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Abstract—Today, no relatively cheap AC load exists which can
purely arbitrarily draw current from an AC voltage source. A
few exist on the market which, in general, are expensive and
limited in the way current can be drawn. The need for this
custom testing device, which needs to imitate waveforms from
one or multiple appliances, arose to test static energy meters
for measurement errors without swapping cables and devices.
Additional waveforms can be generated to further test static
meters, which enables the cause of error to be found more easily.
The goal of this paper is to design a testing device on a conceptual
level which meets these requirements. Simulations with actual
waveforms are used to optimize and verify the conceptual design.
Lastly, recommendations for the the physical design are given.

I. INTRODUCTION

TATIC energy meters are continuously replacing their

mechanical counterparts, which gave rise to erroneous
readings and resulted in a higher electricity bill for consumers
and companies. The University of Twente, together with
Universitat Politecnica de Catalunya, companies and institutes,
researches the reason behind these measurement inaccuracies.
Recent studies [1][2][3][4] have shown that certain appliances
will cause some static meters to show significant errors in their
readings, despite them fulfilling harmonised standards [5].
Some meters show errors of up to 342%, depending on the ap-
pliance attached to it. These appliances all exhibit a non-linear
way of drawing current, where errors have been correlated to
parameters like current slope and phase firing angle. Measure-
ments have been performed on these appliances, but so far
no option exists to replicate these waveforms without actually
attaching the appliance. Also, there is a need to arbitrarily draw
current to see what causes the static meter to give erroneous
readings, by generating current waveforms. This will enable
a quantitative analysis on what current waveform parameters
cause measurement errors, such that consumers and companies
may be billed properly in the future. The design of this device
follows from parameters of waveforms which are known to
cause faulty readings, thus these parameters form a basis for
the requirements of the device. The extraction of the relevant
parameters will be done with Matlab. Then the technical
background of a basic DC load, and why this circuit does not
work for AC, will be discussed. Next to that, a more in depth
look is taken at the design of a load and its design difficulties.
The prototype design will then follow from this technical
foundation and the circuit will then be simulated in LTspice.
Afterwards, verification of the design will then be done with
actual measured waveforms and is then coupled back to the
Matlab script to verify the performance and requirements set
by the parameters. Further development and realisation is out

of scope for this paper, but all information given should give
the reader enough details for the design of such a device. In
the end, it enables an easier and a more structured approach
on finding the cause of measurement errors in static meters.

II. TECHNICAL BACKGROUND

The conceptual design will be made according to parameters
of the current waveforms of appliances. These will set the
requirements of the device, thus giving an indication the
maximum voltage, current, power, etc. A basic load circuit
will be discussed and an in-depth look is taken at individual
components, such that suitable components can be chosen to
form the AC load circuit. The impact of external parameters,
like parasitic inductances, is analyzed as well, as it influences
the slope of the current.

A. Requirements

Waveform data of problematic appliances has been used
to set the requirements of the design. Researchers at the
University of Twente provided this data, which contains the
voltage between line and neutral and the differential mode
current. The measurement equipment used are: a mains voltage
monitor, the Pico TA189 and Pico PS4824 [6][7][8]. The
bandwidth of the current probe is 100 kHz, which means any
frequency component above this frequency is attenuated and
its impact therefore can not be determined. Table I shows
the important waveform parameters and their extreme values,
which a Matlab script has extracted from 61 different mea-
surement data. These measurements come from appliances like
water pumps, heaters or CFL/LED lamps and can be combined
with a dimmer. Note that these values do not correspond
to a single appliance, but are the maxima/minima of all the
extracted parameters.

Voltage and current are trivial physical quantities for the
design. These could have also been derived from the stan-
dard mains voltage level and maximum current, which are
230 Vrums (325 Vpeak) at 50 Hz and 16 A in the Netherlands
[9]. However, the measurements show a higher peak voltage
and current larger than a 16 A. Other parameters are the crest
factor (CF), power factor (PF), slew rate and power. The CF
gives insight in how much the peak current deviates from
the RMS value (1) and a higher value usually corresponds
to narrower current pulses [10].
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TABLE 1
MEASURED WAVEFORM PARAMETERS

