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Abstract— A proper characterization of instrument trans-
formers requires waveform generators able to apply realistic
periodic voltages and currents, resembling those typically found
in distribution grids. This article proposes a simple approach
for dramatically improving the performance of generators based
on the usual, low-cost architecture consisting of a power ampli-
fier and a coupling transformer, which enables reaching the
required voltage and current levels. The method is based on
iterative frequency-domain error feedback, with feedback gain
set according to a preliminary frequency response measurement
of the open-loop generation system. The theoretical analysis
demonstrates that the asymptotic generation error depends on
the adopted reference transducer, on the disturbance level, but
not on the characteristics of the generation system. This feature
thus enables reaching high generation accuracy without using an
overdesigned coupling transformer. The proposed approach has
been adopted for the implementation of a high current and a
medium voltage generator. The experimental results confirm the
effectiveness of the frequency-domain feedback method that in
both the cases allows for a remarkable accuracy improvement.

Index Terms— Calibration, current transformers (CTs), error
compensation, instrument transformers (ITs), nonlinear systems,
power quality, power system harmonics, voltage transform-
ers (VTs).

I. INTRODUCTION

HARMONIC pollution in distribution grids (DGs) has
significantly raised in the past years, as the consequence

for the widespread diffusion of nonlinear devices, in particular
those based on power electronics. In this respect, the growth
in the penetration of such devices is expected to continue in
the near future [1], as a result of decarbonization, which is
mandatory to fight climate change.
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Waveform distortion, notably among the most severe power
quality phenomena, increases power loss, accelerates aging,
may energize resonances, and cause inadvertent trip of pro-
tections [2]. Therefore, monitoring harmonics in DGs has
paramount importance: it would enable tracking their prop-
agation [3], reconstructing the harmonic state of the grid [4],
and attributing responsibilities [5]. Best performance would
be achieved by adopting a synchronized wide area monitoring
system, namely, extending the concept of synchrophasor also
to the harmonics [6]. The trustworthiness of the results is
directly connected to the quality of the incoming data, strongly
dependent on the monitoring infrastructure. In turn, it is
surely affected by the algorithm adopted to extract harmonic
components, but the metrological characteristics of the adopted
instrument transformers (ITs) play a key role.

From a normative point of view, the use of ITs for harmonic
measurements is analyzed in an IEC technical report [7].
Moreover, the recently revised standard IEC 61869-1:2023
[8] defines five accuracy class extensions, establishing perfor-
mance requirements in the measurement of nonfundamental
components. However, there is no reference procedure for
accuracy assessment.

If ITs were exactly linear time-invariant, accuracy would be
fully defined by harmonic ratio and phase errors, abstracting
from the spectral content of the primary waveform. This is
no longer true in the presence of nonlinearity; alternative
approaches have been proposed in [9] for voltage transformers
(VTs) and in [10] for current transformers (CTs). Nonlinearity
makes that an overall accuracy figure is affected by the spectral
content of the waveforms adopted for its evaluation. Tests
should thus be carried out with waveforms similar to those
found during regular operation [11], [12]. Hence, it has key
importance to have available a proper generator for applying
periodic, distorted waveforms to the primary side of the IT
under test [13]. Such a generator also enables identifying the
parameters of processing methods for improving the harmonic
measurement accuracy of ITs [14], [15].

When considering the characterization of inductive CTs,
[16] proposes a technique that avoids using a high current
source. It is an indirect approach, based on secondary-side
injection that relies on the Steinmetz equivalent circuit of the
transformer. In the other cases, a proper current generator is
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needed and two architectures can be adopted. The first uses
a transconductance amplifier [17], [18]; while it enables to
accurately control the applied current, it is rather expensive.
The second, lower cost solution is based on a power amplifier
(PA) feeding a transformer for increasing the output current;
in turn, its secondary winding is connected to the CT under
test [19], [20].

As far as the characterization of VTs for medium- or
high-voltage applications, also in this case there are two
different approaches that enable applying the required test
waveforms. The first one, adopted, for example, in [11],
uses a dedicated medium voltage amplifier, whose output can
be directly connected to the primary side of the VT under
test. However, the most common solution is based on a PA
connected to a step-up transformer that enables magnifying
the output voltage capability [21], [22]. A composite source is
sometimes adopted [23], made of two PAs feeding two step-
up transformers. Their series-connected secondary windings
supply the VT under test: one applies the fundamental, and
the second superimposes harmonics.

Generally speaking, architectures based on a PA and a
proper coupling transformer ensure low-cost implementations
of current and voltage sources for testing ITs, having consid-
ered that they require instrumentation that is often already
available in laboratories. On the other hand, the generated
current or voltage waveform is far from being a scaled replica
of the signal applied to the input of the PA. A possible
solution is measuring the frequency response function (FRF)
of the generation system, while using it to predistort the
PA input waveform. This open-loop (OL) compensation has
been applied to both current [19], [24] and voltage genera-
tors [25]. Performance heavily depends on the nonlinearity
due to transformer core magnetization, which should be as
small as possible; hence, high accuracy demands for a heavily
overdesigned coupling transformer, operating at very low flux
density and/or adopting a special core material.

Generation accuracy can be enhanced through the use of
feedback: a closed-loop (CL) controller may adjust the PA
input according to the instantaneous deviation between the
measured and desired waveforms applied to the IT under test.
However, the design of such controller is extremely critical,
since it must ensure stability while guaranteeing adequate
performance. Both accuracy and stability heavily depend on
the controller parameters and their interaction with the gen-
eration system, including the load at the secondary side of
the coupling transformer. Therefore, changing the load may
require retuning the controller.

To overcome this limitation, in [26], the authors of the
present article proposed a CL method for improving the cur-
rent generation accuracy based on frequency-domain feedback:
the harmonic phasors defining the PA input were iteratively
adjusted according to the measured generation error at each
component. It is demonstrated that stability and performance
are guaranteed if the feedback gain matrix reflects the inverse
FRF of the generator, which has to be measured also for the
conventional OL operation.

The present article represents the technical extension of
the aforementioned work [26], providing an analytical study

of the behavior of the proposed frequency-domain feedback
technique, in a shared framework, when adopted for either
current or voltage generation. Moreover, it investigates the
impact of nonidealities affecting the adopted instrumentation.
The resulting generation error is made of a deterministic
contribution, which in few iterations approaches a value
depending on the ratio and phase errors introduced by the
measurement chain, and a stochastic contribution, induced
by the disturbances due to the generation system and to the
measurement equipment. Achieved asymptotic performance is
theoretically unaffected by nonlinearity introduced by the gen-
eration system; this enables high accuracy without adopting an
overdesigned coupling transformer.

