence the Voyr
equals two times a voltage from a single thermocouple. Typi-
cal thermocouples’ sensitivities are 250 wV/°C and 160 wV/
mW. The transfer characteristic of the thermocouple sensor
(Vour as a function of Pp) is slightly nonlinear, because its
sensitivity is a little lower for large powers. The thermocouple
sensor’s Vour is approximately 160 nV for 1 uW of power dissi-
pated in it, consequently the power sensor and power meter
are considerably complex. Figure 19 shows a simplified block
diagram of the power sensor attached to the power meter. D¢
signals at such a low level as the Vyyr cannot be transmitted
over a cable. Also, in the power meter they need to be ampli-
fied significantly. A chopper amplifier is used to obtain the
required large amplification of the Vyyr. One-half of the gain
is provided by the ac amplifier located in the power sensor
enclosure, and the other one half of the gain is furnished by
an ac amplifier located in the power meter enclosure. The ac
output voltage from the amplifier is demodulated synchro-
nously with the chopping signal. An auto-zero feature is im-
plemented in the measurement scheme too. Thermocouple
sensors do not have the dc substitution feature; hence it is
necessary to provide a reference RF power source for calibra-
tion purposes. The output power of this reference power
source is controlled with total uncertainty better than *+1%.

Diode Sensors and Power Meters

Schottky diodes are used to build diode sensors. P—N junction
diodes have much smaller bandwidth than Schottky diodes,
without bias have extremely high impedance, and when bi-
ased they produce a large amount of noise and thermal drift.
Schottky diodes specially designed for applications in power
sensors have a low potential barrier of the metal-semiconduc-
tor junction, which results in a forward voltage of about 0.3
V. They have a very large bandwidth that is within the micro-
wave frequency range. Current—voltage (I-V) characteristic
of these diodes may be divided into three regions: (1) the
square-law region for very small voltages across the junction,
(2) a linear region for large voltages, and (3) the transition
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Figure 18. HF thermocouple power sensor. A pair of thermocouples
is used to convert the HF power to an equivalent dc or low fre-
quency voltage.
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Figure 19. Thermocouple HF power meter. This simplified block diagram illustrates functions
of the power meter that together with a HF thermocouple power sensor forms a power measure-

ment system.

region from the square-law region to the linear region. The
I-V characteristic is described by the approximate equation

R

where Ig is the saturation current, n is a coefficient specific
for a given type of a Schottky diode that compensates the
weak dependence of the saturation current on voltage V in
the accurate equation, and Vy is the thermal voltage

(31

T

V.
7 ¢

(32)

In Eq. (32), k is Boltzmann’s constant, T is the temperature
in kelvins, and ¢ is the charge of an electron. Derivation of
the Schottky diode equation may be found in the book by
Muller and Kamins (17). Figure 20(a) shows the I-V charac-
teristic of a Schottky diode designed for power sensor applica-
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Figure 20. I-V characteristic of a diode power sensor, (a) I-V char-
acteristic of a Schottky diode, (b) error of the square-law relationship.

tions. The constant n is slightly greater than 1 and for mak-
ing the graph n = 1.07 has been used. Schottky diodes
fabricated for applications in power sensors have much
larger I3 than typical Schottky diodes. The exponential term
in Eq. (31) may be expanded into the infinite series form

. v N S AN 4 2+ 1(V 3+
X 1= 4 == — =
P\ vy vy 21 \nvy) " 31 \nvy

(33)
For V < nV; Eq. (31) may be approximated as

Vv 1/ V Y
’q=’s[n—vﬁ5(mﬂ

where I, is the current I approximated by the quadratic Eq.
(34). Figure 20(b) shows graphically the error of this approxi-
mation (8) for —20 mV < V < +20 mV, defined as

(34)

I, -1

§ = 100% (35)

Figure 21 shows the simplified circuit of an unbiased diode
for detecting low level RF and microwave signals. A matching
resistor is used to obtain the right termination impedance for
a transmission line. In practical circuits two diodes are used
in the circuit of a power sensor. When the diode power sensor
detects the smallest power level (limited by noise of the diode)
of 100 pW the dc output voltage Voyr = 50 nV. To handle this
extremely small signal, a high-gain chopper amplifier is used
in the power meter. Part of this amplifier is located in the
enclosure of the power sensor, as well as circuitry for temper-
ature compensation and the EEPROM that stores calibration
constants of the power sensor. The diode power sensors do not
have the dc substitution feature, hence it is necessary to pro-
vide a reference RF power source for calibration purposes.
More information on RF and microwave power sensors and
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Figure 21. HF diode power sensor.
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Figure 22. Optical power sensor and optical power meter. An optical
power meter and optical power sensor create an optical power mea-
surement system. The optical power meter works with a set of dedi-
cated optical power sensors.

power meters may be found in Hewlett-Packard Journal pa-
pers (18-20).

