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Introduction
This report describes the deliverable from MIKES for task 6.3 FP2 of CLEEN Smart Grids and
Energy Markets program. The report contains a top-down explanation of the solutions selected for
a digitizing power and energy reference. Main focus will be on analog-to-digital (A/D) converters
and their analog front ends as well as voltage and current transducers.

Power standards
IEEE1459-2010 [1] defines electric power for sinusoidal and nonsinusoidal voltages and currents in
balanced and unbalanced loading conditions. Active (P), reactive (Q) and apparent (S) power of a
3-phase system in each phase are respectfully given by

P = V1 I 1 cos ϕ 1 +
Q = V1 I 1 sin ϕ 1 +

Vh I h cos ϕ h

h ≠1

V h I h sin ϕ h

h≠1

S = VI
The definition is not limited to fundamental and harmonic components. If quantities V, I and are
received from Fourier series, the result will include also powers of intermodulation components as
well as other spectral content in the voltage and current waveforms. More general expressions for
active and reactive powers are

1 τ + kT
p(t )dt
kT τ
2πf τ + kT
Q=
i (t )[ v (t )dt ]dt
kT τ
P=

where u(t) and i(t) are instantaneous voltages and currents, f is the power system frequency and
T=1/f.
Similarly to IEEE1459-2010 in the general case, DIN40110-2002 [2] defines active power in a 3phase system through integration in time domain. The active power is given by

P=

1 τ + kT
v u 0 (t )iip (t )dt
kT τ

where v 0(t) are the instantaneous phase voltages towards a virtual star ground and i p(t) are
instantaneous phase currents. Apparent and reactive power are given by
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S = U RMS I RMS =
Q=

1 τ + kT
1 τ + kT
2
2
v µ 0 (t ) dt
i µp (t ) dt
kT τ
kT τ

S2 − P2

It should be noted that any spectral content, which has a period Ts such that nTs kT will cause
unavoidable error in the calculation. More discussion of this is in the next chapter concerning the
sample clock. The IEEE standard mentions also that reactive power for nonsinusoidal conditions is
not a trivial case and errors will be caused by the calculation. More research is needed in this field.

Sample clock
Digitizing a signal can be done by non-coherent or coherent sampling. Non-coherent sampling
means that there is no relation between the frequency of the sampled signal and the sampling
frequency. Since (for very practical reasons) we are limited to a finite amount of samples for a finite
amount of signal periods, some spectral leakage in Fourier analysis will inevitably occur. We would
then have to choose between simply selecting a sufficiently large amount of samples before
Fourier analysis or multiplying the sample vector with a window function. According to [3], the first
method leads to long range spectral leakage and the second one, while reducing long range
leakage, will create errors around the measurand frequency.
Another approach is coherent sampling. This method is often used in evaluating A/D converters
and in AC metrology. In coherent sampling, there exists a relation between input signal frequency
fin and sample clock fs [4] i.e., the sample rate is frequency locked to the measurand. If NS is the
sample vector length and NCYC is an integer number of input signal cycles within the sample vector,
the relation is

f s = f in

NS
N CYC

Input frequency fin is obviously fixed and from FFT analysis point of view it is convenient that NS
equals a power of two. With a predetermined vector length NS, NCYC is the only free variable in the
equation. It can be thus be considered an oversampling factor and according to [4], should be odd,
preferably a prime number.
Sample clock frequency locking can be done either by locking directly to the measurand, like in [3]
or by extracting signal frequency from digitized data and updating sample clock accordingly. The
first method, while proven and robust, is not very flexible. For extracting signal frequency based on
data, several methods are described in [5] and compared in [6]. Methods based on Fourier
coefficients are generally computationally simple and can be adopted to track signals. They will
also work well in non-sinusoidal situations. Quinn’s interpolation method [7] is selected for the
digitizer. The method estimates signal frequency based on three adjacent Fourier series elements,
where the center element is the Fourier series maximizer. After finding an estimate for the signal
frequency, sample clock output value is updated. In this case the sample clock should have a
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sufficiently fine frequency tuning capability. Direct Digital Synthesis (DDS) clocks are an obvious
choice. They can be used to derive millihertz-resolution clocks from an external reference, such as
10MHz laboratory references. After a few iterations, the error in interpolation-based frequency
estimator will be sufficiently close to zero and the system is frequency locked.