Voltage Current Pos. slew rate | Neg. slew rate | Crest Factor Power factor Average Peak Power
power
359.3V 21.06 A 12.5 A /ps —8.85A/ps 13.58 0.061 821 W 5421 W
Mains voltage/current Mains voltage/current
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Fig. 1. Waveforms of a water pump in combination with a dimmer. This  Fig. 2. Magnification of the first peak. Timescale of 2 ps/div.
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Vin+
Since the current waveforms of non-linear appliances are M1
enerally not led, phase-shifted i f th It =
g Yy not a scaled, phase-sniited version o € voltage, a | NMOS
different definition of power factor is used [11]. This is given U1
. . Vref sVshunt
in equation (2). =
— Rshunt
T \'J
1 .
PF — Poctive T f() U(t) ' Z(t)dt Vin-
B . 1T 1 (T,
Vems - Irms L [ u(e)|dt - & [) Ji(t)|dt V4
Together, the PF and CF can be used to give an indication
Fig. 3. Basic DC load circuit.

of the location of a current pulse relative to the voltage and its
narrowness. Slew rate is another important parameter, as it is
a measure on how fast the device changes current in a certain
amount of time. A higher slew rate makes it harder to design
the circuit due to series inductance and resistance preventing a
fast change in current. Slew rate is measured between 10 and
90% of a current pulse, so it does not give insight on what
the waveform does between these levels, except for its average
steepness. High frequency components can be superposed on
top of the transition, which might actually result in the slew
rate being smaller than the local dI/dt. It will be shown later
on that current waveforms generally do not have a ’clean’
edge. Average and peak power are mainly important for the
selection of the transistor and the method of keeping it cool,
since a load can be seen as a variable resistor where power is
dissipated as heat.

Fig. 1 shows the voltage and current waveforms of a water
pump in combination with a dimmer which has the largest
slew rate of all appliances: 12.5 A /us. This slew rate makes the
waveform suitable for verifying the circuit in the end. It can be
seen that the first period is similar to the second, but the current
is not mirrored within the same period. Both the positive and
negative cycle have a peak in current where the large slew
rate is present. The first peak is enlarged and shown in Fig. 2.
The width of the pulse is around 9pus and peaks at almost
16 A. This relatively high current pulse can be problematic to
replicate, due to parasitics in cables and in the circuit itself.
Next to that, rising edge is not ’smooth’, which requires a high
bandwidth control loop. Other waveforms will be used as well
for verification, but once the extreme case can be replicated, it

can be assumed that other waveforms, with lower parameters,
can be replicated as well.

B. Basic load circuit

A basic constant-current DC load does not require a lot of
components, but does not work for AC without modifications.
However, this circuit, given in Fig. 3, still forms a basis for
the rest of the design. A reference voltage is fed into the non-
inverting input of the operational amplifier (op amp), which
adjusts the output such that the voltage of the inverting input is
equal to the non-inverting input. The transistor will be driven
as a variable resistor by the op amp, such that the voltage at
node Vipunt, Which is Igpyunt © Rshunt, Will be forced to be
equal to the reference voltage [12]. Care must be taken that the
gate voltage is high enough, because the shunt adds a voltage
which needs to be overcome by the op amp.

This circuit only works for positive voltages, but mains
voltage changes sign every half period. A diode bridge, placed
at the input of the load circuit, solves this problem, but
introduces a minimal voltage where current can be drawn. The
total minimal voltage is dependent on circuit parameters and
is a function of current through the shunt (3). For a relatively
high current around zero crossings, low resistance components
and low forward voltage diode must be chosen. Next to that,
the reference voltage must be zero around the zero crossings to
prevent the output of the op amp from clipping to the positive
supply rail.
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Fig. 4. Equivalent load circuit including cable parasitics.

Vmin (Ishunt) - 2va + IshuntRDS(on) + IshuntRshunt (3)

C. Parasitic inductance

The cable going to the device contains parasitic inductances,
which limits the current slew rate. An equivalent circuit is
given in Fig. 4 and includes cable parasitics, transistor as
variable resistor and a current shunt. The circuit equation is
given by (4), and its time constant can be easily derived:
T = Lcqple/Req, Where the equivalent resistance is given by:
Req = Reaple + Ryar + Rshunt.
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The time constant can be used to derive an expression of
the current slew rate, which is taken as an average over 0.57.
During this time the current rises from 0 to 39 % of the steady-
state current. Taking a relatively small fraction of 7 gives the
maximum current slew rate, but the average over a longer
period gives a better approximation.
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dt N 0.57 Leabie B Lcable

eq
As can be seen, slew rate is now purely a function of input
voltage and L 4. Relatively low voltages prevent fast current
changes, as well as a large cable inductance.

