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Impedance Modelling for Three-Phase Inverters
with Double Synchronous Reference Frame Current
Controller in the Presence of Imbalance

Lucia Beloqui Larumbe, Student Member, IEEE, Zian Qin, Senior Member, IEEE,
Lu Wang, Student Member, IEEE, and Pavol Bauer, Senior Member, IEEE

Abstract—This paper presents a small-signal model for power-
electronics converters that use a typical control structure in
wind energy applications: the double Synchronous Reference
Frame (SRF) current control. The paper considers the presence
of unbalanced currents and voltages, and analyses their impact
on the frequency couplings of the converter. In addition, it
is revealed that, in the presence of negative-sequence voltage
synchronization, the converter presents an additional coupling
at —2f1 — fp.

Index Terms—Double Synchronous Reference frame, small-
signal modelling, impedance modelling, frequency coupling,
phase locked loop (PLL)

I. INTRODUCTION

ITH the rise of renewable energies, distributed-power
W generation, microgrids and other applications, the pen-
etration of power-electronic converters (PECs) has notably
increased in recent years. As a result, PECs have a growing
impact on the power quality and stability of power systems [1],
having caused several incidents as reported in [2]-[5].

In this context, small-signal models of converters and, in
particular, impedance models of converters [6]—-[11], have been
proven to be a useful tool for system-wide stability [12], [13],
power quality [14] and resonance studies [15], [16]. However,
when modelling converters, most of the literature assumes a
balanced grid (e.g. [6]-[8]). Under this assumption, despite
being a time-variant AC system, it is possible to find a time-
invariant operating point if the equations are taken to the dg
frame, where traditional linearization can be undertaken [6].
Nevertheless, when the grid is unbalanced, this is not possible,
since the negative-sequence voltage introduces a component
at 100 Hz in the positive-sequence dq frame. In other words,
there is no single reference frame in which the signals remain
constant [17].

This posses a challenge when linearizing the converter.
This paper belongs to a growing body of literature [17],
[18] that addresses the challenge. Note that, a small-signal
converter model that takes into account the negative-sequence
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can be useful for stability evaluations and steady-state har-
monic calculations when considering different imbalance lev-
els. Negative-sequence voltages are known to appear during
transient situations (for example, during faults); however, they
may appear also during normal operation due to single-phase
loads [19]-[22] and sources [23], cables in non-symmetrical
arrangements (like flat formation), the lack of line transpo-
sition, and other causes. In particular, large-scale wind or
solar farms are usually connected at remote locations through
relatively long un-transposed lines [24] (e.g. [25]).

Further, small-signal models are sometimes used in con-
trol design. By including the effect of the negative-sequence
voltage in the analysis, the model presented here, then, could
become useful for the control-parameters design in the anal-
ysed control structure, which is intended to have a good
performance under all levels of voltage imbalance. As shown
in this paper, the overall control dynamics and especially the
Phase-Locked Loop (PLL) dynamics are very much dependent
on the voltage imbalance level.

Finally, this paper also addresses the impact of the negative-
sequence current. In the past, several works addressed the
effect of the positive-sequence current reference [6] and con-
cluded that it has a direct impact on the stability of the con-
verter; however, the impact of the negative-sequence current
has not been analysed in the literature before. In this paper,
the current imbalance level is also addressed and it is found to
significantly impact the converter frequency couplings. Note
that, in the presence of voltage imbalance, it is a common
strategy to inject a specific set of unbalanced currents in order
to eliminate the 100Hz ripple in the instantaneous power,
achieving a smoother DC voltage [26]. In parallel, a growing
tendency is to design the control objectives from the grid point
of view, instead of the converter point of view (i.e. in order
to provide effective grid support). For this purpose, it has
been shown that both sequence currents should be injected
during voltage imbalance and, in fact, the injection of dual
currents during unbalanced faults is a requirement that is
slowly appearing explicitly in grid codes [27]. In short, it is
reasonable to assume that current imbalance will accompany
voltage imbalance.

In [10], harmonic linearization is used to assess the impact
of voltage imbalance on the converter model; where the
imbalance is characterized as a source of coupling between
the positive and negative-sequence impedance of the converter.
Later, it was found that the coupling essentially appears

plore. Restrictions apply.

/publicationsﬁstandards/;;(ublications/rigbts/indexhtml for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2021.3107045, IEEE

Transactions on Power Electronics

between two frequencies (e.g. f, and 2f; — f,) [28]. The
coupling has been shown to happen due to several reasons,
such as control asymmetries in the dg channels [29]. Harmonic
Transfer Function (HTF) is another approach to model the
converter when confronted with imbalance [18]; however,
while [18] considers the couplings created due to the asym-
metrical grid, the couplings that appear within the PLL due
to the Linear Time Periodic (LTP) dynamics created by the
negative sequence are ignored.

Additionally, the current controller also influences the model
of the converter. In order to achieve Low Voltage Ride Through
(LVRT) capabilities, several approaches were developed in
the past, and are reviewed in [30]. This paper is focused
in one strategy called double Synchronous Reference Frame
(SRF) current controller or dual current control [31], which
is based on creating two dg frames, one rotating with the
positive-sequence voltage and the other rotating with the
negative-sequence voltage. This controller is a common choice
by the industry, it is well known and has been extensively
implemented [32]-[35].

The main attractiveness of the controller is that there is a
direct relationship between the active and reactive power with
the dg components, for which it is necessary to track the phase-
angle of both the positive- and negative sequence voltages [30],
[36]. There are several PLL options that can track the positive-
sequence voltage [37]. However, merely a few can quickly
and accurately track the negative sequence, among which the
Decoupled Double SRF-PLL (DDSRF-PLL) [38] is applied in
this work.

