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ABSTRACT The increase in the penetration of inverter based renewable energy resources comes with
several challenges. For one, the power quality can be cited as an issue due to the impact of the electronic
devices in the grid voltage profile, which can cause harmonic disturbances and then affect all other
installations nearby. Considering the issue previously described, this paper analyzes the effects of grid
voltage harmonic disturbances in the operation of a grid-connected Voltage Source Converter (VSC) with
current control in the stationary reference frame. A mathematical model is derived and validated both
through simulations and experiments in order to associate the voltage harmonic magnitude disturbance
with the respective current harmonic magnitude response from the grid-connected VSC. The model is also
utilized to tune paralleled resonant controllers to mitigate the effect. Furthermore, the results and analyses
highlight not only the effectiveness but also the limitations from the proposal.
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controllers.

I. INTRODUCTION

Power quality is a hot topic for grid-connected systems. In
fact, harmonic distortion is considered as one of the most
significant power quality problems due to the increase in the
presence of nonlinear loads and large-scale inverter-based
distributed generation (DG) units [1]]. It is important to note
that power quality issues can arise both from the inverter’s
side [2[] as from the grid’s side [3]]. Moreover, if the voltages
imposed by the grid are distorted, the currents generated by
a new converter connected to that same grid can also be dis-
torted, aggravating the issue. Such concern is seriously taken
by the Distribution System Operators (DSOs) [4], which
impose limits for current and voltage harmonics present in
Point of Common Coupling (PCC). These requirements are
also present in international standards such as IEEE Std 519-
2022 [5], which are carefully considered by the literature [6]
while detailing the issues caused at the inverter’s side, as well
as the respective solutions [3|], [|6].

Considering the focus in this particular topic, most papers
found in the literature propose solutions to reduce the
harmonic distortion content in the currents, however, the
problem itself is not properly characterized. For instance,
the study presented in [7] proposes a current harmonic
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compensation technique through the implementation of a
multi resonant controller. The strategy adopted by the authors
is effective and was able to maintain the current’s Total
Demand Distortion (TDD) below the limits found in [3]],
however, the relationship between the harmonic voltage and
the harmonic current was not investigated and the controllers
were just tuned based in stability parameters. A performance
comparison of harmonic mitigation schemes was conducted
in [8], where the authors clearly show the effectiveness of
utilizing resonant controllers through different implementa-
tion methodologies. The tuning of these controllers, however,
only considered the stability margins of the control loop,
which is not enough for the designer to establish how much
current harmonic mitigation is going to be performed by
the control system. The study shown in [9] also provides a
control solution to mitigate the current harmonic distortion
with a reduction in the transfer function order in comparison
to the use of resonant controllers. The solution is effective
in terms of harmonic cancellation, but the same issue is
found where no mathematical model was utilized to tune
the controller according to the harmonic mitigation. Only
stability metrics are adopted during the controller design
process.


https://orcid.org/0000-0001-8418-1985
https://orcid.org/0000-0003-0710-7815
http://doi.org/10.18618/REP.e20431
https://orcid.org/0000-0003-3080-896X
https://orcid.org/0000-0003-1508-3833
https://orcid.org/0000-0002-5398-7350
https://orcid.org/0000-0002-6300-0521
https://orcid.org/0000-0002-4639-1778
https://orcid.org/0000-0002-5281-9179
https://creativecommons.org/licenses/by/4.0/

Alves et al.: Harmonic Analysis of Grid-Connected VSCs Controlled in the Stationary Frame: Disturbance Rejection, Resonant Controller Design and Limitations

The study presented in [10] proposed a fuzzy active
disturbance rejection control where the parameters were
self-tuned based in a nonlinear state error feedback control
law, and the stability was guaranteed through a passivity
methodology. On the other hand, such methodology did not
allow a way for the user to determine the harmonic current
of the system before the implementation, characterizing a
limitation and a design issue. Holloweg et al. [11]] proposed
an adaptive controller for harmonic compensation that pro-
vided currents with smaller harmonic content in comparison
to the classical multiresonant controller strategy at the cost
of having a higher computational burden. Nevertheless, the
authors stated that the fixed resonant controller gains were
selected based in the experience of the designer and were
not aimed for optimal performance. As such, it opens up a
necessity for designing such gains through a methodology
that considers harmonic current and voltage limitations dur-
ing the design process. Finally, Alves et al. [12]] proposed a
methodology where both the current harmonic mitigation and
stability are considered during the design process. However,
the method was exemplified only for grid-connected VSCs
controlled in the dg frame. As such, it is important to
show how the methodology can be adapted for the cases
where the current control is in the «f reference frame,
since it is also commonly found in the literature for grid-
connected applications [[13]]. Moreover, the limitations from
the methodology were not discussed in the referenced paper,
requiring further studies and theoretical analyses.

