
The measurement of electrical power 
depends on three factors: voltage, current and 
time. All three factors contribute to the total 
uncertainty of the measurement, but what 
is often overlooked is the contribution of the 
measuring instrument’s internal phase-shift 
uncertainty to the total power measurement 
uncertainty. This article examines these 
uncertainties in detail, and shows how their 
effects can be minimised by careful power-
meter design.
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Introduction
The amount of electrical energy that is transmitted, 
stored or converted relates directly to the voltage and 
current involved. This can be expressed by the formula:

p(t)=u(t).i(t) [VA]

with the time relationship indicating that the general 
formula is valid only for instantaneous measurements.
If the application is an ideal, continuous and stable sine-
wave energy conversion, the following formula is used to 
calculate the average power:
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The main reason for integration in the 
above equation is to calculate the 
average power over the total period T. 
The uncertainty of each of the factors 
contributes to the total uncertainty:

Pavg-sine=Urms±unc.Irms±unc.
cosφ±unc [W]

Following the standard method for 
total uncertainty calculation, the 
relative uncertainty of the power 
reading can be written as:

∆PP=±∆UU2+∆II2+∆cosφcosφ2 [%] 

and
∆P=±∆UU2+∆II2+∆cosφcosφ2 [%] . 
Preading [W]

Where ∆U, ∆I & ∆cosφ represent the 
uncertainty of the voltage, current 
and power factor respectively. 
As can be seen from this equation, 
the power-factor (cosφ) uncertainty 
is a significant factor for the correct 
measurement of power: as important 
as the RMS values of the voltage and 
current.
Finally, the power measurement can 
be expressed as:

Pavg-sine=Preading±Pavg-sine-unc [W]

This article will concentrate on the 
last term of the Pavg-sine-unc contribution, 
the internal cosφ uncertainty of the 
measurement instrument itself and in 
particular its contribution to the total 
power measurement uncertainty.

Internal phase shift uncertainty 
of power meters
If the applied voltage and current are 
beyond the direct input capabilities 
of the power meter, external voltage 
and current sensors are used to 
attenuate or amplify the signals to 
bring them within the guaranteed 
input measurement ranges of the 
instrument. Every link in the chain 
contributes to an increase in the 
total uncertainty value, including 
an external phase shift in both the 
voltage and current sensor, which 
has to be added to the power meter 
internal uncertainty. 

A typical electric power measurement 
involves a two-channel instrument 
with a perfect phase synchronisation 
between the two channels. One 
channel measures the voltage across 
the load, while the other channel 
measures the current through the 
load. The signals paths of both 
channels are through the electric 
circuitry in the front end of the 
power meter, and will have unequal 
delays. The voltage (e.g. 1000 V) is 
attenuated to a level that the ADC 
(analogue/digital converter) can 
handle (e.g. 3 V), while the small 
voltage drop across the current shunt 

(µV) needs amplification (to e.g. 3 V) 
for the same reason. The challenge 
for the power-meter design engineer 
is to achieve this normalisation 
process for signals from DC up to 1 
MHz without any additional phase 
delays.

It is the net delay (the difference 
between the delay of the voltage and 
the delay of the current inputs) from 
the input connectors to the ADC that 
causes the internal phase uncertainty. 
This is true for any two-channel 
measurement device. The smaller this 
net delay, the smaller the uncertainty 
contribution of the internal phase shift 
to the total. 

The symbol for this quantity is δ, and 
it is expressed in radians for a specific 
frequency. 

Most multi-channel instruments do 
not have any channel-delay value 
in their product specifications. This 
means that these instruments are not 
suitable for making high-precision 
electric power measurements. 