Some small-signal models of this type of current controller
are already available in the literature; however, either the effect
of the PLL dynamics is ignored [39] or a simple SRF-PLL
design is assumed [40], [41]. Further, the effect of imbalance
is overlooked.

In this paper, a small-signal model is built up for three-phase
inverters with double synchronous reference frame current
controller. The effect of the PLL dynamics, the grid voltage
and current imbalance are all taken into account. This paper
is organized as follows: Section II describes the converter
under study, Section III models the converter in the frequency
domain ignoring the PLL dynamics, Section IV analyses
the DDSRF-PLL, and Section V presents the model of the
converter considering the PLL dynamics. The analysis of the
effects of imbalance on the converter frequency couplings is
shown in Section VI and the model is validated in Section VII
with simulations and experiments. Finally, conclusions are
summarized in Section VIIL

II. INVERTER DESCRIPTION

The PEC is shown in Fig. 1. It consists of a two-level
voltage-source inverter controlled by a current loop and a PLL.
The PLL follows the phase-angle of the positive-sequence
voltage (01, = wit+¢yp) and of the negative-sequence voltage
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Fig. 1: Schematic of the inverter under study.

(0~ = —wit — ¢yy)', defined in (1). The outputs of the PLL
are fpr 1+ and Op ., which in a dynamic situation might not
be exactly equal to #;, and €,_. In this paper it is considered:
OpLi+ = 61+ + Abyy and Opr- = 01 + Af_ [T].

va(t) = Vp cos(wit + dyp) + Vi cos(wit + ¢un)
27 27

vp(t) = Vp cos(wit + dyp — ?) + Vi cos(wit + dyn + —

4£) + Vi cos(wit + dyn + 4—77)
3 3
ey

The converter filter is an inductor L with a resistance R .
The objective is to calculate the impedance of the inverter Zi,y,
(see Fig. 1). Other filter stages can be added a posteriori to
Ziny with linear circuit theory. The reference, i, comes either
from a user-defined command or from an outer control loop.

The current controller is shown in Fig. 2. The positive and
negative-sequence currents, after a low-pass filter (LPF), Gj,
and sequence decoupling, are fed to two typical PI controllers
(H; = Kp+ KT) in their corresponding dq frames, respectively.
A dq decoupling constant Ky (which is usually selected as
Lwy) is implemented too. A voltage feed-forward loop is
assumed, where an anti-aliasing filter Gy and a LPF, Hy;, are
used. To prevent the risk of infinite system gain caused by the
voltage feed-forward loop [35], the cut-off frequency of the
Hig is limited to 0.5 Hz, as recommended in [42].

The control and modulation delays are modelled as
Gq(s) = e=*12/fs where f, is the sampling frequency. The
negative-sequence current can be filtered from the positive-
sequence and vice versa through different methods. In here,
a Sequence Component Decoupling Network (SCDN) similar
to such in [30] is implemented. This network is shown in
Fig. 3, where F'(s) is a LPF with a cut-off frequency wy (i.e.,
F(s) = ;75

Literature shows that there are other options in order to
achieve positive- and negative-sequence current decoupling,
for example by using schemes in the a8 frame [43]. On the
one hand, the SCDN shown in Fig. 3 uses different dq transfor-
mations that make the SCDN dependent on the phase-tracking
dynamics. In comparison, the «3-frame schemes do not use
this type of transformations. However, on the other hand, the
af-frame schemes usually use SOGI-based algorithms, which
require frequency adaptation. Therefore, the comparison in
between these two approaches is not straightforward, and it

ve(t) = Vy cos(wit + ¢y —

'Note that, in a three-phase system, it is mathematically equivalent to
analyse a three-phase signal in the positive sequence with a negative frequency
(f < 0) to analysing a three-phase signal with positive frequency (f > 0) in
the negative sequence. Also, if the voltage is transformed into the aS-frame,
the negative-sequence a8 vector rotates at —wit — ¢yn.

ublications/rights/index.html for more information.
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Fig. 3: Sequence Component Decoupling Network (SCDN).

is left out of the scope of this paper. In fact, the comparison
of dg-based or a/3-based approaches for sequence decoupling
could also be a subject for debate when implementing the
synchronization algorithm.

In this paper, since the current loop was selected as a
double synchronous reference frame control, which requires
using the positive- and negative-sequence phase-angles, it was
decided to choose a synchronizing structure that follows the
phase-angle instead of the frequency (i.e. a PLL instead of a
Frequency-Locked Loop or FLL). Literature has shown that
the DDSRF-PLL and the SOGI-based PLL present similar
performance during imbalance conditions [44]. The former
was selected since the approach is more consistent with
the current control selected. The decoupling network for the
current was chosen analogously, and also due to the fact
that this combination of decoupling network with this current
control structure has already been proven to present good
dynamic performance [30].
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III. SMALL-SIGNAL MODEL IGNORING PLL DYNAMICS
A. SCDN when ignoring PLL dynamics

As a first approximation, it is assumed that the PLL has

perfect tracking (i.e. Op+ = 614 and Op - = 6;_). Then,
from Fig. 3%
T — G (0
iGgr = (iage — il "I)F(s) o
— —
= (g — e/ ) ().
Operating it is possible to obtain:
TR 1-F(s+j2w) —
fil
=F . 3
o = F8) T 7 + j2wn) ©)

qu+ (5 ;

The function Geecs(s) = F(s)Gqq+(s) relates the input
current expressed in the positive dg frame, Whi_C;’l has positive-

and negative-sequence components, with the zg}l . (the positive-
sequence current expressed in the positive dq frame which
does not contain the negative-sequence component). Gq. (s
only depends on one parameter, wr, which is usually set as
wr = Kwy = wy/ V2 or lower, to prevent oscillations [38].