Considering the stated above, this paper proposes an
adaptation of the method found in [12]], where a disturbance
rejection analysis is utilized for a grid-connected VSC, al-
lowing the prediction of the VSC’s output current harmonics
according to the grid voltage harmonics and, finally, the
design and implementation of resonant controllers to mitigate
such phenomenon based in the desired harmonic level.

Furthermore, this study is an extension from the one
published in [[14], containing more theoretical analyses,
simulation results, experiments to validate the methodology,
and discussions regarding the limitations of the proposal. As
such, the study has been significantly improved. In summary,
the following contributions are now presented:

e Theory concepts now show how the disturbance re-
jection analysis can be associated with the VSC’s
admittance in the Laplace domain;

e The frequency responses are now detailed in order
to show how the resonant controllers impact in the
disturbance rejection model seen by the system;

e Design criteria is thoroughly detailed not only in terms
of current harmonic limitation, which was already part
of the contribution from [14], but also in terms of
stability.

e Limitations from the proposed analysis are presented,
thoroughly discussed, and also explain the situations
where the methodology indicated more conservative or
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FIGURE 1. Grid-connected VSC controlled in the stationary reference
frame.

innacurate results, which was one of the future works
recommended in [[14]).

Il. THEORY CONCEPTS

A. Grid-connected VSC Dynamics and Control

Figure [I] shows the grid-connected VSC with the current
control in the stationary reference frame, where the reso-
nant controller K, (s) is adopted to regulate the current
according to the references in the fundamental frequency
to satisfy the desired active and reactive powers, and the
resonant controller K, (s) is responsible for mitigating the
undesirable current harmonic in a frequency multiple of the
fundamental. In general, K, (s) can be expressed as:

2wp, s
h
s2 + 2wp, s + w}’

Kwh(s) = (1)

where it can be noted that the gain K is exactly the gain
given by the controller at the tuned frequency wy. The
bandwidth wp, is commonly selected as a percentage of
the tuned frequency [12].

The mathematical model associating the grid current and
voltage can be obtained in the stationary reference frame
as [15]:

digs

Vinv,a — Vg,aa = (Lf + LQ)E7 (2)
di

Vinv,g — Vg8 = (Lf + Lg)jf- ©)

To adapt this model to the per unit system in the Laplace
domain, the expressions can be divided by the base voltage
v, and base current i, noting that the base impedance is
Zy, = vp/ip, and then applying the Laplace Transform:

L L

va“,a(s) - Vg,a( ) = S(f?—::g)lﬁ(s)v “4)
L+ L

Vinwa9) ~ Vos(s) = LD )

Figure@] summarizes this model, noting that 7’ is the sam-
pling interval and e~ 7> represents the delay associated
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FIGURE 2. Block diagram highlighting the disturbance rejection
dynamics in per unit.

with the converter’s PWM and the controller’s processing.
Then, the effect of the grid voltage harmonics in the con-
verter’s output currents is represented by:

Zy
1.(s) o SLeq
Vo (s) Zy
Tl (K K () + K () 9T
eq
(6)
Ta(s) _ 1
Va(s) sL. ’
Sk (g g () 4 K ()
b
@)
where L., = Ly + L, is the equivalent inductance seen

by the converter. Note that evaluates the amount of
harmonic current being outputted by the converter into the
grid according to the voltage harmonic disturbance applied
in the stationary reference frame.