In Section IV, the proposed technique is applied to the
implementation of a high-performance, high current generator.
The results show that with respect to OL operation, it enables a
remarkable accuracy improvement even when an overdesigned
current boost transformer is used. Finally, in Section V,
frequency-domain feedback is adopted to enhance the per-
formance of a medium-voltage generator. Experimental tests
highlight also in this case the great benefits of the CL
approach.

II. CONVENTIONAL OPEN-LOOP CURRENT
AND VOLTAGE GENERATORS

A. Basic Architecture

As highlighted in the introduction, testing ITs requires
generators capable of applying realistic primary waveforms,
mimicking those found in DGs. Such voltages or currents can
be considered periodic with fundamental frequency f0, so that
they can be expressed in terms of Fourier series. Therefore,
assuming that the spectral content is bounded up to the H th-
order harmonic, the current or voltage waveform that should
be generated can be written as

yref(t) =
√

2 ·

H∑
h=1

ℜ

{
Ȳref(h) · e j2πh f0t

}
(1)

where ·̄ denotes complex-valued quantities, while Ȳref(h) is
the phasor of the hth-order harmonic, here expressed in root
mean square magnitude. yref(t) is thus fully parameterized by
the column vector of the harmonic phasors, namely,

ȳref =
[
Ȳref(1) · · · Ȳref(H)

]⊺ (2)

representing its one-sided spectrum.
Current and voltage generators for testing ITs are typically

implemented by adopting a simple architecture, using instru-
mentation that is often available in laboratories. It consists of
a PA, whose output supplies a proper coupling transformer
that in turn enables driving the IT under test with adequate
current or voltage levels. The generated waveform y(t), which
should be as close as possible to yref(t), is monitored through a
reference transducer, whose metrological characteristics must
suit the intended accuracy target.



DEMETRIO et al.: IMPLEMENTATION OF LOW-COST HIGH-PERFORMANCE GENERATORS 9003613

B. Open-Loop Frequency Response Compensation and
Generation Error

It is worth noting that when considering the architecture
described in Section II-A, the generated waveform y(t) is far
from being a mere scaled replica of u(t), which is the input of
the PA. The relationship between u(t) and y(t) can be consid-
ered as nonlinear time-invariant, where nonlinearity is mostly
introduced by transformer core magnetization, and in second
instance by the PA. Assuming that chaotic phenomena (such as
bifurcations and limit cycles, showing up as ferroresonance)
do not occur, the steady-state response to a periodic input
u(t) with fundamental frequency f0 is a periodic waveform
y(t) having the same fundamental frequency. Therefore, y(t)
and u(t) are fully defined by their respective sets of harmonic
phasors, which are the entries of ȳ and ū, defined in the same
fashion as ȳref in (2). The relationship between ȳ and ū can
be written in the form

ȳ = ȳref + 1ȳ (3)

with

1ȳ = ḡ(ū) + δḡ − ȳref (4)

being the vector of the generation errors at the different
harmonics. In the previous equation, ḡ(·) is a complex-valued
vector function of a complex-valued vector argument so that,
according to the theory of nonlinear systems, each harmonic
phasor of the generated waveform depends on the whole
set of the harmonic phasors of the PA input voltage. The
term δḡ is a complex-valued random vector having zero
expectation, modeling the (hopefully small) disturbances that
the generation system introduces in the spectrum of output
waveform. Having assumed δḡ = 0, if one exactly knows the
behavior of the voltage generator (namely, the vector function
ḡ(·)), it would be possible to achieve zero generation error by
feeding the PA with a periodic input uref(t) whose harmonic
phasors are the entries of ūref = ḡ−1(ȳref).

If the PA operates within its rated capability and the
core flux density of the coupling transformer is well below
saturation, nonlinearity affecting the relationship between u(t)
and y(t) is rather weak. For this reason, the behavior of
the generation system can be reasonably approximated as a
linear time-invariant system, thus characterized by an FRF.
Let us suppose we have available an estimate of the inverse
of this FRF evaluated on the harmonic grid, represented by
the complex-valued vector

ˆ̄c =

[
ˆ̄C(1) · · ·

ˆ̄C(H)

]⊺
(5)

where ·̂ is adopted for denoting estimated quantities, affected
by nonidealities. ˆ̄C(h) is the estimated inverse FRF of the
generator corresponding to the frequency h f0. Under the afore-
mentioned hypothesis, [19] and [25] propose to exploit ˆ̄C(h)

to precompensate most part of the modifications introduced
by the generation system. In terms of equations, to apply the
waveform yref(t) as accurately as possible, the PA is fed with
a periodic input u(t) defined by the set of harmonic phasors
that are the entries of

ū = diag( ˆ̄c) · ȳref (6)

with diag(·) generating a diagonal matrix whose main diagonal
corresponds to the vector specified as argument. In this case,
according to (4), the vector of the generation errors is

1ȳ = ḡ
(

diag( ˆ̄c) · ȳref

)
+ δḡ − ȳref. (7)

In general, even neglecting generation disturbances, 1ȳ is
nonzero because of two reasons. The first is that ˆ̄c is an
estimate, and therefore it is unavoidably subject by measure-
ment uncertainty due to the accuracy of the adopted transducer
and to the disturbances occurring in the measurement process.
Moreover, it is inherently affected by definitional uncertainty,
since we are trying to match the behavior of a nonlinear system
with a linear model.

Different approaches can be used to obtain ˆ̄c, each leading
to slightly different results. For example, it can be computed as
the maximum likelihood estimate of the inverse, small-signal
FRF of the generation system evaluated in the set of harmonic
frequencies [27], or as the best linear approximation (BLA)
[27], [28] of the relationship between PA input and generated
waveform, for a predetermined class of periodic reference
signals [19].

III. PROPOSED FREQUENCY-DOMAIN FEEDBACK
CURRENT AND VOLTAGE GENERATORS

As highlighted in Section II-B, the accuracy achievable with
the previously described generator architecture at the different
harmonic orders is expressed by the magnitudes of the entries
of 1ȳ, depending on how well an FRF could represent the
relationship between PA input and generated phasors. In this
respect, for a given class of reference waveforms to be applied,
the BLA corresponds to the optimal FRF in the least squares
sense, thus minimizing the expected Euclidean norm of 1ȳ.
Tightening accuracy requires changing the hardware, namely,
adopting a coupling transformer having weaker nonlinearity,
thus bulkier and more expensive.