Gaq+(s) has a real and an imaginary part as qu+(s; =
Gre(8) + jGim(s) defined as:

Gre(s) =
(5 + wr)(s® + 2wrs? + 4w 2s + dwrw: 2) “)
st 4+ dwes® + 4(w1? + wr?)s? + 8w 2wes + 4w 2we?

Gim(s) =
2 wes? + 2w w?s )
st 4 dwrsd + 4(w12 + wr?)s2 + 8wy 2wes + 4w 2w?”

H
Similarly, ig}qf = Ggec($ id—q,> = F(s)Gyq-(s ;ilj—q,>, where
qu,(sj = G§q+(85 = Gre(s) = jGim(s).

B. Inverter small-signal model when ignoring PLL dynamics

If the PLL dynamics are neglected, the inverter can be repre-
sented by the diagram in Fig. 4, where Y7, (s) = 1/(Ls+ Ry.).
In this case, taking all the complex transfer functions in the
rotating frames into the a5-frame is an easy procedure, since
only a frequency shift has to be applied [29]. For example,
the PI controller in the positive-sequence dq frame becomes
Hi(s — jwy) in the af-frame, and the PI in the negative-
sequence dq frame becomes H;(s + jwi) in the af-frame.

The response of the system can be analysed from Fig. 4
by finding the transfer function from each input to the output
considering that the other inputs are zero. In this case, there
are 3 inputs: the two current references (one for the positive
SRF and one for the negative SRF) and the voltage. In the

%In this paper, complex vectors and complex transfer functions are noted
with an overhead arrow, as for example: v_dq> =g + jvg; 1@) = va + jug;
Hyq(s) = Hy(s) 4+ jHq(s); and Hog(s) = Ha(s) + jHg(s). The upper
index * denotes complex conjugate as in: ﬁ = vq4 — jvq and qu(s; =
Hy(s) — jHq(s). The upper index ™f is used for references.

plore. Restrictions apply.
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Fig. 4: Inverter schematic ignoring the PLL dynamics.

analysis below the contribution of the voltage due to the
feedforward signal (related to T'F'3) has been separated from
the contribution of the voltage due to the inner characteristics
of the plant (related to T'F'4), leading to:

Ioz +,]Iﬂ — TF1 (I;rref _|_jlg-ref) 4 z'vFv2 I(;ref _|_jI,8—re’r>
— —
+TF3 (Vo( + jVﬁ) + TF4 (Va + ]Vﬁ)
(6)
— —
It can be seen that T'F'; and T'F'5 are the closed-loop trans-
fer functions of the positive and the negative sequence current;

4

of transformation B in steady-state should be Ve =7 («wit+dm)
Thus, the output of transformation B can be approximated as:

V — Vﬁl ejel,ejAel, ~ Vﬁ] 6]91,
Bout dq- _ dgq- (15)
_|_jvnefj(w1t+¢vn)A91_.
Transformation C can be found similarly:
— = g . —
Ve = Ve /e 180 = Vg o770 (16)

— Ve I Gurttdnton) AQ,

The transformations D, E and F can be found analogously,
which leads to the schematic in Fig. 6. From this schematic,
the following equations can be found:

Al = Videadgr T Ferii+ + Vigeaaqs T FrLL2+

) . T
+Videatdqr € T Foriar + (Vigealdge€® ™) * T Forpar (17)
— . T
+Videatdgre T Fprse + (Videatdgre 7 ) * T Fpro+
A1~ = Vigeadq- T FpLLi- + Vigeatag-1 Frria-
— ) -
+Videatdq-€ 7 T Foris” + (Videatdge 7 ) * T Fpr g (18)

4wt 4wy t\*
+Videatdq-€”““** T Fpris- + (Videaldg-€”"“*")*T FpLLe-

where TFpior(s) = TFiir(s) TFoiar(s) =

while -T'F'4 is the output admittance (z). Finally, -T'F'5 is
the additional admittance in parallel to —T—F4> that is created
due voltage feedforward compensation (Yy). Their expressions
are shown (7)-(10). The impedance of the converter is shown
in (11) and (12). Some of the overhead arrows in (7) — (11)
are omitted for simplicity.

_— 1

Z o8—frame noPLL = ﬁ
p ft

IV. DDSRF-PLL MODEL

The DDSRF-PLL under study is shown in Fig. 5. The
ideal positive-sequence dq frame rotates at 6, and the ideal
negative-sequence dq frame at ¢,_. The non-ideal positive-
sequence and negative-sequence dq frames rotate at fpr [, and
OpLL_, respectively. The signals in both frames are related
through (13), where the small-angle approximation is applied.

(12)

. —_—
YN .
Vnonidealdq+ = Videaldq+€ I8~ ‘/idea]dq+(1 - .]AGH)

» — . (13)
Vionidealdq- = Videaldg-€ 2 2%~ 2 Vigealaq_ (1 — jA0;)

Each of the rotational transformations represented in Fig. 5
with the letters A, B, C, D, E, and F have to be analysed
separately. For the transformation A:

A T .
Vnonidealdq+ = Videaldq+€ I8~ ‘/idea]dq+(1 - jAHH)

o . (14)
= ‘/idealdq+ - ijA9]+ - j%67](2w1t+¢\v+¢vn)AGH.

—
The variable Vd%l_ is the input to the transformation B. Since

in steady-state V;ﬂ;f should be approximately V;, the output

0885-8993 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/,

Authorized licensed use limite

TFp 5, (s) and TFpri,(s) = TFy s, (s). The same applies
for the complex transfer functions in (18).

