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dqg-Frame Impedance Modeling of Three-Phase
Grid-Tied Voltage Source Converters Equipped
With Advanced PLLs

Saeed Golestan
Josep M. Guerrero

Abstract—With the increased prevalence of power converters
in power systems, especially three-phase voltage source converters
(VSCs), the stability analysis of power electronics-based power
systems has received much attention recently. To this end, different
impedance models, such as the dg-domain, sequence-domain, and
phasor-domain impedance models among others, have been devel-
oped for three-phase VSCs in recent years. A common trend in all
these impedance models, which have no noticeable practical advan-
tage compared to each other, is considering a standard synchronous
reference frame phase-locked loop (SRF-PLL) for the synchro-
nization of the VSC with the power grid. The standard SRF-PLL,
however, has a limited filtering ability and, therefore, may not be
very practical in most applications. To deal with this shortcoming of
the SRF-PLL, a great number of advanced three-phase PLLs have
been proposed in the literature. These advanced PLLs may have
different feedback/feedforward loops and filters in their structures,
which make including their dynamics in the available impedance
models complicated. Bridging this gap in research is the objective
of this article. To this end, it is demonstrated that advanced three-
phase PLLs have an alternative representation, which can be easily
obtained and included in the available dg-frame impedance model.
Several case studies are presented to verify this idea.

Index Terms—dq frame, filters, impedance model, phase-locked
loop (PLL), stability, synchronization, synchronous reference
frame (SRF), three-phase systems, voltage source converter (VSC),
weak grids.

I. INTRODUCTION

ITH recent development in power electronics technol-
W ogy and signal processing devices, three-phase power
converters are more and more employed in the generation,
transmission, and distribution power systems [1]. For instance,
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on the generation side, they are widely used for grid interfac-
ing renewable energy sources, such as photo-voltaic and wind
systems, which have received much attention recently because
of the adverse environmental effects of conventional fossil fuel
power plants. The three-phase power converters are also building
blocks in applications like high-voltage dc transmission and
flexible ac transmission systems on the transmission side of
power systems.

Among different technologies of power converters, voltage
source converters (VSCs) are particularly popular thanks to their
high efficiency [2], [3]. The grid-tied VSCs are often controlled
as a current source, which means they are regulated to inject a
controlled current to the grid.

With the increased utilization of power electronic convert-
ers, especially three-phase current-controlled VSCs, analyzing
stability issues in power electronics-based power systems has
received considerable attention. Two pioneering research papers
in this area are [4] and [5]. Inspired by the impedance-based
stability criterion in designing switching regulators [6], it has
been shown in [4] that the stability of a grid-tied VSC can
be evaluated by applying the Nyquist stability criterion to the
ratio of the grid impedance to the VSC output impedance.
In [5], the dg-frame impedance modeling of a grid-tied VSC
has been presented, which was later refined in [7]. The VSC
output impedance is represented by 2 x 2 matrices in these
works. Therefore, the generalized Nyquist stability criterion is
adopted for analyzing the interaction between the VSC output
impedance and the grid impedance. One of the main contribu-
tions of [5] and [7] is probably considering the dynamics of the
phase-locked loop (PLL) during the impedance modeling. It is
demonstrated in these works that the PLL, which is often used
for the synchronization of the VSC with the power grid, causes
a negative resistor behavior in the VSC output impedance. This
negative resistor, which may adversely affect the VSC stability
under weak grids, is affected by the PLL bandwidth and the VSC
power rating.

In [8], it is discussed that the dg-frame impedance modeling
of VSCs has some drawbacks, such as the tight coupling of
its d- and g-axis elements and the difficulty of its physical
interpretation among others. To deal with these limitations,
the sequence-domain impedance modeling of grid-tied VSCs
in the stationary reference frame is proposed in [9], which
involves the harmonic linearization, i.e., the linearization of the
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nonlinear system around a periodic trajectory [8]. According
to this impedance model, the positive- and negative-sequence
output impedance of the three-phase VSC are decoupled in a
balanced system and, therefore, can be determined using a single
measurement.

In [10] and [11], it is proved that the positive- and negative-
sequence impedance of the converter is not completely decou-
pled. In fact, because of the PLL of the VSC, there are couplings
between the positive- and negative-sequence impedance of the
three-phase VSC, even when the system is balanced. It is shown
in [10] and [11] that neglecting these couplings may result in
some inaccuracies in evaluating the VSC stability.

In [12], a relationship between the VSC impedance models in
different domains is established. To be more exact, it is demon-
strated in [12] that the modified sequence-domain impedance
model [10] and the dg-frame impedance model [7] are math-
ematically equivalent. It means that the VSC stability analysis
using both of these models will give the same result. It also
means that they can be obtained from each other by applying a
linear transform. It is also demonstrated in [12] that applying a
model-order reduction to these two models results in the original
sequence-domain impedance model [9].

In addition to the above models, some other impedance mod-
els for VSCs may also be found in the literature. In [13], for
example, a phasor-based impedance model is presented, which
is equivalent to the dg-domain and modified sequence-domain
impedance models. In [14], the direct derivation of the VSC
impedance model in the stationary reference frame using a
complex space vector method is proposed, which is slightly
different from the modified sequence-domain model.