A. Frequency-Domain Feedback Operation

According to the previous considerations, generation accu-
racy is capped by having tried to equalize the (nonlinear)
behavior of the generation system by means of an FRF.
However, from an ideal point of view, performance shall
be solely bounded by the metrological characteristics of the
measurement chain adopted to extract the harmonic phasors
of the generated waveform, combined with the unavoidable
stochastic disturbances that are present in any real-world
experiment. The target of this article is presenting a method
that enables approaching this goal.

The proposal consists in introducing feedback in the fre-
quency domain, so that the harmonic phasors defining the
PA input are iteratively updated according to the previously
measured steady-state deviation 1 ˆ̄y between the harmonic
phasors of the generated and desired waveform. Therefore,
introducing r as the iteration index, we have

ū[r ]
= ū[r−1]

− K̄1 ˆ̄y[r−1]

1 ˆ̄y[r ]
= ˆ̄y[r ]

− ȳref. (8)
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K̄ is the feedback gain matrix, while ˆ̄y[r ] is the vector of the
measured phasors of the generated waveform during the r th
iteration, i.e., the observable counterpart of ȳ[r ]. It is defined
as

ˆ̄y[r ]
= M̄ȳ[r ]

+ δȳ[r ] (9)

where M̄ = diag(m̄), with m̄ being an unknown complex-
valued vector that allows taking into account the magni-
tude and phase errors that occur when measuring ȳ[r ]; its
entries are thus expected to be close to unity.1 δȳ[r ] is a
zero-expectation, complex-valued random vector representing
measurement disturbances. According to this model of the
measurement process, we obtain

1 ˆ̄y[r ]
= M̄1ȳ[r ]

+ (M̄ − 1)ȳref + δȳ[r ] (10)

with 1 denoting the identity matrix.
The CL behavior of the generator can be analyzed using the

discrete-time systems theory. For the purpose, it is worth intro-
ducing 1ū[r ]

= ū[r ]
−ūref, namely, the vector of the deviations

between the harmonic phasors defining the PA input at the r th
iteration and those that, neglecting generation disturbances,
would have resulted in 1ȳ = 0. 1ū[r ] is expected to be small,
hence (4), modeling the OL frequency-domain behavior of the
generator, can be linearized with respect to ū in the neighbor-
hood of ūref, namely, the ideal (or reference) operating point.
In general, ḡ(·) is non-holomorphic [29]: the reason is that
according to the theory of nonlinear time-invariant systems,
an output phasor depends on all the input phasors and their
complex conjugates [30]. Therefore, linearization results in

1ȳ[r ]
≈ Ḡ+1ū[r ]

+ Ḡ−1
¯
u[r ]

+ δḡ[r ] (11)

where
¯
· is the complex conjugate operator and

Ḡ+ =
∂ ḡ(ū)

∂ū

∣∣∣∣
ū=ūref

, Ḡ− =
∂ ḡ(ū)

∂
¯
u

∣∣∣∣
ū=ūref

. (12)

It is important to highlight that Ḡ+ is nearly diagonal: off-
diagonal elements in the generic lth row are purely due to
the weak nonlinearity of the generation system, since they
model the variation in the generated lth-order harmonic due
to the changes in the PA input phasors whose harmonic orders
differ from l. Matrix Ḡ− takes into account the changes in
the generated harmonics produced by the variations in the
conjugates of the PA input harmonic phasors. Therefore, Ḡ−

is fully connected to nonlinearity, so all its entries are much
smaller than those appearing on the main diagonal of Ḡ+.

For the sake of convenience, it is worth introducing

1ū[r ]

2s =

[
1ū[r ]

1
¯
u[r ]

]
, 1ȳ[r ]

2s =

[
1ȳ[r ]

1
¯

y[r ]

]
(13)

thus representing the two-sided spectral content of the PA
input and generated current, respectively; ȳ[r ]

ref,2s, 1 ˆ̄y[r ]

2s , δȳ[r ]

2s ,
and δḡ[r ]

2s are defined analogously. Using the z-transform, it is
possible to derive the block diagram representing the CL
behavior of the generator in the neighborhood of the reference

1Considering an ideal measurement chain M̄ corresponds to the identity
matrix.

Fig. 1. Block diagram of the proposed frequency-domain feedback generator
in the neighborhood of the reference operating point.

operating point. It is shown in Fig. 1, where

Ḡ2s =

[
Ḡ+ Ḡ−

¯
G−

¯
G+

]
, K̄2s =

[
K̄

¯
K

K̄
¯
K

]
, M̄2s =

[
M̄ 0
0

¯
M

]
.

(14)

The state evolution of the CL system is ruled by the state
transition matrix that combining the previous equations results

Ā = 1 − Ḡ2sK̄2sM̄2s =

[
1 − Ḡ+K̄M̄ −Ḡ−

¯
K

−
¯
G−K̄ 1 −

¯
G+

¯
K

¯
M

]
. (15)

Necessary and sufficient condition for the asymptotic sta-
bility of the CL generator is that all the eigenvalues of Ā must
have magnitude below 1. This property clearly depends on the
specific choice of the feedback gain matrix K̄.

B. Feedback Gain Matrix and Generation Error

Achieved accuracy is expressed by the evolution of the
generation error 1ȳ[r ]

2s over the iterations, but it is not directly
observable in practical applications. However, an analytical
expression can be derived, which can be used to drive the
selection of the feedback gain matrix K̄. Manipulating the
equations reported in Section III-A, or from the block diagram
shown in Fig. 1, we obtain

1ȳ[r ]

2s = Ā1ȳ[r−1]

2s − Ḡ2sK̄2s
(
M̄2s − 1

)
ȳref,2s

+ δḡ[r ]

2s − δḡ[r−1]

2s − Ḡ2sK̄2sδȳ[r−1]

2s . (16)

The previous expression is a linear difference equation
with constant coefficients. Assuming to start from an initial
generation error 1ȳ[0]

2s , its closed-form solution is given by

1ȳ[r ]

2s = Ār1ȳ[0]

2s +

r∑
q=1

{
Ār−q

[
Ḡ2sK̄2s

(
1 − M̄2s

)
ȳref,2s +

+δḡ[q]

2s −δḡ[q−1]

2s −Ḡ2sK̄2sδȳ[q−1]

2s

]}
.

