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Calibration of electrical instruments under non-sinusoidal conditions at 

NRC Canada
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Abstract—The paper describes the recent development of a 

system for calibration of electrical instruments with harmonics 

measurement capability, such as revenue meters and power 

analyzers, under non-sinusoidal test conditions at National 

Research Council (NRC) Canada. The improvements 

implemented with respect to an earlier NRC calibration system 

are aimed at increasing the calibration accuracy in a wider 

frequency range. 

 
Index Terms—Calibration, measurement, measurement 

uncertainty, harmonics, power quality, power quality analyzer. 

 

I. INTRODUCTION 

LECTRIC AC power systems have been designed and built 

for the generation, transmission and distribution of electric 

energy at power frequencies, mainly 50 and 60 Hz, and, on a 

much lower scale, 400 Hz. However, higher harmonic 

components have been present in voltage and significantly 

more in current for a long time. They originate from a number 

of sources: from non-linearities in electric power generators and 

transformers to non-linear loads to the ever-increasing use of 

power electronics and renewable and distributed energy 

resources. 

Harmonics can cause excessive heating in electric machines, 

equipment and conductors, overloading of the neutral, tripping 

of circuit breakers, failure of capacitor banks, harmonic 

resonance, electromagnetic interference, etc. Their negative 

effects on the power system operation and protection have been 

extensively studied. A number of national and international 

standards, such as [1]-[5], are related to measurement, 

monitoring and control of harmonics. The impact of harmonics 

and other power quality parameters, such as over voltages, 

under voltages, sags, swells, transients, and noise, are 

investigated by means of power analyzers. Power analyzers are 

used for monitoring power quality parameters indicating 

deviations from the normal state of operation that are 

sufficiently large to cause a problem. Electric utilities and larger 

consumers use them for collecting power quality statistics, 

troubleshooting, and verifying compliance with standards.  

The work on harmonics measurements and calibration of 

revenue and other power measurement equipment under non-

sinusoidal conditions started at the National Research Council 

(NRC) Canada over three decades ago [6]-[9]. A reference 

library of waveforms with heavy harmonic distortions recorded 

during field tests of variable speed drive systems [8] and other 

loads has been established at NRC, used in international 

comparisons [10], [11], and in a CIPM (International 

Committee for Weights and Measures) key comparison. Other 

National Measurement Institutes (NMIs) have also paid due 

attention to harmonic power measurements and developed 

calibration systems and procedures for power analyzers [12]-

[18]. Most of the subsequent calibration systems developed at 

other NMIs have followed a structure similar to that described 

in [8], [9], with a variation of voltage and current scaling 

devices and digital samplers. In addition to the power quality 

parameters defined by standards, some NMIs have developed 

mathematical modeling of waveforms for analysis of harmonics 

and other power quality disturbances [18] and used it in their 

calibrations of power analyzers. A Josephson Arbitrary 

Waveform Synthesizer implementation as a reference standard 

for the measurement of the phase of harmonics in distorted 

waveforms has been reported in [19]. This advanced technique 

is based on a rather complex calibration system and is presently 

limited to the 39th harmonic, with best phase angle uncertainty 

of 17 μrad. 

With advances in instrumentation and measurement 

technology, the calibrations of electric instruments, including 

power analyzers, under non-sinusoidal conditions at NRC have 

undergone improvements over the years. This paper extends on 

[20] and describes recent improvements in this area at NRC 

aimed at increasing the frequency range and maintaining or 

increasing the accuracy. They entail hardware, algorithms for 

harmonics measurements, and new calibration techniques used 

in the evaluation of the calibration system.  

II. IMPROVEMENTS OF THE NRC CALIBRATION SYSTEM  

The NRC computer controlled calibration system described 

in [8], [9] consists of a voltage and current waveform generator 

and a harmonics measurement subsystem. The latter entails a 

channel scanner for three-phase measurements, two digital 

sampling voltmeters, phase compensated resistive voltage 

dividers, temperature controlled flat-strip AC shunts, and a 

computer. The data processing is based on a fast Fourier 

transform (FFT) with 2N (N = 10) equidistant voltage and 

current samples per period. The waveform generation and 

measurement are synchronized with a maximum clock 

frequency of 1024 times the test frequency.  