Hardware Overview
The digitizer is used for converting attenuated voltage signals and current-to-voltage (I-V)
converted current signals into digital samples. Each converter would therefore need a dedicated
analog front-end to scale down measurands into acceptable voltage range. From this point of view
the digitizing part can be similarly in all channels and only the analog part would need to be varied
depending on the measurand. The digitizer has six identical channels, three for voltage and three
for current. There exists a slot for a seventh channel, should need ever arise for it. Thus a modular
structure was found to be the easiest to implement. Each A/D converter module can have its own
on-board voltage attenuator or I-V converter, while the A/D board itself is similar in all channels.
Figure 1 shows the principle of the modular structure. The six digitizing modules are connected to
a backplane card, which in turn runs all signals to the system digital signal processor (DSP)
through some custom glue logic. The backplane supports up to 12 identical slots for connecting up
to six peripheral devices along with the six A/D converter modules. Hardware interface between
the modules and the backplane includes most importantly three fast serial with appropriate chip
select signals and clocks, a few time reference signals and certain module-specific signals. All
power supplies and data lines are isolated so that A/D converter modules are floating.
Mandatory peripheral modules are a USB 2.0 host module and a sample clock module. A GPS
module with a real time clock and a GPS disciplined oscillator (GPSDO) will also be implemented.
The USB2.0 module provides data input and output capability between the digitizer and a host PC.
The sample clock module is used for generating a low-jitter sample clock. Details of these modules
are out of scope for this report.
Figure 2 shows a photograph of the digitizer frame with the DSP board located at the back and one
A/D converter card inserted into the backplane on the right-most slot. The second card in the
backplane is a DDS sample clock..

Figure 1. Block diagram of the power digitizer.
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Figure 2. Photograph of the power digitizer frame.

Analog to Digital Converter Cards

Interface
The digitizer is built so that all voltage and current channels are floating individually. This means
that there should be digital isolators in all data and control signals. In the case of A/D-converter
output, bandwidth and small propagation delay are extremely important. Reaching a sampling rate
of e.g. 250 kSPS on a 6-channel instrument means the data rate from a single converter would be
around 30 Mbit/s, which equals 30 MHz for synchronous transfer. Opto-isolators are out of
question, but fortunately Avago Technologies and Analog Devices manufacture magnetic isolators,
which can run at speeds up to 50 MHz. Of these two, Avago Technologies devices (HCPL-xxxx)
experience significantly smaller propagation delay than its Analog devices counterpart
(ADuM140x). Due to solutions in system design, propagation delay is an important factor. Thus
Avago Technologies is selected for isolating A/D-converter data. Other digital signals are not as
critical and the need for tri-stating outputs means Analog Devices isolators are a better choice
there. Both devices have a very high insulation between input and output, both resistive and
capacitive.
Other than the isolators, the A/D-converter cards have a microcontroller, which keeps track of
converter ambient temperature and operates any relays inside the channel module. The
microcontroller, Atmel ATMega1284, communicates with the main DSP processor via an SPI
interface.
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Floating channels mean also that the power supply needs to be isolated. Both high resistive and
capacitive isolation are needed. Batteries would be the obvious solution, but they are quite
cumbersome and anyway tend to be out of charge whenever needed. One option is an isolated
DC-DC converter. Medical power supplies are often well isolated due to stringent common-mode
interference requirements, so they fit the bill here also. Traco Power THB-6 DC-DC converter
drives 200 mA from ±15 V outputs, enough to feed the analog front-end, A/D-converter and full
scale reference. Isolation impedance is >1 G || 7 pF. Different operating voltages are then formed
with point-of-load regulators. Measured current consumption from the positive supply is around
100 mA.
A Photograph of the A/D converter card is shown in Figure 3. The board is a 4-layer FR4 eurocard,
with internal layers dedicated for power supply and ground routing. Top and bottom layers are
used for signal routing and for ground. Ground planes are split between the analog and digital
parts to keep digital switching return currents away from the analog parts.
POWER SUPPLIES

ANALOG
DIGITAL

REFERENCE

Figure 3. Photograph of the A/D converter card with different blocks highlighted.