In (17) and (18), it is shown that, for a perturbation in the
voltage at the frequency f, (in the positive or negative dg
frame, respectively), Af;, and Af;_ contain components at
£ fp and at £ f, &4 f,. From now on, the components & f,+4 f1
are called “couplings within the PLL”. These couplings are
caused due to the LTP dynamics of the network. In fact, other
couplings at £f, = 8f; (and so on) were found too, but have
been disregarded due to their low magnitude.

A. PLL model validation

Different simulation frequency sweeps were performed for
validation purposes. In Fig. 7, it is shown how the model for
TFPLLH.(SE perfectly matches the frequency-sweep results for
all imbalance levels. Similarly, Fig. 8 shows how the model for
T Fprri-(s) is also accurate. The same applies to T Fprio+(s
and TFpLLz_(s although the figures are not shown since
TFpioe(s) = TF;LL1+(S§ and TFpuia (s) = TF];kLLl—(Sﬁ'
Finally, the coupling transfer functions are also validated. The

results are shown in Fig. 9 for the positive sequence and in
Fig. 10 for the negative sequence, both for V, = 5%.

B. Couplings within the PLL

Fig. 11 shows the frequency response of the PLL transfer
functions related to tracking the positive-sequence phase-
angle, in the case in which V;, = 5%. Only the magnitude
is shown for brevity. It can be observed how T Fpry;,+ and
T Fpr12+ present a significantly higher magnitude than the PLL
coupling transfer functions in the majority of the frequency

t : ublications/rights/index.html for more information.
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5
T Hi(s — jwi)Ga(s) (7)
Ls + R + ([Hi(s — jw1) — jKa]Gaeer (s — jw1) + [Hi(s + jwi) + jKa|Gaee-(s + jw1)) Gi(s)Ga(s)
TF H;i(s + jwi)Ga(s) (8)
Ls+ Ry + ([Hi(s — jw1) — jKa]Gaecr (s — jwi) + [Hi(s + jw1) + jKa]Gaee— (s + jw1)) Gi(s)Ga(s)
' 7T, — I ! S . ©)
Ls+ Ri+ ((Hi(s — jeor) = jKa]Gaeer (s — jeon) + [Hi(s + jwr) + j K] Gaee (5 + jwn)) Gi(5)Gals)
)7; _ _m _ [Hi(s — jw1) + He(s + jw1)]Gy(s)Ga(s) (10)
Ls + Ry + ([Hi(s — jonr) = jKa]Gaees (s — jor) + [Hi(s + jwi) + jKa Gace (5 + jwr)) Gi(s)Gals)
G _ Ls ot But ((Hi(s — jen) — jKalGueeels — jen) + [Hils + jo) + jKalGue (s + o)) Gi(s)Gls)
a3—frame noPLL 1+ [Hit (s — jwi1) + Ht (s + jw1)]Gy(s)Ga(s)
OprL+

W
1’(!(10

fil
V{t(k

OpLi—

+ PLL

&
7w1/]\

Fig. 5: DDSRF-PLL with negative sequence tracking ex-
pressed with complex transfer functions.

range. Fig. 12 shows the complex transfer functions related to
tracking the negative-sequence phase-angle (also in the case
in which V,, = 5%). In this case, the couplings are higher than
in the case of tracking the positive-sequence phase-angle. Es-
pecially, T Fpr 13- and T Fprr4_ have a comparable magnitude
to T'Fprr1- and T Fprp,_ in certain frequency ranges.

This is verified with a computer simulation, in which a
perturbation at f, = 200Hz (frequency in the o3 frame) is
injected in the voltage. This component is expressed in the
positive-sequence dq frame at 150 Hz, and in the negative-
sequence dq frame at 250 Hz. On the left of Fig. 13 it is
shown the positive-sequence phase-angle error created due
to the perturbation in the voltage. The figure shows that
Af, has only one main frequency component, at 150 Hz. In
comparison, the right part of Fig. 13 shows that Af,_ will
have two main components: one at 250 Hz and a coupling
at 50Hz. This coupling appears at approximately the same
magnitude as the component at 250 Hz, since T Fpr 3. and
T Fprra- have approximately the same magnitude at 50 Hz
and —50Hz, respectively, as T Fpyry - and T Fpyo- at 250 Hz
and —250Hz, respectively (see Fig. 12). At 450Hz and at
—450Hz, T Fprrs- and T'Fprre- have, respectively, a much
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Fig. 6: PLL dynamics effect on its own decoupling network.

lower magnitude and that is why the coupling at 450 Hz does
not appear. The coupling generation process within the PLL
for the case in which f, = 200Hz is explained in Fig. 14.
As the frequency of the perturbation increases, the effect of
the couplings becomes less relevant. This is shown in Fig. 15
where, for a perturbation at f, = 400 Hz, the couplings when
tracking both phase-angles are close to zero.

C. Comparison of PLL dynamics when tracking the positive
and negative phase-angle and analysis on the effect of V,

As it is shown in Fig. 5, the DDSRF-PLL considered has a
symmetrical positive- and negative-sequence design. As a con-
sequence, the expressions for the positive and negative phase-
angle dynamics (shown in (17) and (18)) are symmetrical too.
However, the DDSRF-PLL is a very non-linear element that
strongly depends on its operating point. Consequently, despite
the expressions (17) and (18) being symmetrical, the transfer
functions that appear in these expressions are not. This can
be seen by comparing Fig. 7 and Fig. 8. By looking at the
y-axis limits in these figures, it is clear that T Fpyy;_ is not

t : ublications/rights/index.html for more information.
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Fig. 8: Validation of PLL model for different negative-
sequence voltages. T Fprp;_(s) shown.

the symmetrical of T Fpyy 4. In particular, the T Fpy;,+ and
T Fpr12+, depend more on the positive-sequence voltage than
on the negative-sequence voltage. In contrast, T Fprp;- and
% .