To increase the frequency range and maintain or improve the 

accuracy of harmonics calibration at higher frequencies, a 

number of improvements of the calibration system have been 

undertaken.  

Instead of the auto-scaling resistive voltage dividers with 
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electronic multiplexers and their switch resistances and leakage 

currents which made phase compensation demanding and 

frequency dependent, a set of coaxial resistive dividers are used.  

In place of the temperature controlled flat-strip AC shunts, 

highly accurate AC shunts with hermetically sealed stable 4-

terminal resistors connected in parallel and arranged radially 

are used for converting current into voltage.  

Buffer-amplifiers with input-driven battery supplies are used 

to isolate the coaxial resistive divider and AC current shunt 

outputs from external loads.  

A synchronization between the generation and measurement 

system is improved to allow for flexibility in the selection of 

the sampling frequency, so that an integer number of 

fundamental and harmonic component periods can be contained 

in a measurement interval.  

Instead of FFT alone, other data processing algorithms, such 

as a discrete Fourier transform (DFT), interpolated FFT/DFT, 

multiharmonic least square fitting, and windowing have been 

introduced, which added a significant flexibility in selecting the 

number of samples (2N instead of 2N required by FFT) per 

fundamental component period, i.e. in selecting the sampling 

frequency most suitable for the combination of fundamental 

and harmonics in actual tests, so as to encompass an integer 

number of the fundamental and harmonics periods whenever it 

is possible. When that is not possible, or when interhamornics 

are measured, the effects are mitigated by using one of 

windowing techniques.  

III. DESCRIPTION OF THE CALIBRATION SYSTEM  

A simplified block diagram of a fully synchronized system 

for the calibration of electrical instruments under non-

sinusoidal waveform conditions is shown in Fig. 1. It comprises 

a signal source and a measurement subsystem.  

 

 
 

Fig. 1.  A simplified block diagram of a fully synchronized system for the 

calibration of electrical instruments under non-sinusoidal waveform conditions. 

 

The signal source consists of a two-channel arbitrary 

waveform generator (AWG) with a sufficient short-time 

stability of the output signals, a voltage amplifier (VA), an 

optional step-up voltage transformer (VT), and a 

transconductance amplifier (TCA). One of the AWG output 

signals drives the voltage amplifier, VA, which generates a 

voltage test signal, either directly at the amplifier output or via 

a step-up voltage transformer (VT) if a higher voltage level is 

needed. The other signal drives a transconductance amplifier 

(TCA), which generates a current test signal. The test signals 

are applied to the voltage and current inputs, V and I, 

respectively, of a device under test (DUT). The DUT is powered 

from a separate power supply source (not shown in Fig. 1) with 

an adjustable AC voltage and frequency, usually set to a value 

different from the fundamental frequency of the test signals.  

The measurement subsystem consists of a resistive or 

inductive voltage divider (VD), an optional current transformer 

(CT), a reference AC current shunt (R), an optional active 

voltage-translating transformer (T), two wideband unity-gain 

buffer-amplifiers (B1 and B2), two digital samplers (DS1 and 

DS2), and a computer (PC) which controls the operation, 

collects sampled and other relevant data and processes the 

measurement results.  

A global positioning system receiver (GPS) provides a 

reference frequency of 10 MHz for the arbitrary waveform 

generator, AWG, and two signal generators (SG1 and SG2). 

The signal generator SG1 provides a reference frequency for 

the device under test, DUT, at its clock input (CI), and a 

common reference frequency for the digital samplers, DS1 and 

DS2, at their reference frequency inputs (RI). The signal 

generator SG2 receives, at its external trigger input (XT), a 

measurement start signal from the DUT measurement start 

output (MO). At the arrival of the active measurement start 

signal, the SG2 provides, at its output (BO), a burst of sampling 

signals (Smp) to the DS1 and DS2 external trigger inputs (XT). 