In all these impedance models, which have no noticeable
practical advantage compared to each other, often a standard syn-
chronous reference frame PLL (SRF-PLL) is considered for the
grid synchronization of three-phase VSCs. In many applications
(e.g., in microgrids and weak grid scenarios), however, using the
standard SRF-PLL may not be very practical as the grid voltage
may be imbalanced and highly contaminated by harmonics,
interharmonics, and dc offset, and the standard SRF-PLL has
a limited ability to filter these disturbances. To deal with this
limitation of the standard SRF-PLL, a great number of advanced
three-phase PLLs have been designed and proposed in [15].
These PLLs have a great diversity and may include different
types of filters and feedback/feedforward loops in different
reference frames in their structures. Therefore, including their
dynamics in the VSC impedance model can be very complicated,
especially for those who are not experienced in the field. Bridg-
ing this gap in research is the main objective of this article. To this
end, it is demonstrated in this article that advanced three-phase
PLLs have an alternative representation, which can be simply ob-
tained and included in the dg-frame impedance model presented
in [7]. Notice that the impedance modeling in the dq frame does
not limit the usefulness of this idea because, as mentioned before,
different impedance models are mathematically equivalent to the
dg-frame one and, therefore, can be simply obtained from it by
applying linear transformations. To facilitate understanding of
the proposed idea, some case studies and examples are presented.
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Fig. 1.
of the VSC. (¢) PLL of the VSC.

(a) Three-phase VSC for grid-tied applications. (b) Current controller

The rest of this article is organized as follows. In Section II,
an overview of the dg-frame impedance modeling of a three-
phase current-controlled VSC with a general PLL structure is
presented along with the discussion that the available advanced
three-phase PLLs have an alternative representation in this gen-
eral form, which can be obtained by following a straightforward
procedure. To better understand this idea, three case studies
are presented in Section III. Some discussions are presented
in Section IV. Finally, Section V concludes this article.

II. OVERVIEW OF dg-FRAME IMPEDANCE MODELING
A. Assumptions

Fig. 1(a) illustrates the block diagram representation of a
three-phase VSC for grid-tied applications, where its current
controller and PLL are as shown in Fig. 1(b) and (c), respectively.
In this structure, vgpe, Labe, and Ve are the grid voltage, the VSC
output current, and the dc-link voltage, respectively. mgp. is the
reference signal for the pulsewidth modulation (PWM). L and
R are the inductance and resistance of the L-filter, respectively.
kp,cc and k; c. (kpp and k; ) are the proportional and integral
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gains of the proportional-integral (PI) regulator of the current
controller (PLL), respectively. 87 and wP are the output phase
angle and angular frequency of the PLL, respectively. i and
ifff are the d-axis and g-axis reference currents, respectively. kg
is the decoupling term. H11(s), Hy2(s), Ha1(s), and Hao(s) are
some generic transfer functions in the PLL structure.

In what follows, an overview of the dg-frame impedance
modeling of the grid-tied VSC in Fig. 1 is presented [7]. Before
presenting the overview, some assumptions are made. As the
main objective of this article is demonstrating the procedure
for including the dynamics of advanced three-phase PLLs in
the VSC’s dg-frame impedance model, and the PLL dynamics
mostly affect the VSC output impedance in the low-frequency
range, the PWM, and computational delays, which have a small
effect in the low-frequency range, are ignored [13]. A constant
dc-link voltage is also assumed throughout this article, which
means the dynamics of the dc-link voltage controller of the VSC
are neglected. The grid voltage frequency is also assumed to be
fixed at its nominal value, i.e., w,,.

B. Relationship Between Variables in Grid and PLL dg Frames

An important point to keep in mind is that the VSC has
two dq frames: the PLL (current controller) dg frame and the
grid dg frame, which are indicated by the superscripts p and g,
respectively. Equation (1) defines the VSC signals in these two
dq frames, where the uppercase denotes the working point and
~ indicates a small perturbation

g Zg g _ ~g 9 _

Zd—Id+Ed my = Mg +my vy =Vi+ 0y
g — g 9 — 797 9 — =9
i _Iq—i—zq mg Mqumq vy [/quvq

ey
Note that a given signal has the same working point in both dg
frames. Also, note that the working point of the voltage in the
g-axis, i.e., Vg, is equal to zero. This fact can be concluded from
the PLL structure in Fig. 1(c).

If we consider the phase displacement between two rotating
frames as A = 0P — 09, where 0P and 09 are the rotating angles
of the PLL and grid dgq frames, respectively, and consider the
Park’s transformation as (2), the signals in these two frames
can be related to each other as expressed in (3), where z is an
arbitrary signal

T =[5 |50 ST (- ) o )
@)
] = [ty o] ] o

In the working point, the phase displacement is zero, i.e., two dg
frames are aligned. By considering a small perturbation in the
phase displacement between two frames, we have
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Xa+ah] cos(Aé)~ sin(AH:) Xa+ 29
Xy +3h| | —sin(A) cos(A0)| | Xg + 7Y

1 A [Xa+39] | [Xa+39+ X A0
TlAG 1] X+ 3] T Xy + 29— XaAd
“
which is corresponding to
P =9 N
T I F —|—XqA9~
L?é’} N [wz] + [l ©

Note that the term Af in the above equation, according to the
PLL structure in Fig. 1(c), is equal to

G (s)

—TN—
kp_,ps + kz

Af(s) = 2 { Ho1(5)Ty(s) + Haz(s)05 (s) }

~ Go(s) { Har (s) [5(5) + V,20(5)|
+Has(s) [54(s) = Vatrd(s)| } ©)

or equivalently

Gpria(s)
~ - Gb(S)H21(S) ~g
A T GG Hae)Va — Ha (w7 4
Gb(S)HQQ(S) 59 (s
T T Gols) [Has (5)Va — Haa (5)V,) Bals) )
Gz (s)

Considering (5) and (7), the following relationships between
the signals in the two dg frames can be found [7]:

G (s)
]~ e S| (30
®)
G (s)