D. Power transistors

The main two functions of the transistor in a load circuit
are to act as a variable resistance (i.e. voltage controlled
resistor) and to dissipate the major part of the power. Due
to the high voltage required and high slew rate, Metal Oxide
Semiconductor Field Effect Transistors (MOSFETSs) are pre-
ferred. These days, most power MOSFETs are designed for
switching applications where the main power dissipation takes
place during transitions. Special transistors exist which are
designed for linear operation where focus is laid on parameters
like Forward-Bias Safe Operating Area (FBSOA) and thermal
resistance.
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Fig. 5. Drain current vs drain-source voltage for different gate voltages for

the IXTH30N60L2.

MOSFETs for load applications are operated in the satura-
tion region where the drain current (/p) is almost independent
on the drain-source voltage (Vpg). An example from the
datasheet of the IXTH30N60L2 by IXYS [13], a MOSFET
specifically designed for linear operation, can be seen in Fig. 5.
A vertical line can be drawn for a fixed Vpg and it can be
seen that the drain current increases in a non-linear fashion
with the gate-source voltage (V5 s). This behavior is modeled
by equation (6). A minimal gate voltage, the threshold voltage
(Vr), is required to turn on the device [14]. Therefore it is
desired to force an offset voltage on the gate to enable a fast
response.

W (Vas — Vra)?
Ip sat = NCOXTM (6)

In the ohmic region, where Ip is a function of Vpg,
the drain-source resistance mainly determines the amount of
current flowing through the transistor. Thus, there is less
control over the MOSFET when large currents are required
at low drain-source voltages.

The power dissipation can be relatively high, which can
destroy a MOSFET if not handled correctly, even if cooled
properly. Multiple transistors can be set in parallel, where each
transistor shares a part of the current and power, but requires
a separate control voltage due to manufacturing tolerances.
Next to that, temperature differences will change MOSFET
parameters like Vry and the ON-resistance (R2pg(on)). The
FBSOA diagram is important to verify a transistor’s behavior
for a certain amount of power [15]. The FBSOA in Fig. 6
of the MOSFET previously mentioned will again be used as
an example. It shows the drain current vs the drain-source
voltage, where a single point in the graph represents the power
dissipated in the transistor. Three limits are present within this
graph: the limit set by Rps(on), the DC line and the maximum
voltage line. Rpg(on) limits the amount of current at lower
drain-source voltages, thus limiting the power. The DC line
is given by the maximum power dissipation of the transistor
and moves down with an increase temperature. The maximum
voltage is set by the breakdown voltage of the transistor.
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Fig. 6. Forward-Bias Safe Operating diagram of the IXTH30NG60OL2.

Shorter power pulses enable a higher power dissipation, but
the DC line can assumed to be the worst case scenario for
this application. Next to that, local temperature differences
may cause the transistor to fail, even if operated inside the the
specifications of this diagram.

The MOSFET input capacitance is the last parameter which
is important in the design of a load. Higher capacitances slow
down the responsiveness of the transistor, due to the charge
that must be inserted at the gate to change Vig. The input
capacitance of a MOSFET is determined by the capacitance
between gate-source and gate-drain and is given by: Crss =
Cas+Cap [16]. The gate-source capacitance barely changes
with operating conditions, but C'cp becomes smaller with a
higher Vpg [17]. This results in a lower input capacitance,
as can be seen in Fig. 7. Less charge needs to be inserted for
the same change in Vs, making transistor more responsive at
higher drain-source voltages. Fast current slew rates can only
be achieved when the required charge is pumped into the gate
in a relatively short time, i.e. the drive circuitry must be able
to provide a relatively large amount of current.

E. Operational amplifiers

Op amps ease the design of analog electronics due to their
linearity when run inside specifications. Two main op amp
circuits are important for the design of a load: a variant on
the summing amplifier and a differential amplifier [18].

The circuit given in Fig. 8 is used to drive the transistor,
where its output is dependent on the set and measured currents,
which are voltages. Note that there is no ’direct’ feedback path
between the output and inputs, as there is a transistor in the
feedback path. The output does not change when the voltages
at the inputs of the op amp are equal, which is at OV. This
is achieved with a negative V¢, such that the sum V. +
Vineas 15 equal to zero. This only holds when Ry, Ry << R;j,
where R;, is the input resistance of the op amp. Resistors
in series with the input voltages are mandatory to prevent a
short and the resistors must be of equal size for the voltages
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Fig. 7. Capacitances vs drain-source voltage of the IXTH30N60L2.