Since the DS1 and DS2 are provided with a common and 

accurate time base, they can be programmed to perform time-

driven sampling. In this case, the SG2 would provide only a 

start of measurement signal, and if the DUT MO signal 

conforms to DS1 and DS2 XT input requirements, the SG2 can 

be omitted.  

It is to be noted that a DUT may not have the clock input (CI) 

and/or the output indicating the DUT start of measurement 

(MO). For example, some power analyzers may just timestamp 

and store measurement data in internal or external memory, 

which can be retrieved on request or broadcast according to a 

default or a pre-programmed schedule. In such a case, it is more 

demanding to ensure that the measurement intervals of the DUT 

and the calibration system are entirely coincidental. If that 

cannot be done, it is necessary to make these as close as possible 

and to keep the calibration conditions as steady as possible 

during the calibration at one test point, i.e. at a set of calibration 

conditions.  

Two voltage amplifiers can be used for VA. One is built 

around a wideband amplifier with a nominal output rms voltage 

of 120 V. The other is an inverting amplifier with a gain of -100, 

capable of delivering 70 mA at a nominal output rms voltage of 

600 V [21]. In both amplifiers, their magnitude and phase errors 

are corrected by means of the error feedforward technique [21], 

[22]. The gain and phase of the voltage amplifier is calibrated 

by a current-comparator-based capacitance bridge.  

A custom-built transconductance amplifier with 1 A and 5 A 

output currents, based on the design presented in [23], or other, 

commercial wideband transconductance amplifiers with output 

currents of up to 20 A and 100 A are used as the TCA in the 

calibration system.  



Resistive voltage dividers for precision measurements have 

long been the subject of research [24]-[31]. For the current 

application, several coaxial resistive voltage dividers were built 

for rms voltages up to 600 V. They are equipped with shields 

aimed at reducing the impact of stray capacitances on accuracy 

at higher frequencies [26]. To limit the self-heating of resistors 

at input voltages above 120 V, their resistance values should be 

sufficiently high. On the other hand, high resistance values and 

stray capacitances cause large phase errors. A tradeoff between 

these opposing requirements was necessary.  

A few electronically enhanced current transformers built 

according to the principles presented in [32] are used for the 

reference CT at the primary currents above 10 A, at the ratios 

of 1:2, 1:5, 1:10, 1:20, 1:50, 1:100. 

High-accuracy 0.1 Ω, 10 A AC shunts [33] are used for 

converting current into voltage for further processing.  

An electronically enhanced three-stage voltage transformer 

with the ratio 1:1 is used as the voltage-translating transformer 

T similarly as in [34] but in reverse connection and with a 

buffer-amplifier in series with its secondary.  

Buffer-amplifiers with input-driven battery supplies [24] are 

used in conjunction with the coaxial resistive dividers and AC 

current shunts to reduce the loading effects caused by the input 

circuits of digital samplers, which increase with the test 

frequency increase.  

Two digital sampling voltmeters Agilent 3458A were used 

as digital samplers DS1 and DS2 indicated in Fig. 1. A two-

channel NI PXI-5922 digital sampler (not shown in Fig. 1) is 

used as an alternative. For harmonics up to 10 kHz, the digital 

voltmeters’ sampling frequencies of up to 100 kHz are 

sufficient and their performance is outstanding. The two-

channel digital sampler offers an advantage in providing higher 

sampling frequencies.  

As a number of NMIs (including NRC) and other calibration 

laboratories also use, for tests and measurements, commercial 

power quality generators/calibrators with integrated output 

voltage and current amplifiers and a number of programmable 

built-in features, the use of one of such instruments, Fluke 

6105A, as the signal source in the above calibration system for 

non-sinusoidal waveform conditions is shown in Fig. 2.  

 

 
 

Fig. 2.  A simplified block diagram of the calibration system for non-sinusoidal 

waveform conditions with a commercial Power Quality Calibrator as a source. 