Full-scale reference
In order to take full advantage of the high stability of the analog signal path, a low-drift, low noise
full-scale voltage reference for the A/D-converter is needed. The claimed zero and gain drifts of
AD7690 are only 0.3 ppm/oC so the full-scale reference should be at least on par with this. The
only on-board reference, which would really come in question, is the ovenized buried zener-diode
from Linear Technology, the LTZ1000 [8]. Used in Agilent HP3458A multimeter and several zener
voltage transfer standards, it beats its rivals by an order of magnitude both in long term and
temperature drifts. Claimed numbers are respectfully 2 V/sqrt(kHr) and 0.05 ppm/ oC.
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Implementing it into a design, while still managing to realize its full potential was considerably
difficult. The zener-diode is operated inside two control loops, one for die temperature stabilization
and one for maintaining accurate bias conditions. Fortunately the device is insensitive to absolute
values of die temperature as well as bias point. The most significant problems arose from external
connections for the device: balancing (or avoiding altogether) Seebeck voltages at critical parts of
the circuit, ensuring uniform temperature distribution across the PCB and isolating the heat of the
zener from peripheral circuitry.
It is recommended to set zener die temperature to a few tens of degrees higher than ambient
temperature. It was selected to operate the zener at 50 oC, which would limit maximum ambient
temperature to about 30 oC. This way power supply current can be saved and radiated heat kept
low. Long term drift properties are also improved by lower die temperature. Many other devices run
the die at significantly higher temperatures, e.g. 3458A uses 90 oC die temperature in order to
meet commercial grade temperature range of 0 to 70 oC. The reference circuitry is placed as far
away from other heat sources such as power supplies as possible on a 160 mm by 100 mm
eurocard. It is also isolated with a plastic shield and trenches are milled into the PCB to further
prevent heat conduction to and from the device.
Seebeck voltage effects arise from connections between two metals forming voltage sources,
which can have values up to hundreds of microvolts and extremely large temperature coefficients.
In order to negate these effects, the layout was drawn so that all critical components have equal
temperatures at their legs. The circuit was also carefully routed so that no vias are placed in the
critical nets.
As the zener produces a voltage of around 7.2 V, the output should be divided down to receive a
full-scale voltage, VFS, of roughly 5.0 V for the A/D-converter. Another 5.0 V, VINB, is needed for
creating common-mode voltages for the analog front end. A resistor network from Linear
Technology, LT5400-6, is used for dividing 7.0 V to 5.0 V. It has a temperature drift match of 0.2
ppm/oC between the resistor elements. The 5.0-volt reference voltage is then buffered by voltage
followers. Chopper-stabilized operational amplifiers are often used in such cases. Unfortunately the
buffer is supposed to drive the A/D-converters reference voltage input, which needs a large DC
bypass capacitor. Chopper stabilized op amps have trouble driving capacitive loads, so a
traditional, low.-drift op amp LT1112 is used. It has a maximum offset voltage drift of 0,5 V/ oC,
which translates to 0.1 ppm/ oC for a 5.0-volt input.
A simplified schematic of the full scale reference including LTZ1000 and LT5400 as well as the
buffer is shown in Figure 4. A picture of the implementation on the converter card is shown in
Figure 5. The temperature drift from this particular unit was measured to be 0.15 ppm/oC at the
zener output. It could still be improved by selecting lower drift passives for the external circuit.
Currently the few critical resistors experience a claimed 5 ppm/ oC maximum drift, which is
attenuated by the zener control loops by a factor of 100. Going beyond this calls for more exotic
materials in the resistors and would increase the price significantly.
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Figure 4. Simplified schematic of the full scale reference.