The internal phase uncertainty is 
often overlooked, but should always 
be included in high-precision power 

	 φ	 φ	 tan( φ)	 δ × tan( φ)
cos( φ)	 (Radians)	 (Deg)	  	 WT3000
1	 0,0	 0,00	 0,000	 0
0,9	 0,5	 25,84	 0,484	 0,01%
0,8	 0,6	 36,87	 0,750	 0,02%
0,7	 0,8	 45,57	 1,020	 0,03%
0,6	 0,9	 53,13	 1,333	 0,04%
0,5	 1,0	 60,00	 1,732	 0,05%
0,4	 1,2	 66,42	 2,291	 0,07%
0,3	 1,3	 72,54	 3,180	 0,10%
0,2	 1,4	 78,46	 4,899	 0,15%
0,1	 1,47	 84,26	 9,950	 0,30%
0,05	 1,52	 87,13	 19,975	 0,60%
0,01	 1,56	 89,43	 99,995	 3,00%
0,001	 1,57	 89,94	 999,999	 30,00%
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Table 1. Variation of internal instrument uncertainty with phase  
difference between voltage and current

WT3000, δ(50Hz)= 0,03%
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measurements. Depending on the 
external phase shift φ, caused by the 
load, the contribution of the internal 
phase shift uncertainty δ can vary 
from negligible (where PF = cosφ = 1) 
to very dominant (where PF = cosφ < 
0.01). 
Because of the instrument’s internal 
phase uncertainty, this factor needs 
to be added to the total power 
reading:

∆Pinternal-pℎase-unc= δtanφxPreading [W]

This formula demonstrates an 
increasing effect of δ on the total 
power uncertainty as the external 
phase shift increases from 0º to 
90º (Fig.1). Consequently, power 
measuring instruments with smaller 
internal phase-shift uncertainties are 
more expensive. The limitation of the 
internal net phase delay is a major 
goal for the power meter design 
engineer.

Table 1 demonstrates the increasing 
role of the internal instrument 

uncertainty when the phase 
difference between the voltage 
across the load and current through 
the load is approaching 90º. This 
situation is typically found in stand-
by power measurements and 
transformer loss measurement 
applications.

The signal delays of both voltage and 
current signals are also frequency 
dependant, each frequency will have 
a specific value of δ, as shown in 
Table 2. This means that, for distorted 
voltage and current signals, each 
frequency power component has to 
be measured before its contribution 
to the total power uncertainty can be 
assessed. A PLL (phase locked loop) 
based on the Fast Fourier Transform 
can generate these values, including 
uncertainty values for each frequency 
power component.

Conclusion
This article has shown that the 
internal phase-shift uncertainty is 
definitely an important specification 
in precision power measurement, 
and yet the specifications of many 
power measuring instruments do not 
mention it at all. In fact, Yokogawa 
is the only manufacturer of power 
meters and analysers (including the 
Precision Power Scope) (shown in 
Fig.2) to specify the internal phase 
shift uncertainty.

Hz	 CW240	 WT300	 WT500	 WT1800-5A	WT1800-50A	 WT3000-2A	 WT3000-30A	 PX8000
						      5mA-200mA	 500mA-30A	
50	 1	 0,2	 0,2	 0,1	 0,1	 0,1	 0,03	 0,15
1000		  0,4	 0,4	 0,15	 0,4	 0,15	 0,08	 0,15
10000		  2,2	 2,2	 0,6	 3,1	 0,6	 0,53	 0,17
20000		  4,2	 4,2	 1,1	 6,1	 1,1	 1,03	 0,34
100000		  20,2	 20,2	 5,1	 30,1	 5,1	 5,03	 1,7

Table 2. Delta calculation at different frequencies in % for different power meter classes

Fig.1. Variation of internal 
phase shift uncertainty (δtanφ) 
with external phase shift.
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Yokogawa Test & Measurement are the 
‘Precision Makers’, and the company’s 
instruments are renowned for maintaining 
high levels of precision and for continuing 
to deliver value for far longer than oth-
er instruments. Yokogawa believes that 
precise and effective measurement lies at 
the heart of successful innovation – and 
has focused its own R&D on providing the 
tools that researchers and engineers need 
to address challenges great and small.

Do you have questions about  
Power Analysers?
Get in touch with a precision maker at:  
tmi@nl.yokogawa.com
or visit www.tmi.yokogawa.com
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