 

If the power quality generator/calibrator has the CLK option 

fitted, it provides a 10 MHz or 20 MHz reference output signal 

derived from the system master clock. If the frequency accuracy 

of this signal satisfies the tolerances of the signal generators 

SG1 and SG2 as well as DS1 and DS2, it can be used instead of 

the 10 MHz reference frequency from the GPS. If the CLK 

option is not fitted, a 10 MHz reference signal can be derived 

from the test voltage by means of a resistive divider with low-

pass filter (LPF) and a phase-locked loop (PLL) circuit with a 

suitably selected multiplying factor M/N. 

IV. PRINCIPLE OF OPERATION 

For the fully synchronized calibration system, waveforms of 

the test voltage and current with a specified harmonic content 

are created on the computer PC and communicated to the 

arbitrary waveform generator AWG. Low voltage 

representation of these signals is produced at the AWG outputs 

and passed on to the voltage amplifier VA and the 

transconductance amplifier TCA. The VA output voltage, either 

directly or through the VT, and the TCA output current are 

provided to the device under test DUT. 

For generating test AC voltages with peak values of up to 

about 190 V, the 120 V voltage amplifier is sufficient. For test 

voltages with peak values of up to about 850 V, or somewhat 

higher, the 600 V voltage amplifier mentioned earlier is used. 

In that case, a reference voltage divider rating would have to be 

selected in accordance with the test voltage. For test voltages 

with peak values between 190 V and 350 V, a high-accuracy 

two-stage step-up voltage transformer 120 V/240 V, VT, with 

a compensation circuit for the secondary, load current, is used. 

This high-accuracy VT, also allows a reference voltage divider 

with a lower voltage-rating (120 V) to be used on the VT 

primary side, as indicated in Fig. 1, which is advantageous 

regarding the VD heat dissipation, temperature and time 

stability, lower resistor values, and frequency compensation.  

 

 
 

Fig. 3.  A simplified block diagram of the calibration setup for voltages with 

peak value below 850 V. 

 

Another setup for test voltages with peak values above 350 V 

is shown in Fig. 3. In this case, to accurately determine the 

voltage ratio and, consequently, the voltage at the DUT voltage 

input, a current comparator (CC) based active voltage divider 

[35] with low-loss gas capacitors, CH and CL, and a solid-

dielectric feedback capacitor CF, an inverter (INV) adjustable 

in accordance with the selected CC NH winding number of turns 

to set the circuit gain, and a detector and feedback circuit (DF) 

with a feedback resistor RF, is used to scale down the voltage 

VH across DUT to VL, a level comparable to that of the voltage 

amplifier VA output voltage. This allows to use the reference 



voltage divider VD at the lower voltage level, VL. 

The input impedance of the transformer T primary is 

increased by the supporting electronic circuitry. Any small 

current in the primary winding comes from the TCA, does not 

go into shunt and does not cause an error. The input impedance 

of the transformer T secondary which is also increased by the 

supporting electronic circuitry is further significantly increased 

by the high input impedance of the buffer-amplifier B2. This 

reduces any leakage from the test current through the shunt to a 

negligible level.  

V. EVALUATION 

The current transformers are calibrated using a high-

frequency version of the CC-based test set [36]. The CT in-

phase and quadrature errors are within 5 μA/A at burdens below 
0.2 Ω, and frequencies up to 5 kHz. At frequencies above this, 

these errors increase, they are accounted for in software and the 

remaining in-phase and quadrature uncertainties are within 

10 μA/A at 10 kHz. 

The AC shunts have been periodically calibrated at NRC labs 

and their DC values and AC-DC differences were determined 

with respect to NRC measurement standards. Their errors, and 

the errors of buffer-amplifiers, were also determined by means 

of an AC bridge [37] based on an NRC audio-frequency 

current-comparator and a calculable resistor, as well as by 

means of digital sampling [38]. Their AC–DC differences have 

been within 5 μΩ/Ω up to 10 kHz. Their in-phase and 

quadrature uncertainties after applying the corrections are 

within 10 μΩ/Ω up to the same frequency. 