Fig. 8. Variant of a summing amplifier used to drive the MOSFET.

to have equal weight. The output voltage of this circuit is
described with Vit = Aorn(—Vset — Vineas), Where Aoy, is
the open-loop gain of the op amp. This gain will be lower
once the feedback loop is closed via the MOSFET and current
shunt. It can be seen that the output voltage increases when
—Vset > Vineas» Which in other words means that V,,; rises,
thus increasing the gate voltage when the measured current is
lower than the set current.

A differential amplifier is used to monitor the voltage across
the current shunt. Parasitic resistance inside the circuit will
raise the local ground potential at the shunt, resulting in a
higher current reading. Therefore, the circuit in Fig. 9 is used
to accurately measure the voltage over the current shunt. Its
output voltage is given by equation (7) and is a scaled version
of the difference between the input voltage, where the resistors
determine the gain.

Ry
R3’

As mentioned in the previous section, a large amount of
current is needed to change Vg in a relatively short amount of
time. The output current of an op amp is therefore an important
parameter, next to its ability to change the output voltage to
at least reach Vg in this time period. This is described with
the slew rate of the output. Thus, a change in gate voltage
is limited by the output current and slew rate. The response
of the op amp is formed with the slew rate in combination
with its bandwidth. A higher bandwidth results in a smaller
settling time and the bandwidth is inversely proportional to

Vout = (VvshuntJr_Vvshuntf) if Rl = RS, R2 = R4 (7)
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Fig. 10. Example of open-loop gain with added pole [18].

the gain. Determining the gain of the differential amplifier is
very straightforward, but the gain of the circuit in Fig. 3 is
more complex due to non-linearities in the feedback loop.

Instability issues may occur when an op amp is used to
directly drive a capacitive load, e.g. Crgs of the MOSFET.
The op amp’s output resistance (Rp) will form a pole in
the transfer function, where its location is given by: f, =
1/(2mRoCrss). This pole will add —20dB/decade to the
slope of bode plot, thus increasing the rate-of-closure. As a
result, it moves the 0 dB intersection further to the DC point,
as well as adding an additional 90° of phase shift around f,.
This can be seen in Fig. 10, where the open-loop gain of a
generic, capacitively loaded op amp is plotted. The first bend
point (at —45°) is due to the internals of the op amp, whereas
the second bend point (at —135°) is at the location of the f,.
The phase margin (¢ps), also given in this figure, is reduced
due to the extra phase shift created by the pole. A phase margin
of < 0° causes oscillations, whereas a phase margin between 0
and 90° causes overshoot and the percent overshoot decreases
with ¢ [18]. The pole can be moved to a larger frequency
by using a discrete or op amp buffer, due to a smaller Ro.

Compensation techniques exist where a zero, with the same
frequency as fp, is added in the transfer function such that it
cancels the pole created by the capacitive load. However these
techniques are not very practical when there is no fixed value
for Rp and Crsg, due to them varying over the operating
range of the circuit.

TABLE II
CIRCUIT REQUIREMENTS

Operating voltage 3.5-500V
Current range 0—-25A
Nominal power 1kW

Peak power 6 kW

Current slew rate 15 A /us minimal
Bandwidth 1 MHz

Current control voltage —10A/V

III. PROTOTYPE DESIGN

Before the designing can begin, a list with requirements
must be made. These will mainly follow from the requirements
retrieved with the Matlab script. A list has been made with
these requirements and is given in Table II, which will form
the operating conditions of the device.

A. Design decisions

The device is limited in the way it can draw current, due
to the workings of the load circuit. Operation is only possible
in the first and third quadrant, where the sign of voltage and
current is equal. Sourcing current requires an energy source
inside the device and makes the design of such an AC load too
complex. Replicating waveforms where power is sent back to
the source is thus not possible with this device.

The operating voltage consists of an upper and lower limit.
The lower limit has been previously defined in equation (3).
With a diode forward voltage drop of Vy = 0.7V, the budget
voltage drop for the MOSFET and current shunt is 2.1 V. At a
maximum current of 25 A, Rpg(on)+Rshunt must be less than
84 m() to stay within this budget. The upper limit is 500 V to
allow for a safety margin to deal with parasitic inductance in
the circuit inducing a high voltage during a fast negative slew
rate.