Figure 5. Physical design of the full scale reference.

Signal path
The most critical part of the digitizer is the analog input path. The input impedance should be as
high as possible, drifts should be minimized and linearity maximized. The strategy to achieve this is
to keep things simple and use high-grade components. A simplified schematic of the signal path is
shown Figure 6.
In order to reach high input impedance, the input buffer needs to be carefully selected. Texas
Instruments’ OPA124 operational amplifier has a 1013 || 3 pF input impedance and excellent
noise properties. Its input offset voltage drift is rather large, 2 V/ oC, but since superior DC
performance is not a primary goal, this can be accepted. In order not to degrade the large input
impedance, the buffer’s input needs to be protected from any leakage. The input is therefore
surrounded by a replica voltage driven by the low output impedance of the buffer as shown in
Figure 6. If done well, the only leakage current is then drawn by input protection diodes (~4pF, not
in schematic) and buffer input. The measured input capacitance of the A/D converter card is
around 9 pF. The input is also protected by a relay, which is closed only in normal operation. In
order to balance Seebeck voltages in the input, both signal and ground leads are connected
through the relay. Small thermal voltages from the Panasonic TXS relay will also help maintain DC
stability.
Given a sufficiently large gain bandwidth product, an operational amplifier will not limit the systems
AC properties. It is often the external feedback components, which need to be selected carefully.
Following the input buffer is a single-ended to differential converter made up of a dual operational
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amplifier, Analog Devices’ ADA4841, which is explicitly recommended by Analog devices to drive
their 16 and 18-bit A/D converters. The first stage is an inverting 1:4 attenuator followed by an
inverting unity gain buffer. The first stage drives the A/D converters negative input, while the
second drives the positive one. Gains are set by Vishay’s superior SMNZ 4-resistor networks.
While fairly expensive, they set the bar high in terms of what can be done to minimize ratio
temperature drift and voltage coefficient. The ratio is claimed to drift no more than 0.1 ppm/oC and
the voltage coefficient should also be around the 0.1 ppm/V mark. Both numbers are small enough
not to limit the A/D converters drift and linearity specifications. SMNZ and LT5400 devices are also
used to bias the ADA4841 inputs so that the outputs have 2.5 V common mode voltages. No
extremely stringent requirements are imposed on them as the input buffer limits DC performance.
But no cost overhead came from using an SMNZ for biasing since half of the device was used for
gain setting anyway. Also, drivers’ input bias current compensation was not fully possible, since
off-the-shelf resistor networks tend to have a limited range of available values.

Figure 6. Simplified schematic of the signal path.

Voltage Attenuators
Voltage attenuators use an impedance ratio to divide a higher voltage to a lower one. The simplest
circuit is a simple resistive divider in Figure 7 connected to a measured voltage Vin.

Figure 7. Resistive voltage divider.
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Neglecting parasitic capacitance Cgnd from the output node towards ground for now, the output
voltage Vout is given by

Vout =

R2
Vin
R1 + R2

A current equal to

I in =

V in
R1 + R2

is drawn from the measured source. For a large value of Vin (such as a MV line) the current
through the attenuator would be impractically large, increasing source loading and power
dissipation, if R1 and R2 have low values. For example a 20 kV input voltage leads to a power
dissipation of 40 W for 10 M input impedance.
On the other hand large resistor values lead to an increase in time constants in the divider.
Including Cgnd into the circuit gives a time constant

τ = (R1 R2 )C gnd
and a -3dB cut-off frequency

f =

1
2π ( R1 R2 )C gnd

For example for dividing down 20 kV and limiting current drawn from the measured voltage to 1
A, the sum of R1 and R2 should be higher than 10 G . Choosing R1 = 10 G , R2=5 M to receive
an output of 10 V and estimating Cgnd to be around 10 pF, would give a time constant of 5 s and a
cut-off frequency of just 3.2 kHz.