By applying s = jwy,, considering that w? > w? into (1)
and Euler’s formula:

1
T jtheq/Zb + (Kp + Kh - j2K1wBl/wh)
(cos(1.5wpTs) — jsin(1.5wrTs))
(3)

(Jwn)
(jwn)

|15

Then, defining the grid harmonic voltage V};, and VSC
output harmonic current [, in percentages as:

Vi (%) = 100% x Vi (jewn)], ©)

In(%) = 100% x |Io(jwn)l, (10)
and the angle 6, as:
Hh = 1.5thS, (11)
it is possible to take the magnitude from (8):
Vi (%) 2K wp1sinb, o
= {[(K, + Kp)coslp, — —————
Ih(%> {[( p + ’)COS h wp, }
L 2K 0
[Wh, eq 1WpB1€0sUp (Kp +Kh)8in0h]2}1/2,
Zy wh
12)

which provides the following quadratic equation and solu-
tion, similarly to [12]:
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FIGURE 3. Equivalent system of the converter and the grid.

(Kp+ Kn)® —2u1(Kp + Kn) + 0 =0, (13)
Kh:*Kp+M1+\/N%*HO, (14)
where:
wp Lsint
= thh (15)
([ 2KiwpB: 2 n whLeq 2 _ 4K1w31Leqcos€)hi
Ho = W Zy Zy
vh(%)>2
— . (16
(m%) (1o

Equation (T4) provides an analytical solution to calculate
the resonant gain K} that imposes the current harmonic
I, (%) according to the grid voltage harmonic V(%) for
the system parameters.

B. Disturbance rejection model and VSC’s admittance
The literature commonly adopts the Norton equivalent model
to represent the converter behaviour [[16], while representing
the grid by its Thévenin equivalent model seen from the
PCC. The transfer function G.(s) represents the closed-loop
current control, which can be easily derived from Figure [2]
as:

—1.55T% Zy

(Kp + Ko, (5) + Ky, (5)) ST+Ly)

L4 (B + Ko (5) + Ko (3))e 55T Wﬂ

€

G.(s)

On the other hand, Y.(s) represents the converter’s ad-
mittance, which is a function of the converter’s output
filter and the embedded control loop being utilized in the
application [17)]. From Figure [3] Kirchhoff’s Current Law
(KCL) gives:

Ge(s)I*(s) = Ye(s)V(s) + I(s), (18)
which can be written with the variables in per unit as:
Ge(8) L () Iy = Ye(s)V(5)Vs + L(s) ], (19)

where V,, and [, are, respectively, the voltage and current
bases of the system. Dividing both members for I, and
noting that Z, = V;,/1I,:
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FIGURE 4. Magnitude response of the disturbance rejection model from
with and without resonant compensators.

Ye(s)V.(5) 2y + L(s), (20)

Ge(s) I"(s) 1 I(s)
Zb K(S) Zb K(s) ’
and, as a consequence, the following definitions are derived:

Ye(s) =

@1

I (C)
Yo(s) = 7 V) |y (22)
__ 1)
Y;(S) - V(S) I*(S):O . (23)

It can be noted that the converter’s admittance Y.(s)
can be obtained through the disturbance rejection model
from . Of course, since the voltage in this case is the
PCC voltage, only the VSC output filter impedance should
be utilized, rather than the equivalent from the filter and grid.
The minus signal contained in is, of course, due to the
orientation of the current I(s) in Figure

By considering the system from Figure [I] and the param-
eters contained in Table [T} the magnitude response of the
disturbance rejection model from (8] can be seen in Figure ]
with and without the resonant compensators.

C. Stability Analysis

In order to verify the stability of the system, it is possible
to evaluate the frequency response from the open loop
reference tracking transfer function I,(s)/I}(s) obtained
through Figure [2] Then, following the common strategies
found in the literature, Bode and Nyquist plots are utilized
to check the system stability.

Utilizing the parameters from Table [T} considering the
fundamental controller and the resonant compensators from
300 Hz and 420 Hz, the Nyquist and Bode plots can be seen
in Figures [5] and [6] respectively. In the Nyquist plot, it can
be noted that the point (-1,0) is not encircled, guaranteeing
that the system is closed-loop stable. Through the Bode
plot, the stability margins are highlighted, indicating that the
system presents a phase margin of 53.5° and a gain margin
of 9.15dB, which are in agreement with the recommended
values found in the literature [18]].
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FIGURE 5. Nyquist plot indicating the stability of the system with the
resonant controllers.
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FIGURE 6. Open loop frequency response of the system with the
resonant controllers.