The nominal power of the device is relatively high, and
cooling is required as a result. Dissipating 1kW in one
transistor is generally quite difficult when it must be operated
according to the FBSOA specification. Hence, the power will
be shared among N load circuits, each drawing 1/N*" of the
total current. In turn, this enables a higher Rpg(on) + Rshunt>
because these components are essentially placed in parallel.
Each MOSFET must still have its own driving circuit for
multiple reasons. Firstly, it reduces the amount of current
required to drive the gate, which will allow for a lower
output current op amp. Secondly, it increases the robustness of
the load circuitry by mitigating the effects of manufacturing
variations and temperature differences between transistors.
Thirdly, the capacitance seen by the op amp is also less,
thus moving the pole created by the output resistance and
gate capacitance to a higher frequency. This in turn increases
stability due to an increased phase margin. The slew rate per
circuit is now only 1/N'" of the required slew rate, as it
is shared among the transistors, and therefore becomes more
manageable. A higher shunt resistance can be chosen, which
lowers the noise created by the differential amplifier, because
a lower gain is required.

The minimal current slew rate is dependent on the pa-
rameters of the MOSFET, op amp and also the inductance
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of the line and neutral wires of the mains. For a certain
current through the transistor, the threshold voltage must first
be reached and the speed at which this is possible is mainly
limited by the slew rate of the op amp and its output current.
It is therefor necessary to bias the circuit with a relatively
small amount of current such that Vg is forced above V.
This not only enables a faster slew rate, but also increases the
bandwidth of the system due to the smaller voltage change
required for the same change in current without the bias. In
addition to that, the charge which needs to be injected in the
gate is also lower for the same change in current. This lowers
the minimal output current requirement of the op amp, as:
Ic = Qg /At [19].

Using equation (5), a plot has been made with the maximum
slew rate achievable for a certain parasitic cable inductance.
This is shown for three different values in Fig. 11, where
the minimal slew rate requirement of 15 A/us is given as a
horizontal line. The relation between input voltage, L.qp. and
slew rate can be clearly seen. The minimum slew rate is never
reached for 100 uH, whereas this requirement is only reached
at around 200V at one tenth of this inductance, emphasizing
the effect L. has on the rest of the circuit.

The device will have a circuit which disables the load circuit
if |Vip| is under 3.5V to prevent the user from drawing current
at lower voltages. This is done by measuring the voltage
input via a resistive divider and feeding this voltage into a
comparator with Schmitt trigger which will pull down the
inverting input of the op amp, disabling the circuit. The current
is controlled via a voltage from a function generator, which
makes the design easier. The current is set with —10A/V,
giving a maximum control voltage of —2.5V. Since the input
voltage is AC with a fixed frequency, the current waveform
must be synchronized with this sinusoidal wave. This can be
done with a zero cross detection circuit, including a Schmitt
trigger to deal with multiple zero crossings caused by noise,
that will send a trigger pulse to the function generator to start
the waveform sequence. Preferably this is done once every
period, because the current waveform may be different for the
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Fig. 12. Simplified functional block diagram.

positive cycle, compared to the negative.

B. Block Diagram

Before a closer look is taken at the circuit diagram, the
block diagram of the device is given in Fig. 12 to get a better
understanding of the signal flows. The device is hooked up
to an AC source with the line and neutral wires. This voltage
is first rectified and then fed into the load circuits. The zero
crossings of the AC source are detected using a Zero Crossing
Detecion (ZCD) circuit, which sends a trigger pulse to the
function generator. The function generator then supplies the
current waveform and this is buffered and distributed among
the load circuits. These will then draw current according to
the waveform received by the function generator.

Linear Technology has published an application note on a
high performance load, which has been used as a basis for the
conceptual AC load circuit given in Fig. 13 [20]. The ZCD
circuit has not been added, since triggering a waveform is not
needed in a simulation. Next to that, parasitics have not been
included in this circuit.