The active transformer T was calibrated together with the 

buffer-amplifier B2 connected in series with the transformer 

secondary, as shown in Fig. 4. The primary of the transformer 

is connected to a voltage E. The marked terminals of the 

transformer primary and secondary windings are connected to 

each other. The B2 output voltage, loaded with the digital 

sampler (DS2) as in actual operation, represents the error 

voltage of the T and B2 together and is measured by a phase 

sensitive detector (PSD). An injection transformer (Tinj) 

supplied by two inductive voltage dividers (IVD1 and IVD2) 

from the voltage E and a voltage jE in quadrature with E serve 

to decompose the error voltage into an in-phase and quadrature 

components with respect to E, which is used as a reference for 

the PSD. The role of IVD2 is to correct for IVD1 quadrature 

errors at higher frequencies. The IVD2 errors are of the second 

order of magnitude. The errors of T and B2 are linear with 

frequency and their in-phase and quadrature uncertainties are 

well within 10 μV/V at frequencies up to 10 kHz.  

 

 
 

Fig. 4.  A simplified setup for the transformer T and buffer B2 calibration. 

 

The buffer-amplifier B1 was calibrated as per the calibration 

setup shown in Fig. 5. The B1 input and the T primary winding 

are connected in parallel to the input voltage E. The difference 

between the B1 output voltage and the voltage drop across the 

T secondary winding and B2 is measured by the PSD. With the 

transformer T and buffer-amplifier B2 error determined in the 

preceding calibration, the B1 error can be determined from the 

error voltage at the output of B2 measured by the PSD. The 

roles of Tinj, IVD1 and IVD2 are as in the calibration of the T 

and B2. The B1 in-phase and quadrature uncertainties are 

within 5 μV/V at frequencies up to 10 kHz.  

 

 
 

Fig. 5.  A simplified setup for the buffer B1 calibration. 

 

The performance of the active voltage divider was 

determined by means of the measurement circuit shown in 

Fig. 6. Two low-loss gas-dielectric capacitors, C1 and C2, were 

used in conjunction with a current comparator capacitance 

bridge, CB/CC. The NRC capacitance bridge, with a 1,000-turn 

current comparator and a built-in dissipation balancing circuit, 

is used up to about 400 Hz as its measurement uncertainties are 

on the order of a few parts in 106 in that frequency range. Above 

that frequency, a 100-turn compensated current comparator 

with variable ratio winding turns, whose in-phase and 

quadrature errors are within 1 μA/A at 60 Hz, 3 μA/A at 400 Hz 

and 7 μrad at 1,000 Hz, is used. At higher frequencies, a current 

comparator with fixed number of turns designed for operation 

at audio frequencies is used [39]. Its measurement uncertainties 

are within a few parts in 106 up to 16 kHz. The in-phase and 

quadrature uncertainties of the calibrated active voltage divider 

are well within 10 μV/V at frequencies below 1 kHz. For 

frequencies above that, the error values obtained in calibrations 

at signals with harmonics are recorded and accounted for in 

software to keep the uncertainties within 10 μV/V.  



A similar current-comparator-based approach was used for 

the calibration of the described voltage transformers [36]. 

 

 
Fig. 6.  Calibration of the active voltage divider. 

 

The DC ratio, voltage dependence and self-heating of the 

coaxial resistive voltage dividers are determined in 

measurements performed by means of a reference DC divider 

Fluke 752A, and a multifunction calibrator Fluke 5730A, at DC 

voltages of up to 850 V, according to resistive voltage divider 

rated voltages.  

The AC performance of the coaxial resistive dividers was 

evaluated by means of a Fluke 792A AC-DC transfer standard 

calibrated at a number of different voltages, on the voltage 

ranges from 0.7 V to 220 V, and frequencies of up to 10 kHz at 

the NRC AC-DC calibration lab. For additional test points, 

interpolation was used among those points at which the 

calibration was performed.  