(17)

Each component of the vector Ār1ȳ[0]

2s is a linear combination
between the r th powers of the eigenvalues of Ā. Therefore,
under asymptotic stability, these terms decay as r → +∞,
meaning that the generation error contribution due to the
initial state approaches zero. The deterministic term within
the summation appearing in (17) represents the impact of the
nonideal calibration of the measurement chain used to observe
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the generated waveform. The stochastic terms are produced
by the disturbances introduced by the measurement process
and the generation system.

The decrease rate of in the contribution due the initial
generation error inherently depends on the magnitude of the
eigenvalues of Ā, affected by K̄, which should be as small as
possible to achieve fast damping. In this respect, a particularly
interesting choice is adopting K̄ = diag( ˆ̄c), thus corresponding
to the FRF estimate between u(t) and y(t) used for OL
compensation, as described in Section II-B. The first notable
feature is that initializing ˆ̄y[0]

= 0, for r = 1 the generator
reaches the same operating point as in the OL approach.
Moreover, manipulating (15) while remembering that M̄ is
close to the identity matrix, it can be shown that the entries
of Ā correspond to the relative deviations between the actual
small-signal, frequency-domain behavior of the generation
system and the estimated FRF. Therefore, if ˆ̄c provides a
reasonably good approximation of the OL behavior, Ḡ+ is
nearly the inverse of diag(c̄).

Bounds for the magnitudes of the eigenvalues of Ā are
obtained from the Gershgorin circle theorem [31]. Let us
introduce āl,m as the generic element of Ā and Al as the sum
of the magnitudes of the nondiagonal entries in the lth row.
It can be proven that all the eigenvalues of Ā lie in at least a
disk centered in āl,m with radius Al . Hence, if the measured
FRF well represents the OL behavior of the generation system
in the neighborhood of ȳref within few percentage points
(as it typically happens), it also roughly corresponds to the
order of magnitude of the eigenvalues of Ā. This guarantees
CL stability, thus a safe operation of the generation system,
as well as a steep decrease of the generation error within
few iterations, since Ār rapidly approaches zero. Furthermore,
thanks to the previous considerations, (17) can be simplified
as

1ȳ[r ]

2s ≈ Ār1ȳ[0]

2s −
(
M̄2s − 1

)
ȳref,2s

+ δḡ[r ]

2s − δḡ[r−1]

2s − δȳ[r−1]

2s . (18)

Therefore, the (unobservable) generation error asymptotically
contains a unique deterministic contribution proportional to
M̄2s −1, thus purely depending on the accuracy of the adopted
measurement chain. A zero-mean, stochastic contribution is
also present, resulting from the combined effect of generation
and measurement disturbances entering the feedback loop.

C. Measured Generation Error

The generation error 1ȳ[r ] is not exactly known in practical
applications. However, we have available its measurement
1 ˆ̄y[r ], whose evolution is computed from the equations derived
in Section III-B, or from the block diagram shown in Fig. 1,
thus obtaining

1 ˆ̄y[r ]

2s = Ār1 ˆ̄y[0]

2s +

r∑
q=1

[
Ār−q

(
δn̄[q]

2s − δn̄[q−1]

2s

)]
(19)

where

δn̄[r ]

2s = M̄2sδḡ[r ]

2s + δȳ[r ]

2s (20)

Fig. 2. Hardware architecture of the implemented current generator.

is the overall stochastic contribution in the measured harmonic
phasors of the generated waveform. Finally, (19) can be
simplified as

1 ˆ̄y[r ]

2s ≈ Ār1 ˆ̄y[0]

2s + δd̄[r ]

2s (21)

being

δd̄[r ]

2s = δn̄[r ]

2s − δn̄[r−1]

2s . (22)

This means that after enough iterations, the measured genera-
tion error converges to the zero-expectation complex random
vector δd̄2s, reflecting the disturbances due to the generation
system and the measurement process.

It is worth noting that considering the practical implemen-
tation, overall accuracy can be quantified using the measured
generation error, but the uncertainty contribution due to the
adopted measurement chain has to be properly taken into
account.

Moreover, the error feedback process must take a finite and
hopefully small number of iterations. A proper stop criterion
should be formulated, relying on the study carried out in
this section. An effective yet easy solution is terminating the
iterative procedure when all the magnitudes of the entries of
1 ˆ̄y[r ] (namely, the measured deviations between generated and
desired harmonic phasors) fall below predetermined thresh-
olds, or when a maximum acceptable number of iterations R is
reached. These thresholds have to be chosen consistently with
application-specific accuracy requirements (keeping in mind
that a lower value results in a longer generation time) while
considering both the accuracy of the adopted measurement
chain and the level of the disturbances affecting 1 ˆ̄y[r ].

IV. IMPLEMENTATION OF FREQUENCY-DOMAIN
FEEDBACK CURRENT GENERATOR

A. Experimental Setup

The CL technique proposed in Section III has been first
applied to the implementation of a current generator aimed at
testing CTs. The target is evaluating the accuracy improvement
with respect to the conventional OL approach. The adopted
hardware architecture is schematized in Fig. 2. It is based
on a low-cost audio PA feeding a 5 A/500 A transformer to
increase the output current that supplies the CT under test. It is
worth mentioning that the current boost transformer is largely
overdesigned (it operates with a very low core flux density)
even if it is not required by the proposed method. The reason
for this choice is showing that frequency-domain feedback is
highly beneficial also in this case.
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Data acquisition is provided by a National Instruments
USB-6356 multifunction DAQ device, which also generates
the PA input voltage. It has 16-bit resolution, adjustable volt-
age range, simultaneous sampling with 1.25-MHz maximum
rate per channel and very low integral nonlinearity (46 ppm).
Signal generation, acquisition, and processing tasks are man-
aged by a PC. The generated current i(t) (corresponding to
y(t) according to the notation adopted in Sections II and III)
is measured with an LEM IN 500-S fluxgate, whose secondary
terminals are connected to a calibrated shunt. This results in
overall magnitude and phase uncertainty better than 200 ppm
and 0.2 mrad, respectively, for frequencies up to 2 kHz.