C. Component selection

Before components can be selected, the amount of load
circuits must be determined. Parameters like current slew rate
and power become smaller per load circuit as the amount of
load circuits increases. This was chosen to be 10 to divide
the power, current and slew rate by this amount and to ease
the selection of a MOSFET, as more transistors will then
fit the requirements. The resulting nominal power with 10
load circuits will thus be 100 W per stage with a maximum
current of 2.5 A. Now a transistor can be selected with the
voltage, current and power parameters in mind. The previously
mentioned MOSFET (IXTH30N60L2) has been selected for
its maximum voltage, power, FBSOA and availability of
a SPICE model. A few important parameters are given in
Table III.
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TABLE III
IXTH30N60L2 PARAMETERS
VDS,maz ID,mcLz PD,maz Vry RDS(on) Crss
600V 30A 540 W 2.5—4.5V | 240mQ 10.7nF

The requirements for voltage and current are easily met,
but a closer look must be taken at the FBSOA diagram given
in Fig. 14 for the power requirement. The transistor must
be able to handle a peak power of 600 W, since the power
is shared among 10 MOSFETs. This amount of power can
only be delivered for W, om/Wpeak = 1/6 of the time to
meet the nominal power requirement. When power is modeled
as a pulse, its duration for a certain input frequency can be
calculated with equation (8).

Wnom 1
tpulse = Wyear 2f0 = 1.67ms

The blue area in Fig. 14 corresponds to the W,,,,, require-
ment and the red area to Wi,cqx. The horizontal line is defined
Iz /N, the vertical line by Vip, ma. and the connecting line
by the power. It can be seen that the nominal power never
reaches the DC line and the peak power stays well below the
10 ms line, indicating a safe operation of the MOSFET. The
same can be done for the higher operating temperature FBSOA
given in the datasheet [13]. Here the requirements are met as
well, but the safety margin is lowered. Thus, proper cooling
is needed but this will not be discussed in this paper.

Input admittance and gate charge depict the specifications
of the op amp driving the transistor and the graphs of these
parameters are given in Fig. 15 and Fig. 16. First, a total bias
current of 50mA was selected (5mA per transistor), which
makes sure the threshold voltage is reached. This sets Vizg at
around 3.5V, where the charge at the gate (Q¢) is just over
30nC. Then Vg and Q¢ are determined for a current of 1.5 A
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Fig. 14. Forward-Bias Safe Operating diagram including limitations set by
the requirements.

per MOSFET, such that the slew rate is the change in current
over 1 ps. These values are 6 V and 50 nC, read conservatively
from the two previously mentioned figures. Thus, a change of
15 A /ps requires the gate voltage to rise at a rate of 6— 3.5 =
2.5V /us and the minimal gate current required is calculated in
equation (9). Note that these values are the very bare minimum
and a large margin is required to ensure that the requirements
will be met.

AQq

IG,min = =20mA ©)]
The transistors will have a total resistance of Rpg(on)/N =

24m) and using the earlier calculated resistance budget
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allows for a current shunt resistor with a maximum resistance
of 84 —24 =60 m(). A parallel resistance of 50 m{2 results in
a resistance of 50-N = 500mf2 per shunt. At a maximum
current of 2.5A, the total voltage drop over the shunt is
(Imaz/N)Rshunt = 1.25V. This voltage raises the source
voltage of the MOSFET, which increases the maximum thresh-
old voltage to Vinunt + VrH,maxz = 5.75 V. Thus, the op amp
must at least be able to reach this output voltage. Additionally,
the shunt forms a negative feedback mechanism, where Vg
decreases with an increase in current through the shunt.

The current shunt resistor voltage is then amplified with
a gain of 2 to have the voltage correspond to the function
generator’s output voltage. Using equation 7, the resistors can
be determined for a ratio of 2:1. R4 is set at 200k and
Rs = 100k. The op amp chosen for this application is
the LTC6228 [21], which is a high speed op amp to reduce
the phase delay caused by the current monitoring circuit. The
bandwidth at a gain of 2 is 200 MHz, which is considerably
larger than the bandwidth requirement. Other than that, it is
able to follow fast changes in current with an output slew rate

of 500V /ps.

A high slew rate, output current and bandwidth op amp is
needed for controlling the transistor, so the LT1192 [22] has
been selected for this task. It features an output current of
+50mA, a slew rate of 450V /ps, a gain bandwidth product
(GBW) of 350 MHz and a 0.1% settling time of 90mns. It
can be seen that the minimum output current and slew rate
requirements set by the MOSFET have been met. It is hard
to determine the exact bandwidth of the circuit, since the gain
of the transistor, i.e. input admittance, can only be linearized
around a relatively high bias current. The output impedance
of the op amp goes up with frequency, which means the
pole created by Ro and Crss moves around in frequency.
To ensure stability of the op amp, a feedback capacitor has
been placed between its output and inverting input. It is
hard to determine the exact effect this capacitor has on the
phase margin, thus optimization of the exact value is done in
simulations.