T Fpr1,. are very dependent on V;,. Indeed, Fig. 8 shows that
T Fpr1. is very dependent on V,, whereas Fig. 7 shows that
% .

T FprL1+ is not as much.

This effect can easily understood if the whole decoupling
network is ignored, and only the SRF-PLLs are addressed. A
small-signal model of a SRF-PLL is shown in Fig. 16. As seen
here, the small-signal model depends on the voltage V that is
being followed; for the positive-sequence PLL this would be
V) whereas for the negative-sequence PLL it would be V.

If the couplings are analysed, a similar but opposite effect
happens. The couplings that appear when tracking the positive-
sequence phase-angle are due to the presence of V; in the
network. Therefore, T'Fpr 3+ until T Fpr14s are very dependent
on V,. In contrast, T Fpy 3 until T Fpje are very dependent
on V,. The coupling transfer functions when V, = 5% are
shown in Fig. 11 and Fig. 12, and when V,, = 40% are shown
in Fig. 17 and Fig. 18. When V}, is low, the couplings in Af;_
are higher than in Af,. When V; is high, they are closer to
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Fig. 9: Validation of PLL coupling transfer functions related
to tracking the positive-sequence phase-angle (V, = 5%).

PLL coupling transfer functions for Aé‘l_ (Vn=5%)
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Fig. 10: Validation of PLL coupling transfer functions related
to tracking the negative-sequence phase-angle (V, = 5%).

each other.

In general, the dynamics when tracking the positive- and
negative-sequence phase-angles will only be symmetrical if
Vi = V,. Since this is not a realistic situation, it can be said
that, despite its symmetrical design, the DDSRF-PLL presents
asymmetrical dynamics.

V. SMALL-SIGNAL MODEL INCLUDING PLL DYNAMICS

This section addresses the impact that the PLL dynamics
have on the current control a8-to-dq transformations (or vice
versa). The currents in the time domain are shown in (19).
As explained in the introduction, in this paper the negative-
sequence currents are considered too, since it is typical to
inject I, in the presence of voltage imbalance.

ia(t) = Ip cos(wit + dip) + I cos(wit + din)
2 2T

in(t) = I, cos(wit + ¢ip — 3 ) + I cos(wit + ¢in + ?)

4 4
ic(t) = Iy cos(wit + dip — —W) + I cos(wit + ¢ + —W)

3 3(19)

ublications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2021.3107045, IEEE

Transactions on Power Electronics

Transfer functions related to A01+ (Vn=5%)

10° . . . . . .

@ PLLI+
O
& PLL2+
3 PLL3+
3 100
3 PLLA4+
& PLL5+
=

1010 PLLG+

-500 -400 -300 -200 -100 0 100 200 300 400 500

Frequency (Hz)

Fig. 11: Comparison of PLL transfer functions related to
tracking the positive-sequence phase-angle (V;, = 5%).
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Fig. 12: Comparison of PLL transfer functions related to
tracking the negative-sequence phase-angle (V, = 5%).

A. SCDN when including PLL dynamics
—
The effect of the DDSRF-PLL on the filtered currents igil .

and ig_}; has to be addressed. In order to do that, the SCDN
needs to be analysed in the same way as it was done for the
DDSRF-PLL. That is to say, the transformations A, B, C, D,
E and F in Fig. 3 need to be analysed separately. Following
this method, this equation is obtained:

T —_— . (o —
thlﬁ = Gdec+(3 (Iidealdq+ - ]Ipej(¢'p ¢VP)A91+ 20)
_j[ne—j(¢an+¢vp)e—QthAgl_)_

—
z'g‘(ll . 1s the signal injected in the current loop (see Fig. 2).

—
A similar expression can be found for ig‘}]f. Note in (20) that

the zg}] . depends on both Ay, and Af;_.

B. Inverter small-signal model when including PLL dynamics

The rest of the frame transformations can be modelled
using (21) (and the negative-sequence version of (21)) which
leads to the inverter small-signal model shown in Fig. 19.

e IO — =301 AL o e—j91+(1 _ ]A91+)

eIOrLr — 03014 o3 A0 ej91+(1 + jAb,) 1)

Now, the expressions for A#y, and A#_ shown in (17) and
in (18), respectively, can be plugged in Fig. 19 to obtain the
complete model. By doing this, it can be seen that the PLL
dynamics, through A6y, and Af;_, introduce in the current

5 x107 5 X 102
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o )
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< <

5 5

4 402 404 406 408 41 4 402 404 406 408 41
Time (s) Time (s)

Fig. 13: Positive- and negative-sequence phase-angle error
created due to a perturbation in the voltage at f, = 200 Hz
(Va = 5%).
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Fig. 14: Explanation of the couplings within the PLL due to
a perturbation in the voltage at f, = 200Hz (V;, = 5%).

control the voltage vector ‘Zg} conjugated, frequency shifted
or both. This means that, for a single frequency component
in V,g, multiple frequency components will appear in the
current, phenomenon that is usually called frequency coupling.
Some of these frequency couplings, however, may be ignored
due to their low magnitude. The detailed reasoning for this
is provided in Section VI-C. In the end, two main frequency
couplings appear in the converter: one through V(jﬂeﬂ“’lt and

one through Vze 721",
Therefore, from Fig. 19, the following equation is obtained:

y—3  __y—
Iy =TF I + TR L
+TF3Vop + TF Vg + TFVips + TFgVap

. s .
+TF7Vge??t + TFVige 121,

(22)
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Fig. 15: Positive- and negative-sequence phase-angle error
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Fig. 16: Small-signal model of a generic SRF-PLL when
tracking a positive- or a negative-sequence phase-angle.