FZ(S)} ~ E-‘%(S)] + [ IyGrrii(s)  IgGruia(s) } Fg(s)}

i(s) (s) —14Grrri(s) —LaGruiz(s)] |9 (s)
)
GpiL(s)
{ﬂg(s)} - |:1+V:1GPLL1(5) VyGpLLa(5) } FZ(S)]
b (s) ~VaGprLi(s) 1—VaGpria(s)| |99(s)] "
(10)

C. VSC Impedance Modeling
The averaged model of the VSC in the abc frame can be

expressed as

diabc(t) o Vdc
a 2

Riabc(t) + L mabc(t) - vabc(t)~ (1 1)
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Transferring (11) to the grid dg frame results in

i (t) dig(t) 0 —ILw?] [i(t)
fliaw | TF azw | Lwe 0 | w0
 Vae | M) vg(t)

T2 mge) ] |ue | (12

Considering the definitions in (1), the above equation can ex-
pressed in the Laplace domain as

G.(9)
R+ Ls —Lw? | [#(s)| Vi [m(s) v(s)
+Lw? R+Ls||i9(s)| 2 |mis) ug(s) |

(13)
By substituting (8) into (13) and considering the current con-
troller in Fig. 1(b), we have

GZ(S) Ejzz; Vae

2

mm

s)
Ve v3(s)
— I - —=—G% 14
< 5 PLL(3)> [@g(s) (14)
where I is the identity matrix, Gec(s) = k‘”%%cl , and
10—k
Gdec - kd 0

Substituting (9) into (14) gives the dg-frame impedance of the
VSC as (15), as shown at the bottom of this page.

III. IMPEDANCE MODELING OF VSC EQUIPPED WITH
ADVANCED PLLs

Equation (15), as mentioned before, is the output impedance
of the VSC in the dq frame, which has been obtained for the
PLL structure shown in Fig. 1(c). Most of advanced three-phase
PLLs, however, have different structures from Fig. 1(c). To
be more exact, they may have different kinds of adaptive or
nonadaptive filters and feedback/feedforward loops in differ-
ent reference frames in their structure, which make the VSC
impedance modeling complicated, especially for those who are
not experienced in the field. This article, as mentioned before,
aims to address this difficulty. The key idea is that, roughly
speaking, all advanced three-phase PLLs, regardless of their
structure, have an alternative representation that is the same as
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-+—Prefiltering stage—

Fig. 2.
in the a3 frame.

Popular form of advanced three-phase PLLs characterized by a prefilter

Fig. 1(c) from the structural point of view. It can be proved that
this alternative representation of advanced three-phase PLLs,
which is referred to as the standard-form counterpart (SFC),
is mathematically equivalent to the original structure from the
small-signal point of view. Therefore, for obtaining the dg-frame
output impedance of VSC equipped with an advanced PLL, one
just needs to find its SFC. To better understand this idea, three
case studies are presented in what follows.

A. Case Study 1

A greatnumber of advanced three-phase PLLs have a structure
as shown in Fig. 2 [16], in which ©,, and 03 are the estimation
of the fundamental component of v, and vg, respectively, g0
and ¢¥g are the quadrature (90° phase-shifted) versions of 9,
and ¥, respectively, and @Iﬁ denotes the estimation of the grid
voltage fundamental-frequency positive sequence (FFPS) com-
ponent in the a3 frame. In such PLLs (see Fig. 2), a prefiltering
stage between abc — a3 and o — dq transformations exists.
This prefiltering stage, which is frequency-adaptive, is directly
coupled with the SRF-PLL control loop through a feedback
loop. The main responsibility of this stage is extracting the FFPS
component of the grid voltage in the o3 frame. If it is required, it
may also extract the fundamental-frequency negative sequence
(FFNS) component of the grid voltage and even its harmonic
components.

The prefiltering stage in Fig. 2 includes two identical real (as
opposed to complex) filters and a so-called a5-frame positive
sequence calculator (PSC,3). Each filter adaptively extracts
the fundamental component of its input signal and its 90°
phase-shifted version. These filters can be realized in different
ways. The methods based on the all-pass filter [ 17], second-order
generalized integrator (SOGI) [18], [19], third-order generalized
integrator (TOGI) [20], [21], fourth-order generalized integrator
(FOGI) [22], [23], third-order scalar filter [24], enhanced PLL
(EPLL) structure [25], and the series/parallel connection of
these filters [26], [27] and their mixed application [28] are just
few examples among others. For a detailed review of possible
options, refer to [15], [16], and [29].

_ Vae
2

Vae

Zug(s) ~ (I G () +

- (Guels) - Gaee) Gl () (Gale) +

Vdc
2

(Geels) - Gdec>> 15)
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The outputs of the two filters in Fig. 2 are fed to the PSC 3.
This unit calculates the grid voltage FFPS component according
to the instantaneous symmetrical component (ISC) theory in the
a3 frame as follows [19]:

. 1, .

0 = 5 (ba — gdp)

ot = L oy 4 gis 16
03 = 5 (05 + qa). (16)

1) Obtaining SFC: The two filters in Fig. 2 are frequency-
adaptive. Therefore, strictly speaking, their input and output
signals cannot be related to each other using transfer functions.
However, because the grid frequency was assumed to be fixed at
its nominal value (see Section II-A) and because the small-signal
impedance modeling of the VSC is intended here, the feedback
signal w? to the prefiltering stage can be assumed (quasi-)
constant. In this case, each filter in Fig. 2 can be characterized
by two transfer functions expressed as follows:

Bals) _ sle)
val) ~wp(s) ~ P)
gin(s) _avsls)
o)~ vp(s) el an

Using (16) and (17), the output signals of the PSC,z in the
Laplace domain can be expressed as

1

5 (05(5) + 40a(5))

(va(s) + jva(s)) -
(18)

It is known that transferring a filter from the o3 frame to the dg
frame is corresponding to a frequency shift (equal to the angular
speed of the dq frame) in the transfer function of the filter [30],
[31]. As the angular speed of the dgq frame in Fig. 2 is w?, the
result of transferring (18) to the dg frame is

vg(s) + jvg(s)

_ Hplsc+ ju) + Mo £ 167) (o 1 jup(s))

H(s)

(Pa(s) = q0s(s)) +J

=3
_ Hp(s) + jHg(s)
2

19)

In the above equation, H (s) is a complex-coefficient transfer
function,! which can be divided into its real and imaginary parts,
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i H,,(5) = Re[H(s)] @ﬂ»

H, (s)= Im[H(s)]

H,,(s) = Im H(S)]

Fig. 3.