The op amp is powered with £9V, which is enough to
overcome Vrpy + Vipunt- The non-inverting input of the op
amp has been grounded via a resistor to cancel the effects
of input bias current [23]. The resistors around summing node
Vino must be of equal size to minimize deviation in the current.
The input is filtered with a RC circuit with a cutoff frequency
at 10 MHz to smoothen the discrete steps of the measurement
waveforms. A 1) resistor has been placed in series with
the gate to dampen the voltage overshoot effect caused by
inductance at the gate [17] and a parallel capacitor increases
the high frequency control of the op amp on the transistor.

D. Simulation

LTspice has been used for the circuit simulation and the
circuit diagram, including component values, is given in Ap-
pendix A. A parasitic inductance of 1 uH has been chosen to
still reach the desired current slew rate, since this slew rate was
also achievable according to the measurements. The maximum
current slew rate for a given voltage and this inductance can
be read from Fig. 11. This inductor was placed in series with
the AC voltage source and a 0.1} resistor to imitate cable
resistance. The current waveforms have been converted to a
Piecewise Linear Function (PWL) file with a Matlab script and
have been synchronized around the zero crossings in LTspice.
The simulation data was then imported in Matlab for further
processing and verification of the design. Note that the current
through the AC voltage source has been used for verification,
since this gives the best indication of the total current draw of
the AC load.

IV. VERIFICATION

The design is verified with two methods. The first method
involves a current step function where a look can be taken at
the response of the circuit. The second method inserts current
waveforms of measurements in the circuit, such that a real-
life scenario can be tested. The feedback capacitor is varied
in the simulation to determine the effect it has in the circuit. A
quantitative analysis is done by means of waveform parameters
and error between input and output, which will enable the
selection of an optimal capacitor value.
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Fig. 17. Step response of the circuit for different capacitor values.
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Fig. 18. Percent overshoot for different capacitor values.

A. Circuit response

Important parameters like delay, slew rate, settling time,
rise time and percent overshoot have been used to determine
instability issues and how well the circuit is designed. A
100ns, 25 A step function is fed into the circuit and its
response can be seen in Fig. 17. The response of lower
capacitor values are not plotted, due to oscillations caused by
instability. It can be seen that overshoot and ringing occurs
with a lower capacitance, and this relation has been plotted in
Fig. 18. This implies that the stability of the circuit increases
with capacitance. There is a plateau where the current stays
constant for a short time at lower capacitor values. The exact
reason for this is not clear, but it might have to do with
the Miller plateau seen in Fig 16, even though Vg is not
sufficiently high for this. The slew rate is lower due to this
"plateau’ and increases until the optimum point of 180 pF
in Fig. 19. This is the best capacitor value for a parasitic
inductance of 1 uH and a lower inductance usually has a lower
capacitor for the optimal performance. The delay between
the set and measured current is given in Fig. 20. The same
optimum point can be seen here, due to this capacitance having
the fastest rise time and slew rate.

The phase firing angle of the current pulse with respect
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Fig. 19. Slew rate for different capacitor values.
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Fig. 20. Delay between input and output for different capacitor values.

to the voltage waveform also determines the response, since
a lower voltage results in a lower slew rate. Demanding a
high slew rate at a low voltage is another cause for instability
and oscillations. The current filtering effect of the parasitic
inductance and resistance is the cause for this. A pole is
added in the control loop with f, = (Reabie + RpS(on) +
Rshunt)/ (27 Leapie ). This implies that a larger shunt resistor
would increase the stability of the circuit, but this would also
increase the minimum voltage for a certain amount of current.

B. Verification using measurement data

Now that it has been proven that the minimal slew rate
requirement can be met, the circuit is verified with two current
waveforms from the measurements. One is given in Fig. 1
and has been selected due to it having the highest slew
rate. The response of the circuit to the first pulse of this
waveform is given in Fig. 21. It can be seen that the circuit
is less responsive for a larger capacitance, i.e. the bandwidth
decreases with capacitance and a phase shift is introduced. The
error between the set and measured waveforms was determined
using the root-mean-square error (RMSE) method [24]. Here,
the absolute current deviation is averaged over all samples
and the resulting error per capacitor value is given in Fig. 22.
There is a standard error due to the biasing of the MOSFET,
which is 50 mA. The optimum capacitor value is 90 pF when
the deviation error needs to be minimized for this waveform.