It is worth noting that in Fig. 2, the PA input voltage is
û(t) = u(t) + δu(t), where u(t) represents the theoretical
waveform, expressed by the set of phasors computed through
the implemented algorithm, while δu(t) takes into account
quantization noise and disturbances. The study carried out in
Section III applies also in this case, since the impact of δu(t)
can be easily embedded into the generation disturbance δg(t)
(with δḡ containing its phasors corresponding to the considered
harmonic grid).

B. Class of Reference Current Waveforms

Testing CTs requires applying periodic current waveforms
similar to those found in distribution grids (50 Hz nominal
frequency is considered here). Therefore, a proper class of
these realistic reference current waveforms must be defined.
For the purpose, harmonic phasors { Īref(h)}, h ∈ {1, . . . , H}

parameterizing each waveform are modeled as complex-valued
random variables, thus defined in terms of probability density
functions (pdfs) of their amplitudes and phases, according to
what follows.

1) Fundamental magnitude | Īref(1)| is uniformly distributed
between 5% and 120% of the nominal current In of
the CT under test (assumed to be 350 A in this case),
corresponding to the measurement range for CTs [32].

2) Relative harmonic magnitudes, thus | Īref(h)/ Īref(1)|, h ∈

{2, . . . , 32} follow independent rectangular distributions
between 0 and the limits prescribed by Standard IEC
61000-3-4 [33] for devices having rated current greater
than 16 A not subject to conditional connection, reported
in Table I.

3) Phases ̸ Īref(h), h ∈ {1, . . . , 32} are independent and
uniformly distributed in the interval [−π, π).

The generic sth reference current belonging to the test set
is defined by the harmonic phasors { Ī [s]

ref (h)}, corresponding
to a random realization of the previously introduced random
variables.

C. Frequency Response Measurement

The first step required for CL operation is obtaining ˆ̄c,
namely, the estimate of the OL FRF between u(t) and i(t)
evaluated on the harmonic grid defined by H = 32 and
f0 = 50 Hz. It is worth recalling that ˆ̄c defines the feedback
matrix K̄ ensuring stable and effective CL operation.

For this purpose, u(t) has been set as a random-phase, peri-
odic multisine waveform based on the previously introduced

TABLE I
HARMONIC CURRENT LIMITS PRESCRIBED BY STANDARD IEC 61000-3-

4 [33] FOR DEVICES HAVING RATED CURRENT GREATER THAN 16 A
NOT SUBJECT TO CONDITIONAL CONNECTION

Fig. 3. Magnitude and phase of ˆ̄C(h) for the implemented current generator.

harmonic grid. All the harmonics have the same amplitude,
so that the resulting output rms current is about 10% of the
rated value. Exploiting the synchronized sampling and genera-
tion capability of the data acquisition board, P = 100 periods
of the resulting steady-state current waveform have been
sampled with rate fs = 200 kHz, thus corresponding to
4000 samples per period. Fundamental and harmonic current
phasors have been extracted by computing the discrete Fourier
transform (DFT) on each period, then averaging the results
to mitigate the impact of disturbances. Finally, ˆ̄c is obtained
straightforwardly; magnitude and phase trends of its entries
ˆ̄C(h) are reported in Fig. 3, resulting from the highly inductive

impedance seen by the secondary winding of the current boost
transformer.

D. Generation Accuracy Evaluation

Performance evaluation has been carried out by considering
a set of S = 500 random reference current waveforms
belonging to the class defined in Section IV-B. The generic sth
reference current is thus defined by ī[s]ref, whose entries are the
elements of { Ī [s]

ref (h)}. R = 10 iterations have been considered,
remembering that r = 1 corresponds to conventional OL
operation. No further stop criteria have been implemented,
since the target is analyzing the evolution of the generation
accuracy over the iteration index.

Considering each sth reference current waveform and r th
iteration, P = 100 periods of the steady-state generated
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Fig. 4. Values of ξ
[r ]

I (h) for each harmonic order h and iteration index r .

current have been observed. Estimates of the resulting phasors
( ˆ̄I [r,s](h), h ∈ {1, . . . , H}, arranged in ˆ̄i[r,s]) have been
extracted with the same approach adopted for obtaining ˆ̄c,
thus with per-period DFT computation and averaging. Then,
for the sth signal and r th iteration, generation accuracy is
assessed by evaluating the deviations between the measured
and desired harmonic phasors, namely, 1ˆ̄i[r,s], whose generic
entry is 1 ˆ̄I [r,s](h). As from (21) derived in Section III-C, this
deviation does not include the effect of the nonideal calibration
the measurement chain, which indeed affects the actual yet
unobservable generation error given by (18). Therefore, such
uncertainty contribution must be added ex post to obtain the
actual performance.

For each hth-order harmonic and r th iteration, global per-
formance considering all the S reference current waveforms is
quantified by the index

ξ
[r ]

I (h) ≜

√√√√ 1
S

∑S
s=1 |1 ˆ̄I [r,s](h)|2

E(| Īref(h)|2)
(23)

with E(·) being the expected value operator, remembering
that Īref(h) is a random variable whose pdf has been defined
in Section IV-B. According to (23), ξ

[r ]

I (h) represents the
rms value of the measured current deviation at the hth-order
harmonic computed over the S injected signals, normalized
with respect to the square root of the expected energy of the
reference hth-order harmonic current.

The results in terms of ξ
[r ]

I (h) are shown in Fig. 4. When
considering OL operation (r = 1), ξ

[1]
I (h) reaches 1.3% at

the fundamental, but it may be as low as 0.25% for higher
order, even harmonics. It is worth noting that these values
are smaller with respect to those reported in [26] (they were
between 0.5% and 4%). The reason is that in the present article
we are considering a different experimental setup, based on
an overdesigned current transformer that is significantly less
affected by nonlinearity, as recalled in Section IV-A. In spite
of this, Fig. 4 clearly shows the remarkable performance
improvement enabled by frequency-domain feedback, with
ξ

[r ]

I (h) exhibiting a decreasing trend over the iterations. From
the definition (23) and its relationship with the measured
generation error, this is due to the exponential decaying con-
tribution from the initial state appearing in (21). The steepest

decrease occurs during the first error feedback (from r = 1 to
r = 2) with ξ

[r ]

I (h) reduced by at least an order of magnitude.
After enough iterations ξ

[r ]

I (h) settles to a value that,
according to (21), should depend on the measurement and
generation disturbances, in particular their relative energy
with respect to the expected energy of the considered com-
ponent. It is worth noting that for r large enough, ξ

[r ]

I (h)

clearly reflects the distributions of the harmonic amplitudes
defined in Section IV-B. Highest values typically occur at
even-order harmonics, namely, those characterized by lower
expected energy. Considering r = 10, the maximum value of
ξ

[10]

I (h) is assumed at the second-order harmonic (0.034%);
for h ≥ 13 and for all odd-order harmonics values are below
0.01%.