SFC of PLL structures in Figs. 2 and 9.

i.e.,, H(s) = Re[H (s)] + j Im[H (s)]. Therefore, in the matrix
form, (19) is corresponding to (20), as shown at the bottom of
this page.

Considering (20), the SFC of Fig. 2 can be obtained as
depicted in Fig. 3. Note that the coefficients of the transfer
function H (s) may include w?, which needs to be replaced by
its nominal value, i.e., w,,.

For reader’s convenience, the procedure of obtaining the SFC
of Fig. 2, which is shown in Fig. 3, is summarized in what
follows.

1) Step 1: Assume the frequency feedback signal w? to the
two filters in Fig. 2 as a constant, and obtain the charac-
teristic transfer functions of these filters, as expressed in
7.

2) Step 2: Obtain the transfer function H (s) as expressed in
(19).

3) Step 3: Replace w? by w,, in the transfer function H (s),
divide H (s) into its real and imaginary parts, and obtain
Hy1, Hi5, Ho1, and Hyo, as expressed in (20).

4) Step 4: Obtain the SFC of Fig. 2, as shown in Fig. 3.

2) Example: Here, as an example, the TOGI proposed in [21]

is considered for implementing the two filters in Fig. 2. Fig. 4
shows the block diagram of the resulting PLL, which is referred
to as the dual TOGI-based PLL (DTOGI-PLL). The TOGI,
which is highlighted by a dashed box in this structure, is an
extension of the SOGI. To be more exact, the TOGI is realized
by adding an integrator in parallel with the SOGI. This additional
integrator makes the SOGI immune to the disturbance effect of
a possible input dc component and, at the same time, provides
an estimation of this component.

The SFC of the DTOGI-PLL is as shown in Fig. 3. The transfer
functions Hq1, H1s, Ha1, and Hyo in this representation can be
readily obtained as expressed in (21) and (22), shown at the

!In special cases, it may be a real-coefficient transfer function.

Hyi(s) Hia(s)
P P
’Ud(S) — R‘e [H(S)] - Im [H(S)] Ud(s) (20)
@g(s) Im [H(s)] Re[H(s)] vé’(s)

—_— —
Hai(s) Haz(s)
o k wns°+(kz+k k )wzs4+5k w‘353+(3k2+4k k )w452+4k w s+2k

Hii(s) = Hao(s) = 236+4(k0+k1)wns°+;(k2+2k0k1+13241r5) 2 4+(16k0+12k1)w3s3o+(18k2+12k0k11+4k2+8)w4sz+8k1wi s+2k2w8 2D
HQl(S) _ 7H12(S) _ (kl+k0k1)wis3+(k%+4kok1)w,‘zS

250 +4(ko+k1)wns5+2(k3+2kok1+kf+5)w2 s+ (16ko+12k1 )w3 53+ (8kZ+12ko k1 +4k3 +8)wi s2+8k1wh s+2kTwf

(22)
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Fig. 4. Block diagram of the DTOGI-PLL. k¢ and k; are the control gains of the TOGI.
Test 1: 0.25 p.u. voltage sag in phase A . addi o !
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Fig. 5. Numerical comparison between the DTOGI-PLL (see Fig. 4) and its SFC (see Fig. 3). (a) Test 1. (b) Test 2. (c) Test 3. The control parameters of the

DTOGI-PLL can be found in Table I. The transfer functions Hy1, Hi2, Ho1,

and Hoz in the SFC of the DTOGI-PLL are as expressed in (21) and (22). The

nominal amplitude and nominal frequency of the grid voltage throughout this paper are 1201/2 and 50 Hz, respectively. Both the DTOGI-PLL and its SFC are

discretized with a sampling frequency of 20 kHz.

bottom of the last page, by following the step-by-step procedure
summarized at the end of the previous section.

3) Verification: The SFC of the DTOGI-PLL is supposed to
be an alternative mathematically equivalent representation of the
DTOGI-PLL from the small-signal point of view. This section
aims to evaluate this issue. To this end, the following tests are
considered.

1) Test 1: 0.25 p.u. voltage sag in phase A happens.

2) Test 2: 0.05 p.u. dc component to phase A is added.

3) Test 3: 10° phase jump happens.

Both simulation and experimental results of these tests
are presented. The simulation results are obtained using
MATLAB/Simulink, and the experimental ones are based on the
dSPACE 1006 platform. A Chroma 61845 grid simulator gen-
erates the three-phase grid voltage signals in the experimental
verification.

Figs. 5 and 6 are the simulation and experimental results.
Note that, to save space, only the experimental results of
Test 1 and 2 are shown here. Note also that the experimental
results only include the estimated frequency because the phase
angle of the three-phase grid voltage signals is unknown. The
main observation from the simulation and experimental results,
which are completely in agreement, is that the DTOGI-PLL and
its SFC have very close outputs and, therefore, are equivalent
systems from the small-signal point of view.