Next, the simulated waveform parameters are being com-
pared to the parameters of the measured waveform. A table,
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Fig. 22.  Root mean square error of the first test waveform vs capacitance.

given in Table IV, has been made with the absolute percentage
error to give an indication of the performance per capacitor
value. A green color has been assigned to errors of less than
1%, red to errors above 5% and yellow to errors in between
these percentages. A capacitor can be chosen according to
which errors must be minimized, which seems to be between
140 pF and 190 pF for a minimum rise time and slew rate
deviation.

The same is done for the waveform given in Fig. 23. This
current waveform has been chosen for its low power factor
and relatively high crest factor, but the maximum slew rate
and minimum working voltage requirements are still met.
The RMSE and percent errors for the waveform parameters
are given in Fig. 24 and Table V. It can be seen that any
capacitor value above 100 pF will minimize any error. This
results from the fact that a relatively high current is drawn
around the zero crossing, which is a source of instability at a
relatively low feedback. The waveform has a lower slew rate
and bandwidth, thus making it easier to imitate. This can be
seen when comparing the error tables of the two waveforms.

Depending on which parameter is most important, as well
as what type of waveform needs to be replicated, a capacitor
value can be chosen. A trade-off is made between error and
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Fig. 23.  Waveforms of a remote control water pump [25].
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Fig. 24. Root mean square error of the second test waveform vs capacitance.

stability, as a higher capacitance increases stability, at a cost
of an increase in certain errors.

V. CONCLUSION

A conceptual design has been proposed and it has been
verified that the current waveforms can be imitated up to
a certain degree. Errors may still occur when a signal has
relatively high frequency components, slew rate or rise time.
Custom current waveforms can be generated to test parameters
like slew rate and phase firing angle, which relates to the
CF and PE. A feedback capacitor should be chosen tailored
to which parameter is most important and must not be too
small when stability is key. The parasitic inductance of the
source dictates the current slew rate, thus not every current
waveform can be accurately made with the AC load. Next
to that, a low power factor waveform with a relatively high
current crest factor also causes issues, due to the instability and
lower current slew rate around zero crossings of the voltage
waveforms. The conceptual design proposed in this paper
should be able to imitate waveforms which cause erroneous
static energy meter readings and custom made waveforms
can be easily tested, as long as the device is used within
specifications. This includes a minimal voltage at which a
certain amount of current can be drawn, due to components
like diodes and resistors included in the design and parasitic
inductances that limit the current slope, especially at lower
voltages. This device will speed up and hopefully enable more
research on the accuracy of static energy meters, next to it
being useful to other AC applications.
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TABLE IV
PERCENTAGE ERRORS VS FEEDBACK CAPACITANCE FOR THE REPLICATED CURRENT WAVEFORM GIVEN IN FIG. 1.

£0pF 70pF B0pF 30pF 100pF H0pF 120pF 130pF 140pF 150pF 160pF 170pF 180pF 130pF 200pF 240pF 220pF 230pF 240pF 250pF

Rise time error 15200 2.0075 || RS EEEEN T oo 200v 15703 1008335 08467 105775 12107 1.6207
| 28497 30281 | 40263 43315 45610

Fall time error

Slew rate ermar 23906 22011 19782 14413 10163 106723 04547 03875 12131 18650 24184
e — 12867 04003 | 02010 1056355 109647 12221 14289 15977 17371 1.8535 19517 20365 21101 21476 21309 22122 22401 22661 22007 23131

Min pulse width error 11545 12831

Max pulse width error

TABLE V
PERCENTAGE ERRORS VS FEEDBACK CAPACITANCE FOR THE REPLICATED CURRENT WAVEFORM GIVEN IN FIG. 23.

50pF 70pF 20pF 30pF 100pF 110pF 120pF 130pF 140pF 150pF 180pF 170pF 180pF 130pF 200pF 210pF 230pF 230pF 240pF 250pF

Rise time error

Fall time error
Slew rate ermor

Max current error
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APPENDIX
Simulation circuit diagram
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