Note that this stability evaluation is not, by any means, a
novelty introduced by this work. It is just a necessary step in
order to verify if the closed-loop system can be implemented
and then tested with a functional control loop. The main
contribution of this work is contained in the disturbance
rejection model and its analyses, which can be utilized
for prediction and also resonant controller design in terms
of harmonic current mitigation in the stationary reference
frame.

D. Non-linear effects disregarded by the model

This section aims at evaluating non-linear effects not cov-
ered by the provided model. This analysis is important in
understanding some of the results that will be presented
in Section At first, considering that the PCC voltage
contains both a fundamental and a h-order negative sequence
harmonic component while assuming the power invariant
transformation from [|19]:

v (t) = V33U, sin(wyt) + V3V, sin(hwit + ¢pp), (24)

va(t) = —V/3Vi cos(wit) + V3Vj, cos(hwit + ¢y ). (25)

The previous idea can be extended in order to express
the VSC current in terms of two components, considering
fundamental currents in phase with fundamental voltages, as
follows:

io(t) = V311 sin(wit) + V3I, sin(hwit + ¢in),  (26)
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ig(t) = —V/314 cos(wit) + V3I}, cos(hwit + bin). 27)
Notice that I, will tend to zero only if the harmonic
component of Vjny, o and vy, g match its counterpart @
and (23).

In this condition, according to the pq theory [19], there are
real and imaginary oscillating powers with a frequency equal
to (h41)ws. In general, these oscillating powers will present
two components, one due to the interaction between the
fundamental current and the h-order voltage, and another due
the interaction of the h-order current with the fundamental
voltage:

p(t) = =311V}, cos [(h + Dwit + ¢v,h]

— 31,V cos {(h + Dwit + ¢i7h:| , (28)

(j(t) =311V}, sin |:(h + 1)W1t + ¢v,h:|

— 31,V; sin {(h + 1wt + gm,h] . (29)

In the same way, there will be oscillating power com-
ponents at the AC terminals of the inverter. The difference
here is that the converter has two groups of terminals, one
AC and another DC, and because of the law of conservation
of energy, the real power should be equal in both, if the
converter losses are neglected. The direct consequence is
that the DC voltage and DC current will present oscillating
components with the same frequency of p(t), i.e., (h+1)w;.
During the process of modulation, the converter transforms
the DC voltage into AC according to:

= e ®male), (30)

Uin'u,a(t) 2

(€19}

where m, and mg are the modulation indices. The fun-
damental components of these indices interact with the
oscillating component of vpc(t), producing two harmonic
components, one with negative sequence and frequency hws,
and another with positive sequence and frequency (h+2)w.
It goes without saying that the converter introduces new
harmonic components into the system.

Notice that this introduction of harmonic content cannot
be prevented by mitigating the oscillation in vp¢, nor in any
other mean. An oscillation-free vpc, for instance, would
pave the way for increasing the oscillations in ipc, since
Ppc = p(t). In this case, the DC-transformer analogy [20]]
can be utilized to write the relationship between AC and DC

currents in an inverter:
. 1. 1
) = —Mqala + zM3LZ.
DC o Mata T 5 BB
Once more, the (h + 1)-order component in ipc can only
be obtained if ¢, and ig contain components with the fre-
quencies hwy and (h+ 2)ws. In other words, the mechanism

changes, yet the harmonic introduction continues.

1
Vinwv,B (t) = §UDC(t)m,6’ (t),

(32)
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There is also a second mechanism of harmonic intro-
duction in the grid, and it occurs when the inverter is
compensating some harmonic component. According to [[19]],
when the converter compensates a specific harmonic com-
ponent, it inherently creates hidden currents/voltages. For
instance, a negative-sequence Sth-harmonic compensation
leads to 7th-order hidden currents with a positive sequence.
In general, the hidden harmonics tend to be canceled when
the oscillating powers p and ¢ are proportionally compen-
sated. Notice that the proportional compensation makes the
amplitudes of p and ¢ remain equal. Conversely, if p and
G are not proportionally compensated, their amplitudes will
not be equal, and the converter will output small, non-
desired, harmonic components. To better understand this
aspect, we can divide the a8 currents into two components,
one associated to the real power and the another with the
imaginary power [19 Sec. 3.2.2.A], as follows:

Vinv,a ~ Vinw,B ~
la = : Pinv + Ginv, (33)
vZ o U2 v2 vl
inv,o inv,B inv,o inv,3
. Vinv,B ~ Vinv,«a ~
B = ; Pinv — : Qinv- (34)
w2+ v? 2 42
inv,o inv, inv,o inv,B