The above tests were small-signal tests. In this stage, it may be
interesting to compare the DTOGI-PLL and its SFC in response
to a more severe disturbance. To this end, a quite large phase
jump (30° phase jump) test is considered, which its results
are shown in Fig. 7. A small difference between the results of
the DTOGI-PLL and its SFC is observed. Understanding the
reason behind this difference requires a brief explanation of the
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TABLE I
PLLs’ CONTROL PARAMETERS
Value of PLL’s control parameters
DTOGI-PLL  k, , = 0.443 rad/s, k; , = 16.873 rad/sz, k1 =2, ko =02
3phEPLL kpp = 0.626 rad/s, k; , = 33.747 rad/s2, 1= 2w, = 628.32 rad/s
mSRF-PLL kpp = 0.684 rad/s, k; ,, = 48.625 rad/sz, ky, = 142.17 rad/s, ko = 71.09 rad/s
ROGI-PLL kp,p = 1.064 rad/s, k; , = 57.61 rad/sz, k1 = 222.14 rad/s, w; = 54.16 rad/s
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coupling between different variables in the PLL systems. In all
PLLs, including the DTOGI-PLL, the phase and frequency vari-
ables are estimated in acommon loop. It means that a phase jump
results in some spurious transients in the estimated frequency
(refer to [32] for more details). The magnitude of these tran-
sients is proportional to the magnitude of phase jump. In other
words, a large phase jump causes large spurious transients in the
estimated frequency. In obtaining the SFC of the DTOGI-PLL,
however, it was assumed that the estimated frequency, which is
fed back to the prefilter, is a constant. The inaccuracy caused
by this assumption under large phase jumps is the main reason
behind the difference between the results of the DTOGI-PLL
and its SFC in Fig. 7.

As mentioned before, the dg-frame output impedance of a
current-controlled VSC equipped with an advanced PLL can
be accurately obtained using the analytic equations reviewed in

d-channel reference current (i;"‘f ) 200 A

g-channel reference current (i;°/) 0A

Grid angular frequency (w?) 2750 rad/s
Proportional gain of the current controller (k, ..) 0.04
Integrator gain of the current controller (k; .) 5Q/s
Decoupling term (kq) 00

Section ITif we have the SFC of that PLL. The correctness of this
ideais verified for the case of the DTOGI-PLL here. To this end,
the DTOGI-PLL is considered for the grid synchronization of
the current-controlled VSC in Fig. 1(a). The analytical dg-frame
output impedance of the VSC is then obtained using the SFC of
the DTOGI-PLL and the analytical expressions in Section II.
Finally, this analytical prediction is compared with the output
impedance obtained using the frequency sweep simulation of the
current-controlled VSC. The method presented in [33] is used for
obtaining the dg impedance sweep. Fig. 8 shows the obtained
results. Regardless of a small error in the very-low-frequency
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Fig.9. Popular form of advanced three-phase PLLs characterized by a prefilter
in the abc frame.

range of Zy, [see Fig. 8(b)], it is observed the analytic equation
and frequency sweep simulation have well-matched results.

It is worth mentioning here that Z;, [see Fig. 8(b)] has a
very small magnitude compared to the other elements of the
impedance matrix in the low-frequency range, which makes its
measurement using frequency sweep more sensitive to numeri-
cal issues. That is the main reason behind the small error in the
very-low-frequency range of Fig. 8(b).

B. Case Study 2

Many advanced three-phase PLLs in the literature have a
structure similar to Fig. 9, [15], [34], in which ¥,, U, and 0,
are the estimation of the fundamental component of v,, vy,
and v,., respectively, q04, qUp, and g0, are the quadrature (90°
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phase-shifted) versions of v,, vp, and v, respectively, and ﬁjbc

denotes the estimation of the grid voltage FFPS component in
the abc frame. The prefiltering stage in this structure, as shown
in Fig. 9, is implemented in the abc frame and includes three
filters and a PSC in the abc frame (PSC,;..). Each filter extracts
the fundamental component of a phase signal and its quadrature
(90° phase-shifted) version. The outputs of these filters are fed
to the PSC,.. This unit calculates the FFPS component of the
grid voltage in the abc frame based on the ISC theory, as follows:

1 1 1
F = 204 — = (0 + ) — ——= (b — g
a = 30— 5 0+ ) 2\/§(qb avc)
1 1 1
AJr:iA_iA N s P
Up 31)1, 6 (vc + 'Ua) 2\/?*) (qvc qva)
1 1 1
O = =0, — = (Vg + D) — —= (q0a — qlyp) . 23
F=gte— gt w) - o lata—ah). @Y

1) Obtaining SFC: As far as the phase angle estimation of
the FFPS component of the grid voltage is concerned, as it is
the case here, Figs. 2 and 9 are the same PLLs.2 The reason
is that, roughly speaking, the input signals in Figs. 2 and 9 are
subjected to the same course of actions, but in a different order,
before transferring to the dg frame. It implies that the SFC of
Fig. 9 will be the same as that of Fig. 2 (see Fig. 3) and, therefore,
it can be obtained by following the same procedure (refer to the
end of Section ITI-A1). An example is presented in what follows
to make this fact more clear.

2) Example: Fig. 10(a) illustrates an advanced three-phase
PLL, which uses three EPLLs as the filter for extracting the
fundamental component of the three-phase input signals and
their quadrature version [25]. This structure is briefly referred
to as the 3phEPLL here. The EPLL can be self-adaptive or it can
receive an estimation of the grid frequency from the SRF-PLL.
The latter case is considered here. By changing the order of
operations on the three-phase input signals before transferring
them to the dg, an alternative representation of the 3phEPLL can
be obtained, as depicted in Fig. 10(b). Now, using this structure,
the step-by-step procedure summarized at the end of Section I1I-
Al can be followed for obtaining the SFC of the 3phEPLL. Note
that the SFC of 3phEPLL is shown in Fig. 3.