For most of the harmonics ξ
[r ]

I (h) stabilizes for r ≥ 4 ÷ 6,
with a very notable improvement occurring at r = 3. However
it appears that for few spectral components (in particular the
fundamental and the third-order harmonic) a further reduction
of ξ

[r ]

I (h) could be achieved with R > 10.
Considering each sth signal, hth-order harmonic, and r th

iteration, the following accuracy indicator is computed

ζ̄
[r,s]
I (h) ≜

1 ˆ̄I [r,s](h) · e− j ̸ Ī [s]
ref (h)

E(| Īref(h)|)
. (24)

It corresponds to the deviation between the measured and
reference harmonic phasors in a complex plane whose
real axis is aligned with the reference harmonic phasor.
Magnitude is then referred to the expected amplitude of
the reference harmonic, according to the pdfs defined in
Section IV-B. Moreover, for each harmonic and iteration, the
average value ζ̄

[r ]

I,avg(h) and the 95th percentile circumfer-
ence having radius ζ

[r ]

I,95(h), centered on ζ̄
[r ]

I,avg(h), have been
obtained.

Fig. 5 reports the scatter plot of ζ̄
[r,s]
I (3). Consider-

ing OL operation, ζ̄
[1,s]
I (3) is biased, with ζ̄

[1]

I,avg(3) =

(−0.26+ j0.27)%, and significantly scattered, since ζ
[1]

I,95(3) ≈

1.5%. Frequency-domain feedback enables suppressing bias
and heavily mitigating the spread of the values, achieving
ζ

[10]

I,95(3) ≈ 0.012%.
It is interesting to analyze the dependency between ζ̄

[r,s]
I (h)

and the amplitude of the hth-order harmonic in the signal
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Fig. 5. Scatter plot of ζ̄
[r,s]
I (3), with average value ζ̄

[r ]

I,avg(3) and 95th

percentile circumference having radius ζ
[r ]

I,95(3) for r = 1 and r = 10.

Fig. 6. Scatter plot of |ζ̄
[r,s]
I (2)| with respect to the normalized amplitude

of the second-order harmonic in the reference waveform, r = 1 and r = 10.

to be generated. According to the theoretical analysis carried
out in Section III-C, they are expected to be asymptotically
uncorrelated. As an example, Fig. 6 reports the scatter plot
of |ζ̄

[r,s]
I (2)| (for r = 1 and r = 10) versus the nor-

malized amplitude of the reference second-order harmonic.
Under OL operation, |ζ̄

[1,s]
I (2)| increases with the magnitude

of the considered component. This dependency is virtually
suppressed when considering r = 10. Analyzing the behavior
at the fundamental and third-order harmonic, the scatter plot
(not reported here for the sake of brevity) reveals a weak
dependency between |ζ̄

[r,s]
I (h)| and | Ī [s]

ref (h)| even for r = 10.
Such correlation is expected to fade out by increasing the
number of iterations.

Accuracy is conventionally evaluated in terms of magnitude
and phase errors. Hence, they have been measured for each
signal, harmonic, and iteration index. Their average values
over the whole set of signals (ε[r ]

I,avg(h) and ϕ
[r ]

I,avg(h)) and their
95th percentile bounds centered on the average (ε[r ]

I,95(h) and
ϕ

[r ]

I,95(h)) have been computed. It is worth noting that these
values do not take into account the impact of the accuracy
of the current measurement chain. Anyway, its uncertainty
contribution can be easily included in a second instance. The
results are reported in Figs. 7 and 8 for r = 1 (corresponding
to OL operation), and r = 10. According to Fig. 7, it is evident

Fig. 7. Average values of the measured magnitude and phase current
generation error for each harmonic order h, r = 1 and r = 10.

Fig. 8. 95th percentile bounds of measured magnitude and phase current
generation error for each harmonic order h, r = 1 and r = 10.

that the measured magnitude and phase errors are significantly
biased under OL operation, especially at the fundamental
(average values exceed 1% and −0.6 crad) and low-order
harmonics. Nevertheless, frequency-domain feedback enables
virtually zeroing the mean of the measured magnitude and
phase generation errors for all the injected harmonics. Their
values are in fact fully negligible with respect to the uncer-
tainty introduced by the measurement system.

Fig. 8 shows the strong correlation between the 95th per-
centile bounds of the measured magnitude and phase errors,
when the latter is expressed in radian. This is somewhat
expected because ζ̄

[r,s]
I (h) is close to be circularly symmetric

distributed in the complex plane around its average. Moreover,
a further analysis shows that highest values occur for the
reference waveforms where the considered hth-order harmonic
assume the smallest amplitudes. Considering OL operation, the
95th percentiles of the measured magnitude and phase errors
range from about 0.2%, 0.2 crad at high-order harmonics,
to 2%, 2 crad at the third-order harmonic, which is often
the most affected by core nonlinearity. The introduction of
frequency-domain error feedback significantly decreases these
values: highest measured errors (0.13%, 0.13 crad) occur at
the second-order harmonic, and they settle below 0.01%,
0.01 crad in the rightmost part of the plot. Such measured
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Fig. 9. Hardware architecture of the implemented voltage generator.

errors are smaller, albeit nonnegligible when compared with
the uncertainty of the measurement chain.

It is worth noting that current generation accuracy is better
than that achieved in [26]. In that case, under OL operation,
the 95th percentile bounds of measured magnitude and phase
errors exceeded 5%, 5 crad at the third- and fourth-order har-
monics, reaching 20%, 20 crad at the second-order harmonic.
The reason is once again that [26] adopted a less performing
current boost transformer, leading to stronger nonlinearity.
Anyway, the proposed feedback approach allowed to bring the
measured magnitude and phase errors below 0.4%, 0.4 crad.