Uncertainty of a HF power measurement is associated
with circuit imperfections of the power sensor and the power
meter. Because of the complexity of these circuits, usually
main partial uncertainties are specified for a power sensor
and for a power meter. It is up to the user of this equipment
to decide which partial uncertainties need to be considered
for a specific measurement and how the total uncertainty
needs to be computed. The total uncertainty may be computed
as the worst case uncertainty, root sum of the squares (RSS),
or according to the ANSI/NCSL 540Z-2 guide. Typical range
of combined uncertainty of power sensors is from 3% to 8%,
and the range of combined instrumentation uncertainty is
from 1% to 5%.

Optical Power Sensors and Optical Power Meters

A simplified block diagram of an optical power sensor and its
connection to an optical power meter is shown in Fig. 22. In
the optical power sensor, the optical power, P, of the mea-
sured lightwave is converted to an electrical current, I, fol-
lowing to the relationship

Iy =rp(MP, (36)
where rp()) is the conversion factor or responsitivity, that is,
a function of wavelength, A. The output current of the photo-
detector is very small and needs to be significantly amplified
and conditioned before the result of the measurement may
be displayed. It is necessary to place a suitable preamplifier
(usually two preamplifiers must be used in order to cover the
entire dynamic range) in the enclosure of the optical power
sensor. One of these preamplifiers has smaller gain but wide
bandwidth, while the other has large gain and therefore must
have small bandwidth. Depending on measured optical signal
level and specific kind of power (average optical power, peak
optical modulation power), the control system of the optical
power meter chooses the proper preamplifier, its gain and
bandwidth. In order to keep the photodetector at a constant

temperature, the detector is placed in a thermostat (both
heating and cooling techniques are used). If a chopper ampli-
fier is used in an optical power meter, then an optical chopper
is used. Disadvantages of optical choppers include reduced
bandwidth, slow sampling rate, and possible reflection effects
from the chopper. If a dc amplifier is used, constant tempera-
ture of the amplifier needs to be secured too. The lightwave
may be completely cut off from the optical-to-electrical trans-
ducer, which is necessary for zeroing the measurement sys-
tem. Dynamic range of the optical power meter increases with
the use of a reference optical attenuator that may be inserted
across the light ray. Typical attenuation of the optical attenu-
ator is —10 dB. Optical power meters cover power ranges
from +27 to —110 dBm, with total uncertainty range from
2.5% to 5%, and operate in the wavelength range of 400 nm
to 1750 nm (contingent to use of a set of optical power sen-
sors). More characteristics of optical power meters may be
found in catalogs of Hewlett-Packard company (14,21), and
Tektronix company (15). There are ordinary optical power me-
ters, typically in the form of hand-held instruments, or
lightwave multimeters that include a power measurement
mode of operation. Measurements may be made in lightwave
systems that implement lasers or light-emitting diodes (LED).
Optical power meters are used to make measurements of ab-
solute power of active components such as lasers or LEDs,
insertion losses, and reflections in optical systems. Relative
power measurements (with two-channel optical power meters
or in single-channel optical power meters related to a specific
measurement result) are also possible. Typically the average
value of optical signals is measured, but other measurements,
like peak power (high and low levels) over a large bandwidth
from dc to 250 MHz, are also offered. Optical power meters
are broad-band receivers, integrating power levels over the
wavelength specific for the optical power sensor that is ap-
plied. For optical component characterization at specific
wavelength, a selective wavelength source must be used. Typ-
ical photodetectors used in optical power meters include
large-area photodiodes, thermopiles, and pyroelectric crystals.
To cover the entire fiber optic wavelength range, three semi-
conductor materials are used to make photodetectors. Silicon
detectors operate in the range from 400 nm to 1020 nm, ger-
manium detectors cover the range from 900 nm to 1650 nm,
and indium gallium arsenide (InGaAs) detectors handle the
range from 800 nm to 1700 nm. Detectors made of these ma-
terials have some characteristics superior over the other two
materials, hence selection of the best detector for a given ap-
plication is essential. A broad description of topics related to
optical power meters may be found in Hewlett-Packard publi-
cations (22—27) and in Derickson’s book (28).
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POWER METERS. See WATTMETERS.
POWER PLANT DESIGN. See STEAM TURBINES.
POWER PLANT EMISSIONS. See AIR POLLUTION

CONTROL.

POWER QUALITY 747

POWER PLANTS. See FUEL CELL POWER PLANTS; MAGNE-
TOHYDRODYNAMIC POWER PLANTS; WASTE-TO-ENERGY POWER
PLANTS; WIND POWER; WIND POWER PLANTS.

POWER PLANTS, MHD. See MAGNETOHYDRODYNAMIC

POWER PLANTS.