Here, a minor challenge can be finding the input-output
transfer functions of the EPLL, as it involves the calculations
of sine and cosine functions in its structure [see the dashed box
in Fig. 10(a)]. This challenge has already been addressed in the
literature. According to the guidelines presented in [35], if the
feedback signal w? is assumed to be constant, the characteristic
transfer functions of the EPLL in Fig. 10(b) can be obtained as

s) = ﬁa(S) — @5(‘9) _ s
HD( ) UQ(S) 1}/3(5) 52 + s + (wl’)2
s) = q0a(s) _ qva(s) _ P
HQ( ) Vo (8) ’Uﬁ(s) 2+ s + (wp)2- (24)

The difference between the PLL structures shown in Figs. 2 and 9 lies in
the ability of estimating the zero sequence component. Without using any extra
filter, the PLL structure in Fig. 9 can be easily extended to provide an accurate
estimation of the zero sequence component of the grid voltage. It is, however,
not the case for the PLL structure in Fig. 2.
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of—>dq

(®)
Fig. 10.  (a) Block diagram of the 3phEPLL. (b) Alternative representation of the 3phEPLL.
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Fig. 11.  Numerical comparison between the 3phEPLL [see Fig. 10(a)] and its SFC (see Fig. 3). (a) Test 1. (b) Test 2. (c) Test 3. The control parameters of the

3phEPLL can be found in Table I. The transfer functions H11, Hi2, H21, and Hag in the SFC of the 3phEPLL are as expressed in (25) and (26).

Using (24) and the step-by-step procedure in Section III-A1, the
transfer functions Hqq, Hi2, Ho1, and Hos in the SFC of the
3phEPLL can be obtained as

Hll(S) = HQQ(S)

B us® + p?s? + dpw? s + 2ucw?
2851+ 4pus3 4 (22 + 8w2)s? + Suw? s + 2ucw?
H21(8) = —H12(8)

(25)

B 12wy s
28t 4psd + (2u2 + 8w2)s? + 8uw? s + 2p2w?

. (26)

3) Verification: Here, a comparison between the 3phEPLL
and its SFC in response to the same tests as those defined in
Section III-A3 is carried out. The comparative simulation and
experimental results can be observed in Figs. 11 and 12, respec-
tively. It is observed that the simulation and experimental results
are completely in agreement, which confirms the 3phEPLL and
its SFC are equivalent from the small-signal point of view.

To further support the small-signal equivalence of the 3phE-
PLL and its SFC, the 3phEPLL is considered for the grid
synchronization of the current-controlled VSC in Fig. 1(a), and
its dg-frame output impedance is obtained using the frequency
sweep simulation. These simulation results are then compared
with the analytical dg-frame impedance model of the VSC
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(see Section II), which is obtained using the SFC of the 3phE-
PLL. The obtained results can be observed in Fig. 13. It can be
observed that, regardless of a small error in the low-frequency
range of Z,4, [see Fig. 13(b)], the frequency sweep simulation
and analytical prediction have well-matched results.

C. Case Study 3

We often know the SRF-PLL, which is the basic build-
ing block of almost all advanced three-phase PLLs, as shown
in Fig. 14(a). The SRF-PLL, however, has an alternative
mathematically-equivalent representation, which can be ob-
served in Fig. 14(b) [36]. The key feature of this representation is
generating the error between the grid voltage three-phase signals
and their FFPS component, which can be used for detecting
the grid voltage disturbance components (dc offset, harmonics,
interharmonics, and FFNS component) and mitigating their
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Fig. 14. (a) SRF-PLL. (b) Alternative representation. V'? is the estimated
amplitude. ky is a scaling factor, which depends on the Park’s Transformation.

Here, it is equal to ky = /2/3.
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Fig. 15. Popular form of advanced three-phase PLLs characterized by a
parallel filter.
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Fig. 16.  (a) Block diagram of the mSRF-PLL. (b) Alternative representation
of the mSRF-PLL, which is obtained by transferring the filtering stage before
its Park’s transformation to the dg frame. (c) SFC of mSRF-PLL.

adverse effects on the SRF-PLL performance, as shown in
Fig. 15 [36]. Some interesting points about this PLL structure
are listed as follows.

1) The filter block in Fig. 15 works in parallel with the SRF-
PLL.

2) The filter block may itself include N parallel subfilters,
where each one is tuned to a concerned disturbance
frequency. These subfilters are not necessarily ordinary
filters. They can, for example, be some other SRF-PLLs
tuned to concerned harmonic frequencies [37].

3) Contrary to the PLL structures in Figs. 2 and 9, where
the filters are adapted to frequency changes through a
frequency feedback loop to avoid phase and amplitude
errors in the PLL output under frequency drifts, the filter
block in Fig. 15 is not necessary to be frequency-adaptive.
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The reason is that this filter, from the point of view of esti-
mating the FFPS component, is located within the control
loop and, therefore, does not cause phase and amplitude
errors in the PLL output under off-nominal frequencies.
However, if the presence of harmonic disturbances under
off-nominal frequencies is expected, using adaptive filters
is recommended.

By considering the fact that Fig. 14(a) is the SFC of Fig. 14(b),
one may easily obtain the SFC of Fig. 15 by transferring the
dynamics of its filter block to the dg frame. To better understand
this procedure, a simple example is presented in what follows.

It is known that the presence of the dc offset in the grid
voltage may have adverse effects on the PLL and, therefore,
grid-connected power converter performance.® In [21], it is
demonstrated that this problem can be easily addressed by
considering the filter block in Fig. 15 as a simple integrator.
Fig. 16(a) shows this idea, which is called the modified SRF-PLL
(mSRF-PLL).