—> 1/s

In Fig. 19, it is shown how extra inputs of 17(1; appear due
to Afy;. These corirgbutions are grouped in T'F'5. Similarly,
thie>xtra inputs of V3 that appear due to Af,_ are grouped in
T F¢. The effect of T'F'5 and T'Fg is to add admittances in par-
allel to the total admittance of the converter (see (23)). Thus,
the final impedance of the converter taking into account the
phase-tracking systerﬂynamios can be calculated with (24).
The expressions for T'F'5 and T Fg are not shown for brevity,
but the final expression for the converter impedance is shown
in (25), where the terms A(s) and B(s) are defined in (28)
and (29).

Yors(s) = —TFs; Yo _(s) = —TFg (23)
— 1 1
Zaﬂ—frame = = ? ? (24)
Y (s) p T Yir + YL+ + YpLL-

A(S; = jI,e?P» %) [Hi(s — jwi) — j K] Gaees (s — jwr)
+5I,e? @) [Hi(s + jwr) + jKa]Gaee(s + jwi)
—jVoHg(s — jwi)Gy(s) + j(Lpe? » %) (Ry + jLwy) + Vp)
(28)

B(s) = jLne @0 [Hi(s + jon ) + jKa] Gaee_(s + joon)
+jIye PO [Hi(s — jwi) — jKq]Gaeor (s — jwr)
—jVaHu(s + jw1)Gy(s) + j(Ine ™ =) (Ry, — jLwn) + Vi)
(29)
— —
The vectors Vze/“t* and Vge /1" are related to the
— —
output current through T'F'; and T F'g, that are the negated
version of the coupling admittances, shown in (26) and (27).
Some overhead arrows in (25) — (29) are omitted for simplicity.
In previous literature [29], it was already shown how the
PLL dynamics may produce a frequency coupling through
Vize?*“1" (i.e., for a perturbation in the voltage f, the current
has a frequency component at f.; = 2f; — f,). What this paper
shows is that, in the cases in which the PLL also tracks the
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Fig. 17: Comparison of PLL transfer functions related to
tracking the positive-sequence phase-angle (V;, = 40%).
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Fig. 18: Comparison of PLL transfer functions related to
tracking the negative-sequence phase-angle (V, = 40%).

negative-sequence phase-angle, the PLL dynamics produce an
extra coupling at fo, = —2f; — f;, as illustrated in Fig. 20.

VI. FREQUENCY COUPLINGS
A. Effect of V,, and I,, on the frequency couplings

In order to understand the coupling generation process,
and how it is affected by the voltage and current imbalance,
different simulations were made in which a perturbation is
set in the voltage and the current spectrum is acquired.
The converter parameters are the same as in the laboratory
prototype, and are listed in Table I. The perturbation frequency
fp was selected as —30Hz because at this point, for the
parameters selected and if V, = 5% and I, = I, = 5A, the
coupling admittances are approximately equal in magnitude
(.e. |Yoi(s)| at 2f1 — f, = 130Hz is approximately equal
to |Yo(s)| at —2f1 — f, = —70Hz). The simulations were
performed with a continuous model in the s-domain without
switches, in order to have cleaner results and avoid possible
switching and modulation couplings.

The results are shown in Fig. 21 and Fig. 22. First of
all, in Fig. 21 a) it can be seen that, even in the case
where the negative-sequence voltage is relatively low and
the negative-sequence current is equal to zero, the second
frequency coupling exists. This is due to the fact that this
second frequency coupling is not directly due to the presence
of V,, but rather to the use of dp in the current control loop,
as it will be explained in detail in Section VI-B. By comparing
Fig. 21 and Fig. 22, however, it can be seen that, when
the voltage imbalance is low, the second frequency coupling
depends significantly on the negative-sequence current. With a
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Fig. 19: Inverter schematic considering the PLL dynamics.

higher I,,, the component at —2 f; — f, considerably increases.
This is due to the fact that, for a low V},, the T Fpp1,_ is ver
high (see Fig. 8) and therefore, it has a big impact on Y,.
Since B(s) multiplies T'Fpr1,_, changing I, has a big impact
on Y;,. This strengthens the idea that considering the impact of
the current imbalance is important for the dynamic modelling
of converters.

In Fig. 22 it can be seen that, once the voltage imbalance
is increased, the second frequency coupling considerably in-
creases too, becoming bigger than the first frequency coupling
and even bigger than the component at —30 Hz. Additionally, it
is noticeable that, in the case of high voltage imbalance, other
frequency couplings start to appear (in this case, for example,
at 170 Hz) due to the LTP dynamics of the DDSRF-PLL. A
question arises, then, as to how many couplings should be
considered in the final converter model. This is addressed in
detail in Section VI-C.

A similar work was performed in the laboratory set-up, and
the results are shown in Fig. 23. This figure shows the contrast
in the current spectrum when there is a perturbation in the
voltage or not. When there is no perturbation, the results are
shown in Fig. 23 a) and the current only has the fundamental
component and a harmonic at 150 Hz, which is probably due
to the effect of the voltage imbalance through the DC voltage.
This component does not appear in the simulations since in
the simulations the effect of the DC voltage is neglected. This
effect has been reported in the literature before [17]. When
the perturbation is injected, it is shown in Fig. 23 b) that
two frequency couplings appear, as predicted in this paper.
Note also that, the magnitude of the harmonics at 70 Hz and
130Hz are shown at the bottom of the oscilloscope images,
where it can be seen quantitatively that the harmonics at these
frequencies increase when there is a perturbation at —30 Hz.