RC attenuators
The analog bandwidth should go well beyond the desired bandwidth of the digitizer, so clearly the
above example would not work in the case of high voltages. More so, as resistive dividers suffer
from amplitude and phase errors due to parasitic inductance. In order to extend the usable
frequency range of the divider, a parallel combination of resistance and capacitance is used, such
as in Figure 8.
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Figure 8. Resistive-Capacitive voltage divider.

Assuming C2 >> Cgnd, the output voltage is given by

Vout =

R1
V in
1 + sC 2 R2
R2 + R1
1 + sC 1 R1

At low frequencies the divider reduces to a simple resistive circuit, yielding again

Vout =

R2
Vin
R1 + R2

and at high frequencies the divider becomes purely capacitive, yielding

Vout =

C1
V in
C1 + C 2

In order to get a constant voltage gain over frequency, the time constants 1=R1C1 and 2=R2C2
need to be equal. The frequency, where the divider moves from resistive to capacitive operation is
then

ft =

1
1
1
=
=
2πR1C 1 2πR2 C 2 2π (R1 R2 )(C 1 + C 2 )

Now R1 and R2 can be kept sufficiently large so as not to load the measured source at low
frequency (50 Hz in our case). The capacitive part will create small input impedance for higher
frequencies but that can be tolerated as most spectral content is located at relatively low
frequencies. The cut-off frequency is in practice only limited by parasitic inductances of the
components and wiring and can be a lot higher than in a simple resistive divider.

Practical implementations of RC attenuators
In order to ensure that the time constants 1 and 2 have equal values, the tolerance variations
need to be trimmed out. Trimming capacitors are in practice limited to some tens of picofarads, so
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the choice of trimming element is usually resistive. In Figure 9 R2 is divided into constant and
variable parts, respectfully R2c and R2v. It is generally easier to guarantee better drift properties for
fixed-value components. Thus R2v should be as small as possible while still being able to
compensate for any possible combination of mismatches. R2c will then constitute for the major part
of R2 so that temperature and aging drift can be minimized.

Figure 9. Adjustable resistive-capacitive voltage divider.

It may be desirable to operate the divider in the capacitive region on very low frequencies, even 50
Hz in the case of mains measurements. The transition frequency can be set by increasing time
constants 1 and 2. This calls for large resistor and capacitor values. Low drift C0G/NPO
capacitors are limited to tens of nanofarads. Resistor values could always be increased. However,
the ratio of R1 and R2 is dictated by the desired division ratio and often R1 is significantly larger
than R2. Thus R2 dominates the transition frequency ft. and lowering it calls for an impractically
large value for R1. One way around this is to add resistor R3 between the resistive and capacitive
parts of the divider as in Figure 9. The transition frequency is now given by

ft =

1
2π (R1 R2 + R3 )(C 1 + C 2 )

It can be seen that the transition frequency is now significantly increased without increasing either
R1 or R2. A secondary voltage divider will be formed between R3 and the resistive part of Zin, input
impedance of the measurement device. This should be taken into account in the design. The DC
balance can be equalized with R2v and the adverse effect of adding R3 negated. The capacitive
part of Zin is usually in the range of picofarads, well within the tolerances of C1 and C2 and can be
neglected.
Figure 10 (a) and (b) shows a practical implementation of the circuit in Figure 9. This custom
divider is optimized to be used with Agilent 3458A multimeter and has an attenuation of c. 100 to 1.
The capacitive part uses combinations of 4.7 nF 500V NPO capacitors, such that C1 = 0.47 nF (ten
in series) and C2 = 47 nF (ten in parallel). The resistors are also combinations of many units. They
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have the following values R1 = 100 M , R2 = 994.3 k , R3 = 100 M . The divider is loaded by
10 G || 270 pF (3458A). Figure 11 shows simulated amplitude and phase responses of the
divider around the transition frequency with additional 320 pF loading in the input mostly from
cables. Amplitude and phase variations at low frequencies are negligible. For this design the time
constants are equalized by equalizing division ratio for AC and DC voltages with the help of R2t.