For obtaining the SFC of the mSRF-PLL, all elements before
the Park’s transformation need to be transferred to the dgq frame.
Recall that Fig. 14(a) is the SFC of Fig. 14(b). Considering this
fact and the guidelines presented in Section I1I-A 1, an alternative
mathematically equivalent representation of Fig. 16(a) can be
obtained as depicted in Fig. 16(b). Note that the integrator in
the abc frame, i.e., ko/s, turns to a reduced-order generalized
integrator (ROGI) with the center frequency at —w? in the dg
frame, i.e., ko /(s + jwP). By fixing the center frequency at —w,,
and applying some simple mathematical manipulations, the SFC
of the mSRF-PLL can be obtained, as shown in Fig. 16(c).

Figs. 17 and 18 are the comparative simulation and experi-
mental results of the mSRF-PLL and its SFC in response to the
tests defined in Section III-A3. These results demonstrate that
they are equivalent from the small-signal point of view. Fig. 19,
which compares the dg-frame output impedance of the VSC in
Fig. 1(a) obtained using frequency sweep simulation with the
analytically calculated one, further supports this equivalence.
Note that in the frequency sweep simulation, the actual mSRF-
PLL is used for the grid synchronization of the VSC, and the
analytical prediction is based on the SFC of the mSRF-PLL.

IV. DiscusSION
A. Complex-Coefficient Filters

The prefiltering stages in Figs. 2 and 9, as it was discussed
before, involve using a PSC, which calculates the FFPS com-
ponent of the grid voltage from the outputs of filters in the
af or abc frame. Each filter in these PLLs operates only on
a single signal and extracts its fundamental component and its
quadrature version. Such a filter is often called a real filter.
Another type of filter, which is highly popular in designing PLLs,
is the complex-coefficient filter (CCF) [15], [39]. A CCF, which
operates simultaneously on two orthogonal signals (axes), has

3The presence of the dc offset in the grid voltage causes fundamental-
frequency oscillatory errors in the output phase angle of the PLL, which may
cause a dc injection by the converter to the grid [38]
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Test 1: 0.25 p.u. voliage sag in phase A

Test 2: adding 0.05 p.u. dc component to phase A
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Fig. 17. Numerical comparison between the mSRF-PLL [see Fig. 16(a)] and its SFC [see Fig. 16(c)]. (a) Test 1. (b) Test 2. (c) Test 3. The control parameters of

the mSRF-PLL can be found in Table I.
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an asymmetrical frequency-response around zero Hz and, con-
sequently, a sequence-selective (frequency-selective) property.
Thanks to this property, a complex-coefficient prefilter does not
require a PSC. The key points about obtaining the SFC of a PLL
with a complex-coefficient prefilter are listed as follows.

1) A CCF-based prefilter is often implemented in the af3

frame [39]. In this case, the procedure for obtaining the
SFC of the PLL is the same as discussed before in Sec-
tion ITI-Al.
Implementing CCF-based prefilters in mixed «/3/dq
frames or abc/dq frames have also been reported in the
literature [40] and [41]. In this case, one needs to ob-
tain the pure a5-frame counterpart of the prefilter before
performing the procedure presented in Section III-A1 for
obtaining the SFC of the PLL.

2)

B. Presence of Lag Filter in the Frequency Feedback

In the PLL structures shown in Figs. 2 and 9, which were
studied in Sections III-A and III-B, respectively, the estimated
frequency is directly fed back to the prefiltering stage. Some-
times, however, a lag filter may also be included in the frequency
feedback loop [42], [43]. There are two main reasons for using
such a filter; the first one is mitigating the dynamic coupling be-
tween the SRF-PLL and its prefilter and improving the stability
margin; and the second one is providing additional degrees of
freedom for better tuning of the control parameters and achieving
a better speed/accuracy tradeoff. Using such a lag filter in the
frequency feedback loop, however, may make obtaining the SFC
of the PLL a bit complicated. Through a simple example in what
follows, this section aims to show how this difficulty can be
tackled.

In Fig. 20(a), it is observed that the prefiltering stage is
a simple first-order complex bandpass filter (CBF), which is
constructed by using a ROGI in a unity feedback loop [39]. The
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Fig. 19.  dg-frame output impedance of the current-controlled VSC in Fig. 1(a)
with the mSRF-PLL for the grid synchronization. (a) Zg4. (b) Zg4. (¢) Zgq4. (d)
Z4q- The solid lines are the analytically obtained output impedance, and circles
are the results of the frequency sweep simulation. The values of the mSRF-PLL
and VSC parameters can be found in Tables I and II, respectively. Average
converter model is considered in the frequency sweep simulation.

center frequency of the ROGI and, therefore, the CBF is adapted
to frequency changes through a frequency feedback loop. This
feedback loop contains a lag filter with the transfer function
L(s). It is assumed that the lag filter has a unity dc gain. For
obtaining the SFC of this PLL, as discussed in Section III-Al,
the dynamics of its prefilter need to be transferred to the dg
frame. As mentioned before, such a transfer is corresponding to
a frequency shift equal to w? in the frequency response of the
prefilter. Therefore, the center frequency of the CBF changes
from @P in the af frame to WP — wP in the dg frame [see
Fig. 20(b)]. It is observed that the presence of the lag filter
in the frequency feedback loop causes some nonlinearities,
which cannot be ignored; otherwise, it causes a considerable
inaccuracy. It implies that obtaining the SFC of the PLL in the
presence of a lag filter in its frequency feedback loop involves
linearization.