When the inverter is set to compensate a h-order negative-
sequence harmonic component, it produces p;n, and Giny
accordingly. In this case, if we disregard the harmonic
components in the voltage for the sake of simplicity, the
converter will produce the following currents:

io = V31, sin(hwit) — ?I;H_g}p sin ((h + 2)w1t)

L3

2 h+2,q sin ((h + 2)w1t), (35)

. 3
ig = V/3I}, cos(hwit) + g[h+27p cos ((h + 2)wit)
V3

5 Th+2,q cOS ((h + 2)w1t). (36)

If the amplitudes of Py, and iy, are equal, then I}, 4o , =
Ipy92,4 = In, and the currents will only contain the h-order
harmonic component. Conversely, the inverter will introduce
the (h+ 2)-order harmonic component in the output current.

Note that the current control utilized in Figure |1| aims at
reducing the magnitude of specific harmonic current compo-
nents, yet it does not guarantee proportional compensation of
the terms p and ¢ associated with these harmonics. In short,
the proportional compensation depends on the produced
harmonic voltage being in phase with the corresponding
harmonic voltage of the grid. This, indeed, would require
extra control loops, compromising the simplicity of the
mitigation approach. The phasor diagrams in Fig. [/| are
inspired by the idea conveyed by and (34), ie., the
voltage components in the x and y axes are proportional to
real and imaginary powers. Fig. shows the case where
there is proportional compensation, thus:

Vinv,h,p _

Vinwv,h,q

(37)

Uh,p Uh,q
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TABLE 1. Parameters for the grid-connected VSC controlled in the o

77777777777777777777777 frame.
= Parameter Value
,,,,,,,,,,, Ly 1.0mH
Ly 1.5mH
& Sampling Frequency 10kHz=
E iry 13.5A
Vinw,h,p Uh,p Kp 1.0
Ko, (s) 150.8s/(s2 + 7.54s + 1.42 x 10%)
@ Koy (s) 41.51s/(s% 4 37.7s + 3.55 x 106)
Ko () 62.52s/(s% + 52.78s + 6.96 x 10°)
”””””””””””” fg 60 Hz
. Vy 127v/2V (peak /phase)
S I, 20 A (peak/phase)
Zp 8.98Q2
Vbe 400V
””””””””” Plpc(s) 10(1 + 60/s)
PLL Bandwidth 110 Hz

Vinv,h.,q

Vinw,h,p
(b)

FIGURE 7. Phasor diagram for (a) Proportional, (b) disproportional
compensation of p;, and gj,.

When the result in does not hold, we have the dispro-
portional condition portrayed in Fig. It is important to
notice that the harmonic current is proportional to the voltage
across the coupling inductor, vy = vp — Viny,n. Once
Vinv,h,p 7 Vinv,h,q> the amplitude of the oscillating real and
active components will not be equal, and as a consequence,
the inverter will introduce harmonics with frequency equal to
(h+2)w1, according to and . Note that the presence
of this component is also a consequence of a (h + 1)w;
component in the DC link voltage due to the existence of
p, which will also affect the magnitude of the VSC h-order
harmonics due to the modulation process according to (30)

and (31).

lll. APPLICATION EXAMPLE

The system from Figure [T] was simulated with PSIM, con-
sidering the parameters from Table E} The controllers K,
and K, (s), responsible for the reference tracking in 60 Hz,
were tuned based in the Naslin Polynomial method shown
in [21]]. The controllers K, (s) and K. (s), responsible for
mitigating the current components in 300 Hz and 420 Hz,
were tuned based in the proposed methodology summarized
in the previous section and calculated through (14). All
controllers were designed with a bandwidth wp, around
1% of the respective tuned frequency [22]]. Furthermore,
the design details regarding the current harmonic limitations
according to the voltage harmonic disturbances are going to
be presented in the following subsections.

A. 5th HARMONIC PREDICTION AND MITIGATION

In this case, the K5 from the controller K, (s) was calcu-
lated through (I4) with a design criterion of approximately
1% harmonic current [5(%) for a 2% voltage harmonic
disturbance V5(%), resulting in K5 = 1.10.