(a)

(b)

Figure 10. Implementation of a custom 100:1 resistive-capacitive voltage divider. (a) banana
connectors for signal input, and BNC for signal output. trimmer for time constant balance at NW from
BNC. (b) Larger components are the capacitors, smaller ones the resistors.

Figure 11. Simulation of the voltage divider in Figure 10. Note the vertical scales, changes are less
than 10-9.

For a measurement instrument it is convenient to have measurement range settings incorporated
into the divider. One solution to implement this is shown in Figure 12. For simplicity, the circuit has
only two ranges but any number of ranges can be implemented with ease. High voltage part R1
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and C1 is constantly connected to the circuit, while the low voltage part has e.g. decade-weighted
values for R2, R3 and C2 connected via relays. Relays connecting R2a, R3a and C2a should be
closed to select one range while the rest of the switches are open and vice versa for the other
range. Equalizing time constants can now be done individually for both ranges with trimmers R2av
and R2bv.

Figure 12. Ranging resistive-capacitive voltage divider.

Current Transducers
Current sensors are used for measuring current running in a conductor. Typically they convert the
measured current to a smaller value. The output is still current and needs to be converted to a
comparable voltage. A device, which includes both functions, is called a current transducer.
Several types exist but this report will consider only two types, which are in use in MIKES. The
devices are Rogowski coils and zero-flux current converters. Both are applicable to high precision
measurements at relatively high frequency (up to around 100 kHz) currents.

Rogowski Coils
Rogowski coils are simply air-cored coils, which are placed around the measured conductor
forming a current transformer. The return conductor of a Rogowski coils runs back through the
winding and the coil itself can thus be cut at some point along the circumference. The coils can be
either rigid of flexible and can be placed around a conductor without breaking the primary circuit. A
principle drawing of a Rogowski coil is shown in Figure 13. Due to air as core material, no
saturation of the core will occur and consequently Rogowski coils are inherently very linear [9].
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Figure 13. Rogowski coil operating principle.

The voltage v(t) generated at the coil is proportional to the rate of change of measured current and
mutual inductance M between the center conductor and coil. It is ideally given by [10]

v (t ) = − M

di (t )
di (t )
= µ 0 An
dt
dt

where 0 is permeability of air, A is the area of a single loop in the coil winding and n is the number
of loops in the coil. An equivalent circuit of a Rogowski coil is shown in Figure 14. Parameters L
and C are respectfully the self-inductance of the winding and inter-loop parasitic capacitance.
Resistor Rt is a termination resistance, in which (for a sufficiently short cabling) can be included the
input impedance of the following amplifier stage. The model is simplified, but helps in
understanding how the termination resistance affects the circuit.

Figure 14. Equivalent circuit of a terminated Rogowski coil.

The transfer function H(s) from the above circuit is given in its canonical form by
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V
H ( s )= out =
Vin

ω2
L
R
s +
+1 ω
+ RC ω 2 s +
Rt
Rt

2

2

ζ

ω 02

from which the system is described by three important factors:

ω=

ζ =

1
LC

coil self-resonance frequency,

L
+ RC ω 2
Rt

ω0 = ω

R
+1
Rt

damping factor,

corner frequency.

The temperature stability of a Rogowski coil can be improved by compensating the changes
occurring in the winding as temperature changes [10]. As the coils heats up, the core material will
expand slightly increasing loop area A, which in turn increases the mutual inductance M. This
results in an increase in the generated voltage v(t). The coil series resistance forms a voltage
divider together with the termination resistance. The copper winding has a positive temperature
coefficient and thus the division ratio Rt/(R+Rt) increases. A termination resistor with a suitable
value and a small temperature coefficient will cause the two heating effects to cancel.
Leaving the termination resistance out will extend the frequency range but peaking will occur at the
coil self-resonance frequency. For good high frequency behaviour the termination resistor should
be sized such that the system damping ratio gets a reasonable value. Critical damping occurs
when damping factor = 1. If ringing can be tolerated, the system can also be used with an under
damped transfer function. A slightly under damped system will give faster step responses in the
measured current. According to [12] a good value for resistor Rd (neglecting R) is given by