From Fig. 20(b), the time derivatives of the signals 7/, and ol
can be expressed as

, nonlinear term

v o

% = ky (v — ) — (@ — wP)T? (27a)
di? L p

L=k -+ @ W) @)

nonlinear term
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afp—>-dq

i
L(s)

Lag filter

P
= 14
S0

Fig. 20.
(c) SFC of the ROGI-PLL. G/ (s)

(a) Block diagram of the ROGI-PLL. (b) Alternative representation.
_ (1*L(S))(’€pm5+ki,p)_

s

The nonlinearity of (27a) and (27b) are because of the high-
lighted terms. We know that the working points of the signals
%) and P are the same as those of the signals v!) and vP, ie.,
Va and V,, respectively, where V; = 0. We also know that the
working point of the frequency error term w? — wP is equal to
zero. Considering these, (27a) and (27b) can be approximated
by

dvt)

o~ ka(vg =) (28a)
dvl - -

s ky(vh — o) + Va(@P — wP) (28b)

where, according to Fig. 20(b), the frequency error term &w? — w?
in the Laplace domain is equal to

Gi(s)
@(s) — () = — LD  hin) gy )

Using (29) and (28) can be expressed in the Laplace domain as

) k

vh(s) =~ . Jrlkl v (s) (30a)

P (s) & i 0P (s). (30b)
q s+ ki + VdGl(S) a

Using (30), the SFC of the ROGI-PLL can be obtained as
depicted in Fig. 20(c).



GOLESTAN et al.: dg-FRAME IMPEDANCE MODELING OF THREE-PHASE GRID-TIED VOLTAGE SOURCE CONVERTERS

3537

Test 1: 0.25 p.u. voltage sag in phase A Test 2: adding 0.05 p.u. dc to phase A Test 3: 10 phase jump
0
< 100 g 100 = 100]
z & ,
E E 2 o
E g E
= 2 -100 2 -100
g1 5 5
220! -200
0 0.02 0.04 0.06 0.08 0.1 (] 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
= 52 OEL (SRS
= z ~ = ~ ——Original ROGI-PLL [Fig. 20(a)]
z N\ / = FEY ROGL
g 51 g 50.5 /\ ‘» \\ \ ra g s [ SFC of ROGI-PLL [Fig. 20(c)]
3 S i Y, E |
2 50 | —— R N A foN S
& bl N f \ Vo \ £ s \
b \ / / \
249 £ 495 -/ WA / y, ] .
& £ £ 50 ! N
2y g 4 Z —
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
1 12 |
7 \\ ™
05 N N f .‘ e =
) N AWAW g 08 / \ ~\ N\ ™ g
s O mrnnrnn, i ) \ “ VoS 5 Vi v» \ Y % \ 5 5
g \ VilE o / \ g
5 -05 \ "7 ‘/ (ALY, o ; L NS \‘ s \
2 2 N4 4 2 . \
£ 0 — Original ROGI-PLL [Fig. 20@]| £ 06— Original ROGI-PLL [Fig. 20@)]] *+ A\ 20 \.
SFC of ROGI-PLL [Fig. 20(c)] . SEC of ROGI-PLL [Fig. 20(c)] .
1 -1
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Time (s) Time (s) Time (s)
(a) (b) ©)

Fig. 21.

Numerical comparison between the ROGI-PLL [see Fig. 20(a)] and its SFC [see Fig. 20(c)]. (a) Test 1. (b) Test 2. (c) Test 3. The lag filter in the frequency

feedback loop of the ROGI-PLL is considered to be a first-order low-pass filter (LPF) with the cutoff frequency w;. The control parameters of the ROGI-PLL can

be found in Table I.
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Fig. 22. Experimental comparison between the ROGI-PLL [see Fig. 20(a)]
and its SFC [see Fig. 20(c)]. (a) Test 1. (b) Test 2.

Figs. 21 and 22, which are the comparative simulation and
experimental results of the ROGI-PLL and its SFC in response
to the tests defined in Section III-A3, confirm that they are
equivalent from the small-signal point of view.
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Fig.23.  (a) PLL uses the output of the integrator of the PI controller for record-

ing the frequency and feeding back to its prefilter. (b) Alternative mathematically
equivalent representation.

C. Hidden Lag Filter in Frequency Feedback Loop

The lag filter in the frequency feedback loop may sometimes
be hidden as the frequency may be tapped from a different point
than the standard one. This section aims to clarify this fact.

The input of the voltage-controlled oscillator is the standard
point of tapping the frequency in the PLL structure. It is, how-
ever, not the only option. In fact, one may also tape the frequency
from the output of the integrator of the PI controller [15], [25],
[44]. For example, in Fig. 23(a), this alternative point is used
for recording the frequency and feeding back to the prefilter-
ing stage. It can be proved that feeding back the frequency
from this point is mathematically equivalent to take the fre-
quency from the standard point and pass it through a first-order



3538

low-pass filter with the cutoff frequency k; ,/k, p, as shown
in Fig. 23(b).

V. CONCLUSION

The main aim of this article was to demonstrate the procedure
for including the dynamics of advanced PLLs in the dg-frame
impedance model of a three-phase grid-connected VSC. To this
end, an overview of the dg-frame impedance modeling of a
three-phase grid-tied VSC with a PLL, as shown in Fig. 1(c), was
presented. It was then discussed that the advanced three-phase
PLLs have an alternative representation as Fig. 1(c), called the
SFC. It means that the dg-frame output impedance of a VSC
equipped with an advanced PLL can be easily obtained by
finding the SFC of its PLL. To gain a deeper insight into this
idea, three case studies were presented. In each case, a class
of advanced PLLs was introduced, obtaining their SFC was
explained, an example was presented, and some verification
results were presented. Finally, some discussions about some
more specific cases that one may encounter during the procedure
for obtaining the SFC of advanced PLLs were presented.
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