The AC ratio of resistive voltage dividers was determined by 

means of the calibrated Fluke 792A AC-DC transfer standard 

and a calibrated Fluke 5790A AC measurement standard. For 

this purpose and to also determine phase errors of the resistive 

voltage dividers, inductive voltage dividers and digital 

sampling were used. The current comparator measurement 

techniques [36] were used as well.  

Although phase compensated resistive dividers [26], [28], 

[17] are supposed to have a flat magnitude response and low 

phase errors in a wide frequency band, this is difficult to achieve 

in practice with low uncertainties. After calibrations of resistive 

dividers at frequencies of interest and accounting for obtained 

errors, their in-phase and quadrature uncertainties can be 

narrowed down to about 10 μV/V at frequencies up to 10 kHz, 

provided low power dissipation in the divider, low temperature, 

power and voltage coefficients of the resistors, and the 

coaxiality of the calibration setup.  

The performance of digital samplers DS1 and DS2 is 

evaluated by means of the calibrated Fluke 792A and 5790A, 

and by means of the NRC Power Bridge [40]. The phase 

measurements by digital samplers at frequencies of up to 

10 kHz were also verified by a Clarke-Hess 5500-2 digital 

phase standard, which in turn was verified by a Clarke-Hess 

5000 phase verification R-C bridge set and a Clarke-Hess 

6000A phase meter. The digital sampler uncertainties depend 

on the input ranges that have to be used in a measurement and 

the input signal ratios, which can vary significantly for different 

measurement conditions. The measurement errors have to be 

determined in the calibrations under particular measurement 

conditions, and, after applying the corrections where possible, 

the remaining uncertainties are estimated. These estimated in-

phase and quadrature uncertainties are found to be within 

20 μV/V, for measured voltages not too low in the input range, 

at frequencies of up to 10 kHz.  

The calibration system expanded uncertainty (k = 2) is 

estimated to be less than 50∙10-6 at test conditions with 60/50 Hz 

fundamental and a harmonic component with magnitude of 

10% of the fundamental up to 100th harmonic.  

A commercial power analyzer was calibrated by means of the 

improved harmonic calibration system.  

VI. CONCLUSION 

The paper described recent improvements in the calibrations 

of revenue meters that have harmonics measurement capability 

and power analyzers, under non-sinusoidal test conditions, at 

NRC Canada. They entail hardware, algorithms for harmonics 

measurements, and new calibration techniques used in the 

evaluation of the calibration system. 

The hardware improvements consist of use of coaxial 

resistive voltage dividers and AC shunts, a high-accuracy two-

stage step-up voltage transformer 120 V/240 V with load 

compensation, a CC-based active voltage divider, an active 

three stage voltage transformer for referencing the voltage 

across the shunt to ground potential, buffer-amplifiers with 

input-driven supplies for reducing the loading influence of the 

digital sampler input impedances, full synchronization between 

generation and measurement for allowing the use of a highly 

accurate internal time-based sampling in digital sampling 

voltmeters and reducing Type A measurement uncertainties.  

The algorithms were extended to include DFT (which allows 

a greater flexibility in the selection of the sampling frequency 

and the measurement interval both contributing to harmonic 

measurement accuracy), interpolated FFT/DFT, multiharmonic 

least square fitting, and windowing techniques. The improved 

calibration system represents a platform for the evaluation of 

different algorithms under the same measurement conditions, in 

addition to computer simulations.  

The calibration techniques included the use of a reference DC 

divider for determining voltage dependence and self-heating 

effects of resistive voltage dividers, a thermal voltage converter 

for characterizing the behavior of resistive voltage dividers at 

higher frequencies and in the presence of harmonics, current 

comparator techniques extended to higher frequencies for the 

calibration of active voltage divider and voltage transformers, 

and digital sampling for the evaluation of resistive voltage 

dividers, AC shunts, and buffer-amplifiers. 

The harmonics frequency range was widened and the 

accuracy improved. The calibration system expanded 

uncertainty (k = 2) is estimated to be less than 50∙10-6 at test 

conditions often encountered in practice for harmonic contents, 



10 % of the fundamental component up to 100th harmonic.  
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