The three-phase currents obtained throughout the simula-
tions and their harmonic spectrum, as well as the predicted
current harmonics according to (IZ), can be seen in Figures|[§]
and 0] The first result shows the system without the imple-
mentation of K. (s), characterizing a current harmonic in
300 Hz of 2.0%, whereas the prediction would be 2.10%.
The relative error for such prediction was 4.89%. The second
result shows the implementation of K,_(s), where a 1.08%
harmonic current was observed, whereas the predicted value
would be 1.0%, characterizing a relative error of 8.16%,
which are indicators of agreement between the simulations
and the disturbance rejection model.

B. 7th HARMONIC PREDICTION AND MITIGATION

The design criterion in this case was approximately a 0.5%
harmonic current I7(%) for a 1% voltage harmonic distur-
bance V7(%), resulting in K7 = 1.18.

The simulation results and predictions for the case without
the implementation of the resonant controller can be seen
in Figure [I0] where the simulated currents presented a
harmonic current of 0.93% in comparison to the prediction
of 1.05%. A relative error of 13.7% was observed. The result
and prediction with the resonant controller K, (s) can be
seen in Figure [T} In this case, a harmonic current of 0.512%
was observed during the simulations, whereas the design
criterion was 0.5%, resulting in a relative error of 1.83%,
also indicating that the methodology provides satisfactory
results for designing resonant controllers.

Eletronica de Poténcia, Rio de Janeiro, v. 29, e20431, 2024.
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FIGURE 8. (a) current waveforms and (b) current harmonic spectrum for
the simulated 2% voltage harmonic disturbance in 300 Hz without a
resonant controller.
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FIGURE 9. (a) current waveforms and (b) current harmonic spectrum for
the simulated 2% voltage harmonic disturbance in 300 Hz with the
implementation of K, (s).

An interesting aspect that can be seen from Figures [8|b)
up to[TT|(b) is that there are other frequency components with
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FIGURE 10. (a) current waveforms and (b) current harmonic spectrum for
the simulated 1% voltage harmonic disturbance in 420 Hz without a
resonant controller.

10?

much smaller magnitudes around the harmonic under study,
which are associated with the effects detailed in Section[I[D}
The next section will further highlight and discuss the hidden
currents’ effects and their influences for the system.

C. Discussions Associated with the Hidden Currents
All of the results presented so far showed that the analytical
model approaches the behavior of the controlled system
for the 5th and 7th harmonic components. However, the
appearence of hidden currents, as theoretically detailed in
Section [[[D} may cause a mismatch between the disturbance
rejection model and the results. Figures [8] and [I0] also show
that this effect occurs even without harmonic compensation.
The effects of the hidden harmonics increase with the
magnitude of the oscillating power, and it is more noticeable
at higher-order components, such as the 11th harmonic. For
instance, Figure [T2] indicates that the prediction of the 7th-
order harmonic voltage by the disturbance rejection model
agrees with the simulation results for all disturbances un-
der study. Nonetheless, the increasing 7th-order disturbance
causes an increasing Sth-order hidden current, as observed in
Figure[T3] which is not predicted by the linear model. This is
not a significant issue, since it barely reaches 0.005pu for the
highest voltage disturbance. For the sake of comparison, the
hidden current changes the output current’s Total Harmonic
Disturbance (THD) from 2.50% to 2.55%, at the highest
voltage disturbance. As previously mentioned, the negative
effect is more noticeable at higher frequencies, such as when
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FIGURE 11. (a) current waveforms and (b) current harmonic spectrum for
the simulated 1% voltage harmonic disturbance in 420 Hz with the
implementation of K, (s).

dealing with the 11th-order disturbance. In this case, the pre-
diction given by the disturbance rejection model was higher
than the simulation result, as observed in Figure [14] This
error, nonetheless, did not represent a significant issue, since
the magnitude from the harmonic current in the simulation
was smaller than the prediction, which could be considered
as a conservative approach, specially during the design of
resonant controllers. The discussions regarding this topic are
important to motivate future works to improve the model and
consider such effect.

IV. Experimental Results
In order to verify the previous analyses, experiments were
conducted utilizing the real-time simulator Typhoon HIL
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FIGURE 12. Comparison between the disturbance rejection analysis and
the simulations for the 7t" harmonic case with compensation.
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FIGURE 14. Comparison between the disturbance rejection analysis and
the simulations for the 11*" harmonic case with compensation.