Current generation accuracy has been finally tested under
off-nominal frequency conditions. This has been obtained by
considering the same class of reference current waveforms,
the same sampling rate, but using 4082 or 3922 samples per
period, which closely approximate a fundamental frequency
of 49 or 51 Hz, respectively. The results, not reported here
for the sake of brevity, exhibit basically the same performance
under OL operation, but a significant reduction of ξ

[r ]

I (h) with
r ≥ 2: values settle below 0.01% for all the components. The
strongest improvements are observed for low-order, even har-
monics. Moreover, all the low-order harmonics could benefit
from a higher number of iterations. This superior performance
is enabled by the lower disturbance level affecting harmonics
whose frequencies are not multiple of the ac mains’ frequency.

V. IMPLEMENTATION OF FREQUENCY-DOMAIN FEEDBACK
VOLTAGE GENERATOR

A. Experimental Setup

The proposed technique has also been adopted for imple-
menting a voltage generator aimed at testing VTs, with the
purpose of evaluating the performance improvement with
respect to the conventional OL approach. The adopted hard-
ware architecture is reported in Fig. 9; it is based on the
same National Instruments USB-6356 board connected to a
PC and PA already used for the current generator. How-
ever, in the present case, the output of the PA feeds a
(100 V/

√
3)/(15 kV/

√
3) step-up transformer, whose high-

voltage side is connected to the VT under test.
The applied voltage v(t), playing the role of y(t) with the

notation adopted in Sections II and III, is measured through a
calibrated, high-performance wideband compensated divider.
Its output is connected to the USB-6356 board by means of

TABLE II
LIMITS FOR HARMONIC VOLTAGES PRESCRIBED

BY STANDARD EN 50160 [34]

a calibrated Analog Devices AD215BY amplifier in buffer
configuration that guarantees galvanic insulation. The resulting
overall uncertainty is 500 ppm and 0.5 mrad for magnitude
and phase, respectively, considering frequencies up to 2 kHz.
The considerations carried out in Section IV-A concerning u(t)
and û(t) apply in this case too.

B. Class of Reference Voltage Waveforms

Testing VTs requires applying a set of periodic volt-
age waveforms resembling those found in distribution grids
(50-Hz rated frequency is assumed). For this purpose, a class
of realistic reference voltages has been introduced by defining
the pdfs of the harmonic magnitudes and phases as listed in
the following.

1) Fundamental amplitude |V̄ref(1)| follows a normal distri-
bution centered on the nominal value Vn = 15 kV/

√
3.

Standard deviation is set so that values within ±10% of
Vn are assumed with 95% probability;

2) Relative harmonic amplitudes |V̄ref(h)/V̄ref(1)|, h ∈

{2, . . . , 25} follow independent Rayleigh distributions
whose parameters are set so that for each harmonic
order, its value falls below the corresponding limit pro-
vided by Standard EN 50160 [34] (reported in Table II
for convenience) with 95% probability;

3) Phases ̸ V̄ref(h), h ∈ {1, . . . , 25} follow independent
rectangular pdfs in the range [−π, π).

The generic sth reference voltage belonging to the test
set is then defined by the set of phasors {V̄ [s]

ref (h)}, namely,
a realization of the previously defined random variables.

C. Frequency Response Measurement

According to Section III, CL operation requires measuring
ˆ̄c, in this case the OL FRF between u(t) and v(t) evaluated
on the harmonic grid characterizing the class of voltage
waveforms to be generated, thus defined by f0 = 50 Hz
and H = 25. The procedure is formally the same as that
described in Section IV-C for the implementation of the current
generator. Therefore, u(t) is a periodic random-phase multi-
sine waveform characterized by the aforementioned harmonic
grid, with all the harmonics sharing the same magnitude.
Such amplitude has been set so that the rms value of the
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Fig. 10. Magnitude and phase of ˆ̄C(h) for the implemented voltage generator.

corresponding generated voltage is approximately 10% of Vn .
P = 100 periods of the generated steady-state voltage have
been acquired with sampling frequency fs = 200 kHz, result-
ing in 4000 samples per period. Phasors have been estimated
by computing the DFT on each period and averaging the
obtained values, so that ˆ̄C(h) can be evaluated and arranged
in ˆ̄c. The results in terms of magnitude and phase are shown
in Fig. 10.

D. Generation Accuracy Evaluation

The voltage generation accuracy improvement, enabled by
the proposed frequency-domain feedback approach, has been
assessed using a set of S = 500 reference voltage waveforms,
obtained by sampling the pdfs introduced in Section V-B. The
sth waveform is defined by the vector v̄[s]

ref, whose entries are
the randomly extracted harmonic phasors belonging to the
set {V̄ [s]

ref (h)}. The number of iterations is R = 10, without
implementing any further stop criterion.

Generation accuracy has been evaluated following the same
procedure already presented in Section IV-D. Therefore, for
each sth reference waveform and r th iteration, P = 100 peri-
ods of the generated voltage have been measured under
steady-state conditions. Phasors ˆ̄V [r,s](h), h ∈ {1, . . . , H},
defining ˆ̄v[r,s], are thus obtained through DFT and averaging.
Deviations 1 ˆ̄V [r,s](h) between the measured and reference
voltage phasors have been computed and arranged in 1 ˆ̄v[r,s].
The same considerations carried out in Section IV-D apply
here: those deviations do not consider the nonideal calibration
of the measurement chain, but its uncertainty contribution
can be easily combined for quantifying overall generation
accuracy.

Considering the S waveforms altogether, the global per-
formance index ξ

[r ]

V (h) is computed, defined analogously to
ξ

[r ]

I (h) in (23), but replacing 1 ˆ̄I [r,s](h) and Īref(h) with
1 ˆ̄V [r,s](h) and V̄ref(h), respectively.

Fig. 11 reports the obtained values of ξ
[r ]

V (h), which clearly
highlight the benefits brought by frequency-domain feedback.
Considering r = 1, namely, OL operation, ξ

[1]

V (h) ranges from
0.6% at the fundamental to 1.3% at the second-order harmonic.
This largest value occurs as a combined effect between the

relatively low expected amplitude of this component and
the nonlinearity introduced by the voltage boost transformer,
in particular the intermodulation between the fundamental
component and the dc component due to the PA output offset.