Rt =

2

π

L
C

The two above-mentioned approaches for selecting a value for Rt do not often go hand in hand. It
is possible that in order to reach a near-zero temperature drift, Rt needs to be quite small. This will
lower the corner frequency by over damping the system. In a critically damped system the value for
Rt might then be too large to negate thermal drifts. Also, in order to keep Rt in a temperature-stable
environment, it needs to be moved away from the coil. On the other hand, the system is likely
connected to an amplifier through a 50-ohm coaxial cable. Rt should then be located at the coil-end
of the cable in order to employ critical damping, since the coil characteristic impedance is most
likely differs from 50 ohm [12].
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In order to receive a voltage proportional to the current, the output voltage from the coil needs to
be integrated. This can be done with an operational amplifier connected as an integrator in Figure
15.

Figure 15. An inverting integrator

Neglecting Rf, the output yields a time integral of the input voltage. Thus

v out (t ) = −

1
1
di (t )
M
v (t )dt =
M
dt =
i (t )
Rc C
Rc C
dt
Rc C

The transfer function is given by

H ( s )=

R f Rc
Vout
=−
Vin
1 + sCR f

The circuit will function as an integrator between above the pole frequency =1/RfC. Below the
pole frequency it will be an amplifier with a gain of -Rf/Rc. Resistor Rb should be equal to Rc in
order to cancel bias current effect.
For Rogowski coil measurements the DC performance of the integrator is not important, since the
coil itself will not produce a DC output. Rf should be included regardless, since it will inhibit the
output from saturating due to operational amplifier offset current charging the capacitor. The pole
frequency should be pushed lower than the lowest desired operating frequency.
Ranged input can be done in a similar fashion for an integrator as for a voltage divider in Figure 9.
In order to change the integrator coefficient 1/RcC, different values of resistor Rc can be connected
in series with the coil output through relays. Since this will change the input impedance of the
integrator, another resistor should be changed accordingly in parallel with the input in order to keep
the termination of the Rogowski output constant.
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Zero-flux current converters
Unlike Rogowski coils, zero-flux converters can be used for both AC and DC current
measurements. A simplified schematic illustrating the zero-flux principle is shown in Figure 16.
Primary (measured) current Ip flows in a wire, causing a magnetic flux to be sensed by coils L1, L2
and L3. The DC current is sensed with L2 and L3. The coils are driven by an oscillator into
saturation so that if zero DC current IpDC flows in the primary conductor, both currents saturate at
the same level. If IpDC is no-zero the resulting difference in the saturation currents, which is
proportional to IpDC, can be sensed. The AC part is sensed by L1, which operates as a normal
current transformer similarly to a Rogowski coil (although L1 is not air-cored). The DC and AC part
are then amplified by an integrator, which drives a scaled current Is into L4. This current will
balance the flux created by Ip and is in turn converted into voltage by burden resistor RB. A
precision sense amplifier then produces a full-swing output voltage, which can be measured. At
some frequency the control loop, which balances the fluxes will no longer operate properly due to
phase lag between input and output (it needs to stay in inversion for the loop to work). Beyond this
frequency the converter will function as a passive current transformer and Is will hold higher current
components than what are actually driven by the power amplifier. The bandwidth is limited only by
stray capacitances in the structure and non-idealities in the burden resistor.

Figure 16. Zero-flux current converter operating principle

MIKES have bought a 3-sensor zero-flux system from Hitec Special Measuring Systems shown in
Figure 17. The three current sensors on the left implement the part of the system, which is lies left
of the dashed line in Figure 16. The voltage to current conversion is handled within the
interconnect box on the right. Most important specifications are given in the table next to Figure 17.
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Input range

500A

Transfer ratio

50 A/V

Accuracy

0.025% of reading
+ 2.5mA/V

Bandwidth

DC - 100kHz (-3dB)

Figure 17. Hitec zero-flux system
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