602+, where both the grid and converter were modeled,
the Digital Signal Processor (DSP) TMSF28379D, where
the VSC control loop was embedded through digital imple-
mentation through Code Composer Studio, and the Yoko-
gawa DL850EV oscilloscope for the data acquisition. The
parameters adopted for the system are the same as the ones
contained in Table [I] Furthermore, the testbed can be seen
in Figure [I5] noting that the DSP reads the current and
voltage measurements from the real-time simulator at each
sampling cycle, and then generates the PWM signals after the
digital processing, which are then provided for the converter
modelled within the real-time simulation executed by the
HIL device.

Voltage harmonic disturbances from 2% up to 5% were ap-
plied during the experiment, firstly in 300 Hz, and secondly
in 420 Hz. The objective was to compare the experimental
results with the predictions from the disturbance rejection
analysis from Section [[I} since it was utilized to design the
resonant controllers.

Figures [I6] and [I7] show, respectively, the three-phase cur-
rents captured with the oscilloscope for the 300 Hz and 420
Hz voltage harmonic disturbances, respectively. Furthermore,
the frequency spectrum for each situation along with the
comparison between the experiment and the predictions from
the disturbance rejection model can be seen in Figures [I8] for
the 300 Hz disturbance, and[19] for the 420 Hz disturbance. It
is worth mentioning that the minimum and maximum current
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FIGURE 16. Three-phase currents for voltage harmonic disturbances for
(a) 2%, (b) 3%, (c) 4%, (d) 5% in 300 Hz with compensation.

THD levels for the disturbances in 300 Hz were 1.54% and
2.98%, while for the disturbances in 420 Hz were 1.58%
and 3.22%, which are below the limits established in [5].

Table [2] also highlights the comparison between the pre-
dictions and experimental results, both for the fifth as for
the seventh harmonic disturbances. For the fifth harmonic
disturbance case, relative errors between 11.1% and 28.2%
were observed, with an average error of 16.9%, while for the
seventh harmonic disturbance case, relative errors between
20.0% and 33.1% were observed, with an average error of
25.4%. Note that the highest relative errors are associated
with the smallest voltage harmonic disturbances, which is
justified by the fact that the error is put as percentage in the
basis of a smaller prediction, increasing the ratio even for
small deviations.
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FIGURE 17. Three-phase currents for voltage harmonic disturbances for
(a) 2%, (b) 3%, (c) 4%, (d) 5% in 420 Hz with compensation.
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FIGURE 18. Three-phase currents’ frequency spectrum for each voltage
harmonic disturbance in 300 Hz with compensation.
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FIGURE 19. Three-phase currents’ frequency spectrum for each voltage
harmonic disturbance in 420 Hz with compensation.

In both cases, the proposed methodology was useful
in order to design the resonant controllers according to
desired current harmonic levels. However, the presence of
the hidden harmonic currents, which are not considered in
the disturbance rejection model utilized in this paper, affect
the accuracy of the prediction, as also explained previously.
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TABLE 2. Tabulation from the predicted and experimental results for the
300 Hz and 420 Hz harmonic disturbances with compensation.

Voltage Predicted | Experimental | Relative
Disturbance Current Current Error
(%) (%) (%) (%)
300 Hz
2,00 1,00 1,28 28,23
3,00 1,50 1,76 17,04
4,00 2,00 2,22 11,07
5,00 2,50 2,78 11,37
420 Hz
2,00 1,00 1,33 33,12
3,00 1,50 1,90 26,89
4,00 2,00 2,44 21,83
5,00 2,50 3,00 20,04

Future studies can be conducted to improve the model and
consider such effect.

V. CONCLUSIONS

The proposal of predicting the harmonic currents due to
voltage harmonic disturbances was validated in the o frame
through simulations. A methodology capable of tuning res-
onant controllers based in such disturbance rejection model
in the stationary reference frame was proposed and validated
through simulations and experiments.

It was shown that hidden harmonic currents can appear
due to the oscillating powers exchanged with the grid,
creating a mismatch between the disturbance rejection model
and the results. As previously discussed, this effect creates
a limitation in the proposal that can be further investigated
and mitigated in future studies. However, the methodology
presented in this paper can still be utilized for designing
resonant controllers as a conservative approach.
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