The results in Fig. 23 b) are the same as the simulation re-
sults in Fig. 21 b). The only difference is that the oscilloscope
cannot perform the FFT of the currents in the three-phases,
and thus the sequence of the harmonics cannot be calculated
by the oscilloscope. That is why in Fig. 23 the sequence of the
harmonics is not shown. The frequencies, however, perfectly
match with the analysis in this paper.

B. Origin of the second frequency coupling

In comparison to previous literature, one key difference in
this paper is that it considers a PLL structure that also tracks
the negative-sequence phase-angle. In particular, it is shown
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here that, even if the couplings within the PLL are ignored,
the Opr- has the frequencies +(f, + f1). Consequently, if
fp L is used in the construction of the current control loop,
then an additional frequency coupling at —2 f; — f,, appears (as
illustrated in Fig. 20). Therefore, the frequency coupling is not
directly due to the presence of V;. However, the presence of
V4 is necessary since otherwise the negative-sequence phase-
angle is undefined and therefore it cannot be used to construct
the negative-sequence SRF for the current control, yielding
impossible for this second frequency coupling to appear. In
a sense, a similar situation happens with the first frequency
coupling: the PLL dynamics create the coupling at 2f; — f;,
although it is true that the presence of V, is a pre-assumed
condition so that 0, is defined.

In order to show more intuitively that the second frequency
coupling is due to the use of fp;_ in the current control loop,
another simulation was done with a slightly different DDSRF-
PLL. In this case, the DDSRF-PLL tracks only the positive-
sequence phase-angle, and the negative-sequence phase-angle
is simply calculated by imposing: 0p ;- = —6pr1+. In these
conditions, the equivalent simulation as the one shown in
Fig. 21 b) was done. The results are shown in Fig. 24.

As it can be seen, the current presents no longer the second
frequency coupling. This can be understood by looking at
Fig. 15. If the voltage has a perturbation at f, = 400Hz,
when the DDSRF-PLL in Fig. 5 is used, a 350 Hz oscillation
can be seen in Op 1, and a different oscillation (at 450 Hz)
can be seen in fpry_. This is a different situation from the
case in which Opr ;- = —6pr1s+ since, then, the oscillation at
Opr1- will be seen at 350 Hz. Therefore, it is clear that the
second frequency coupling is not due to the use of a negative-
sequence dq frame in the current control, but rather due to the
use of fpr1_ in the current control.

C. Number of frequency couplings

The LTP dynamics of the PLL have been considered in this
paper. It is shown here that the first round of couplings will
appear at fgq+ + 4f, for Op, and at fgqf + 4f; for Oprr_.
Once the whole converter is considered, numerous frequency
couplings are predicted in the calculations. In particular, when
looking into Fig. 19 it can be seen that, in several instances,
Ay, or Af;_ appear in the small-signal model of the current
control. In total, 13 couplings may appear in the output current:
fao = 2f1 — fo. fo = =2f1 — fo. fo3 = 2f1 + fo, fau =
_2f1 “l‘fp’ ch = 4f1 - fp’ fc6 = _4f1 - fp» fc7 = 4f1 “l‘fp,
Jes = —4f1+ fo, foo = 6f1 = fp, fero = —6f1 — fp, o1 =
6f1 + fo, fo2 = —6f1 + fp, and foi3 = —fp.

A question arises as to how many couplings should be
considered in the model. In order to solve this, different
simulations were done in which a perturbation was imposed in
the voltage at different frequencies, and the coupling currents
were measured. The results are shown in Fig. 25.

As it can be seen in Fig. 25 a), when V, = 5%, all the
frequency couplings are very low in the whole frequency
range, except for fo; = 2f1 — fp and foo = —2f1 — f,. When
V4 increases, as it was shown in Section IV-C, the couplings
in A#y, increase. This results in f; = 4f1 + f, and fs =
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it can be seen in Fig. 22 that f; = 4f1 + f, = 170Hz is still ,
considerably smaller than the other couplings (note that the 10
y-axis is logarithmic). 0 50 100 150 200 250 300
Therefore, it was concluded in this paper that considering Frequebmy ()
only fo = 2f1 — fp and foo = —2f1 — f, was sufficient to ®
achieve engugh accuracy. These couplings are mostly created Fig. 21: Current spectrum as a result of a voltage with
by TFpriar and TFpis., and therefore are not due to the perturbation at f, = —30Hz for V, = 5%. a) I, = 5A

LTP dynamics of the DDSRF-PLL. However, since in some
instances, some of the couplings within the PLL appeared
at these exact frequencies (2f; — f, and —2f; — f;), then
they were considered in the final expression of Y;; and Y,
(in particular, T'Fpry4+ and T Fprrq_). However, it is wort to
note that the contribution of T Fpr14_ and T Fpry4. to Yc; and
Yoo, respectively, is much smaller than such of T Fpyj,, and
T Fpr1,-, respectively.

In any case, if a very accurate model of the converter is
desired, other frequency couplings may be included in the
analysis, albeit with the drawback of handling a more complex
converter model. In the end, depending on the application, a
different decision might be made depending on the trade-off
between accuracy versus complexity.