As expected, the greatest accuracy improvement occurs
during the first error feedback, being ξ

[2]

V (h) at least an order of
magnitude lower than ξ

[1]

V (h). Measured errors decrease in the
next iterations, while stabilizing for r ≥ 4 ÷ 7, depending on
the specific harmonic. The same considerations carried out in
Section IV-D apply also here, with ξ

[r ]

V (h) that settles between
0.003% and 0.04% as a result of the disturbance level and the
expected energy at each harmonic, the latter depending on the
class of reference voltage waveforms. Highest values occur at
even order harmonics having h ≥ 6, or at odd-order harmonics
with h ≥ 15 and multiple of 3. Since harmonic amplitudes
reflect the limits reported in Table II, these components have
the smallest expected energy.

For each sth reference signal, hth-order harmonic, and r th
iteration, generation accuracy has also been evaluated in terms
of ζ̄

[r,s]
V (h), defined in the same fashion as ζ̄

[r,s]
I (h) in (24).

The average value ζ̄
[r ]

V,avg(h) and radius of the 95th percentile
circumference ζ

[r ]

V,95(h) centered in the average have been
computed. The results achieved for the second-order harmonic
under OL operation and for r = 10 are shown in Fig. 12.
Considering r = 1, ζ̄

[1,s]
V (2) is rather scattered (ζ [1]

V,95(2) is
about 1.7%) and it suffers from a significant bias, mostly along
the real axis: we have in fact ζ̄

[1]

V,avg(2) = (1.1 + j0.03)%.
As in the case of the current generator, the proposed method
guarantees virtually zero bias of the measured generation error
and a much less scattered distribution that strongly depends
on the peculiar disturbance level.

Fig. 13 reports the magnitude of ζ̄
[r,s]
V (3) for r ∈ {1, 10}

versus the normalized amplitude of the third-order harmonic
in the corresponding reference waveform. Under OL operation,
|ζ̄

[1,s]
V (3)| is clearly correlated with |V̄ [s]

ref (3)|. This dependency
is heavily mitigated, thanks to frequency-domain feedback,
and it is no longer visible for r = 10.

As a further analysis of voltage generation accuracy, magni-
tude and phase errors have been measured for each reference
signal, harmonic order, and iteration. For a given iteration
index r and harmonic order h, their averages (ε[r ]

V,avg(h) and
ϕ

[r ]

V,avg(h)) and 95th percentile bounds centered on the average
(ε[r ]

V,95(h) and ϕ
[r ]

V,95(h)) have been computed over the whole
set of reference waveforms. Once again, these values do
not consider the accuracy of the voltage measurement chain.
Fig. 14 reports the average values of the measured magnitude
and phase errors for OL operation (r = 1) and for r = 10.
Considering OL operation, measured magnitude errors exhibit
significant bias, around 0.8% for all the harmonics. This is the
result for having obtained ˆ̄c as a small-signal FRF measure-
ment. Its magnitude is overestimated as the consequence of the
very low core flux density in the boost voltage transformer
during identification and the low initial permeability of the
core material. The measured OL phase error is biased too
(maximum bias is 0.15 crad) but its value strongly depends
on the considered harmonic. Thanks to frequency-domain
feedback, ε

[10]

V,avg(h) and ϕ
[10]

V,avg(h) become negligible when
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Fig. 11. Values of ξ
[r ]

V (h) for each harmonic order h and feedback iteration r .

Fig. 12. Scatter plot of ζ̄
[r,s]
V (2), with average value ζ̄

[r ]

V,avg(2) and 95th

percentile circumference having radius ζ
[r ]

V,95(2) for r = 1 and r = 10.

Fig. 13. Scatter plot of |ζ̄
[r,s]
V (3)| with respect to the normalized amplitude

of the third-order harmonic in the reference waveform, r = 1 and r = 10.

compared with the uncertainty introduced by the generated
voltage measurement chain.

Fig. 15 reports ε
[r ]

V,95(h) and ϕ
[r ]

V,95(h) for r = 1 and
r = 10: the strong correlation between the 95th percentile
bounds of the measured magnitude and phase errors is evident.
Under OL operation, higher values occur at the second-order
harmonic (2.7% and 2.7 crad). Thanks to frequency-domain
domain feedback ε

[10]

V,95(h) and ϕ
[10]

V,95(h) fall below 0.12%

Fig. 14. Average values of measured magnitude and phase voltage generation
error for each harmonic order h, r = 1 and r = 10.

Fig. 15. 95th percentile bounds of measured magnitude and phase voltage
generation error for each harmonic order h, r = 1 and r = 10.

and 0.12 crad, thus comparable with the uncertainty affecting
the measured generated voltage. Highest values occur at the
harmonics characterized by smaller expected amplitudes (see
Table II).

Finally, the achievable voltage generation accuracy has
also been tested considering fundamental frequency values
differing from the rated one. Therefore, keeping the same
class of reference voltage waveforms and sampling rate, the
number of samples per period has been changed to 4082 or
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3922, approximating a 49-Hz or 51-Hz fundamental frequency,
respectively. Since harmonic phasor measurements at these
frequencies are less affected by disturbances produced by the
ac mains, CL operation results in smaller values of ξ

[r ]

V (h)

with respect to those previously shown in Fig. 11, especially
for low-order harmonics.

VI. CONCLUSION

The characterization of CTs and VTs used for measuring
harmonics requires accurate generators capable of supplying
them with multitone waveforms, resembling those found in
DGs. In this respect, the present article proposes a method
that enables increasing the accuracy of current and voltage
generators relying on the usual, low-cost architecture made of
a PA and a proper coupling transformer.

The technique is based on frequency-domain feedback, with
feedback gain set according to a preliminary FRF measure-
ment of the OL generation system. It has been demonstrated
that this choice guarantees CL stability and a rapid decrease
of the measured generation error. In turn, the asymptotic
generation error is virtually not affected by nonlinearities,
mainly introduced by the ferromagnetic core of the coupling
transformer. Achieved accuracy is bounded by that of the mea-
surement chain adopted for acquiring the generated waveform
and by the disturbance level. This must be properly considered
both when implementing the generation system and when
evaluating its metrological performance.

The proposed method has been adopted for implementing a
current and a voltage generator. The experimental results show
the remarkable accuracy improvement that is obtained with
respect to the conventional, OL operation. On the one hand,
for a given accuracy target, frequency-domain feedback allows
using a much lower performing (and less expensive) coupling
transformer. On the other hand, it enables accuracy levels that
can hardly be obtained through the OL approach, even when
adopting a heavily overdesigned coupling transformer.
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