VII. SIMULATION AND EXPERIMENTAL VALIDATION
A. Simulation and experiment description

In order to verify the model, several computer-simulated and
experimental frequency sweeps were performed. The converter
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I, = 0A; b) I, = 5A I, = 5A. These results are from
simulation.

parameters are the same in the computer model as in the
laboratory prototype, and are listed in Table I. The laboratory
set-up is shown in Fig. 26. The grid emulator generates the
fundamental voltage with the appropriate imbalance level de-
pending on the case study and also the necessary perturbation
for the frequency sweep. The three-phase inverter is controlled
with a current loop and a PLL as described in this paper.

B. Results

The intention is to validate the model for different PLL
parameters and for different voltage and current imbalance
situations. In order to do that, the following case studies are
defined:

o Case A: BWpL =30Hz ; Vi =5% ; I, =1, =5A

o Case B: BWpL = 10Hz ; V, =5% ; I, = I, = 5A

e Case C: BWp L =30Hz ; V, =40% ; I, =1, =5A

plore. Restrictions apply.
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Fig. 22: Current spectrum as a result of a voltage with f / ‘
perturbation at f, = —30Hz for V, = 40%. a) I, = 5A i
I, = 0A; b) I, = 5A I, = 5A. These results are from
simulation. 4
200 di s
TABLE I: Inverter parameters - 50Hz
30Hz
70Hz 130Hz
Description Value | Unit ] = 150Hz
Vie DC Voltage 500 \% L S
-16.00 dBA
Vphase Phase Voltage 1 _| v B T Ly
L Output Inductor 5 mH (b)
Ry, Resistance of Output Inductor 44 m¢§) Fig. 23: Current spectrum when I, = 5A I, = 5A (V, =
Fow Switching Frequency 20 KHz 5%). a) No perturbatloni b) Perturbation in the V.oltage at
fp = —30Hz. The x-axis expands from OHz until 500 Hz
fs Sampling Frequency 20 kHz | in increments of 50 Hz. These results are from experiments.
K, Proportional Constant PI Current 4.7 Q
K; Integral Constant PI Current 41.5 Qs . . 4
results (crosses) for the impedance and both admittances”.

o Case D: BWp L =30Hz ; V, =5% ; I, =1, = 10A

e Case E:BWp, =30Hz;V, =5%;1,=5A;1,=0A

From now on, case A is the base case’. In case B, the
PLL parameters are modified. In case C, the negative-sequence
voltage is increased. In cases A — C the current references are
kept constant as Igsref = Igref = 5 A and Lgyrer = Iqrer = 0A
in order to achieve I, = I, = 5A. In cases D and E these
current references are modified.

The results of these frequency sweeps are shown in Fig. 27 —
Fig. 31 for the different case studies. Firstly, Fig. 27 shows that
the analytical model (line) perfectly matches the simulation

3In case A the PLL constants are: K = 1/\@, Kpprry = KppLL- =
1.71, Kipri+ = Kip- = 228.4. In case B the PLL constants are: K =
1/2, KpPLL+ = KpPLL— = 0.57, KiPLL+ = KiPLL— = 25.4. The ﬁgures in
Sections IV and VI were obtained with the PLL parameters of case A.

The experimental results (circles) also match the analytical
model and the simulations for the impedance and for both
coupling admittances, although, for the coupling admittances,
the phase-angle plot of the experiment results shows some
deviation. This is mostly due to the limitations of the current
probe for low currents (the perturbation in the voltage was set
around 0.5 — 1V, and thus the currents to be measured for
the coupling admittances were on the range of a few dozens
of mA or lower). The difficulty in this measurement lies not
only in the low magnitude of the currents to be measured,
but also in the fact that they have to be measured in a signal
that is dominated by the fundamental, which is several orders

“In reality, Fig. 27 — Fig. 31 show the inverse of the impedance, Y (s) =

1/Z o3 —trame for easier comparison with the coupling admittances. Note that,
if the admittance is accurate, the impedance should be accurate too.
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Fig. 25: Magnitude of the current coupling at different fre-
quencies when I, =5A I, =5A. a) V, = 5%; b) V, = 40%.
These results are from simulations.
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of magnitude higher (several A). In fact, note that, when the
admittance magnitude is higher, and thus the currents to be
measured are higher, the phase-angles obtained in the exper-
iments match perfectly the analytical and simulation results.
The experimental results only show some deviations when the
admittance value is around or below —30dB approximately.
Similar conclusions can be reached in all the other case
studies, which means that the model presented in this paper
is accurate for different PLL bandwidths (case B), different

12

DC power source

Three-phase inverter

Grid emulator

Fig. 26: Laboratory set-up.

levels of voltage imbalance (case C), different output currents
(case D) and different levels of current imbalance (case E).
The results in Section VI-A show how the current and volt-
age imbalance considerably impact the converter couplings. By
comparing Fig. 27 — Fig. 31, this section also shows how the
main impedance (and coupling admittances) of the converter
are modified depending on the imbalance and PLL parameters.

VIII. CONCLUSIONS

A small-signal model for power-electronics converters that
use a double Synchronous Reference Frame current control
is developed and validated in this paper, with simulation
and experimental results. The model is shown to be valid
for different levels of voltage and current imbalance. The
impact of the negative-sequence voltage and current on the
converter frequency couplings is analysed. It is found that the
voltage-imbalance level can have a considerable impact in the
PLL dynamics, which should be taken into account for the
PLL constants design. It is further revealed that the negative-
sequence voltage and current have a relevant effect on the
main impedance or admittance of the converter, and also on
the coupling admittances. In short, the voltage and current
imbalance levels modify the operating point of the converter
and, therefore, its linearized dynamics change. Due to the use
of the negative-sequence voltage phase-angle in the current
control, an additional frequency coupling at —2 f; — f;, appears.
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