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On the Importance of Tracking the Negative-Sequence
Phase-Angle in Three-Phase Inverters with Double
Synchronous Reference Frame Current Control

Lucia Beloqui Larumbe
Delft University of Technology
Delft, The Netherlands
L.BeloquiLarumbe@tudelft.nl

Abstract—A voltage imbalance at the AC terminals of a three-
phase inverter creates a ripple in the power signal on the DC
side. In order to minimize this ripple, several techniques can
be applied, in which a double Synchronous Reference Frame
(SRF) current control structure is very typical. In this approach,
both the positive and negative sequence currents are controlled.
This technique has been shown to have an adequate response
against imbalances; however, this paper shows that in the typical
implementation of the double SRF control, the output AC pq
instantaneous powers will have a constant error due to the phase-
angle misalignment of the negative sequence with the positive
sequence. Based on mathematical formulations and simulation
results, this paper shows that this AC-power error exists, and
that it is due to the above reason. In order to overcome this, this
paper proposes to have a phase-tracking system that specifically
follows the negative sequence phase-angle. The results show that
this implementation is able to properly control the output AC
power.

Index Terms—Phase-Locked Loop, Negative sequence, double
Synchronous Reference Frame, Dual current control, Converter

I. Introduction

In the context of an increasing population of power-
electronic converters (PECs), ensuring their adequate dy-
namic response has become crucial for the proper opera-
tion of power systems. In order to achieve that, different
control approaches can be implemented in the converters.
In offshore wind turbine inverters, for example, it is very
typical to implement a control structure called double
Synchronous Reference Frame (SRF) or dual-controller [1]
due to its superior dynamic performance under unbalanced
grid conditions [2]-[4].

In order to be able to inject a constant instantaneous
three-phase power in the presence of a voltage imbalance,
it is necessary to inject a specific set of positive- and
negative-sequence currents [5]. In order to do that, the
double SRF current control manages simultaneously and
separately both sequences, for which two dg-frames are
built: one rotating with the positive sequence and one with
the negative sequence. For building these two SRFs, the
phase-angles of both sequences are needed. The positive
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sequence is typically tracked by using a Phase-Locked Loop
(PLL). By contrast, in the typical implementation (for
example, as shown in [1]-[4]), the negative sequence is not
tracked, and it is simply assumed that its phase-angle is
equal to the positive sequence phase-angle negated.

However, the above assumption is not true. What this
paper brings is that this implementation will create a
steady-state error in the output power. Also, this paper
shows how this steady-state error does not appear whenever
the phase-angle of the negative sequence is specifically
tracked, and it discusses different methods to achieve it.

The mathematical explanation as to why this error
appears in the typical double SRF implementation is given
in Section II. Several case studies are defined in Section III
and, in Section IV, simulation results show that this error
exists, and that it can be avoided by also tracking the
negative sequence. Since the main purpose of the paper
is not to thoroughly discuss how to track the negative
sequence, but rather that it is necessary, different possible
tracking methods are discussed only at the end of the paper,
in Section V. The paper concludes with Section VI.

II. On the necessity of separately tracking the negative
sequence

A. The double SRF control structure

This paper investigates a three-phase inverter as in Fig. 1.
The converter is controlled in grid-feeding mode with a
dual controller or double SRF current control. The typical
implementation is shown in Fig. 2 a). In here, the output
voltage of the converter wv,p. is used by the phase-angle
tracking system (which, in this case, is just a three-phase
SRF-PLL) to track the positive-sequence phase-angle (61,,),
generating the signal 6pry,. With 0py,, a dg-frame is created
that in steady-state rotates at Opr, = 01, = wit, where w;
is the fundamental frequency. In this frame, the positive
sequence current appears as a DC component that can be
tracked with no steady-state error with the use of a PI
controller, H;. The negative sequence in this frame appears
at the frequency 2w;, which can be filtered through a
notch filter H,. Similarly, another dg-frame is created for
controlling the negative sequence currents, for which the
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Fig. 1: Schematic of the inverter under study.
phase-angle Opyy, is also used but the rotation is done in

the opposite direction. This dg-frame, then, rotates at the
frequency —0prr, = —61p = —wit. An extra term, Ocomp, can
be used in the dg-to-af transformations to compensate for
the filtering, computation and modulation delay at w; [6].
The decoupling constant Ky is commonly selected as Lw; .

Note in Fig. 2 a) that, in the usual implementation, in
order to transform the currents into the positive dg-frame,
the transformation e/? = e7%°1L is used, whereas for the neg-
ative sequence e~7¢ = ¢=7%1L is used (which is, in essence,
an e/’ transformation with the angle negated). However,
this ignores the fact that there may be a steady-state
phase-shift between the positive and negative sequences.
As acknowledged in [7], in reality, the phase-angle of the
negative sequence is 61, = —wit — ¢y, so if the phase-angle
—wt is used for constructing the second SRF, a steady-state
error will occur. This error is elaborated in subsection II-C.

In contrast to the typical implementation, this paper pro-
poses to use the scheme in Fig. 2 b), where both sequences
are targeted, and in steady-state: Opry, + = 01, = wit and
OprL - = 01, = —wit — ¢,. Some methods for tracking both
sequences are shown in Section V.

B. Frame transformations with the negative sequence
The positive and negative sequence voltages are shown
in (1) and (2), respectively.
Upa(t) = VPRMS\/Qcos(wlt)

Upo(8) = VorasV2eos(at — o) 1)

4dr
Upe(t) = VpRMS\/écos(wlt — ?)

'Una(t) = VnRMS \/iCOS(LUlt + ()bn)
4

b (t) = Varms V2cos(wit + ¢y — ?) @)
Une(t) = Varms V2cos(wit + ¢y — 2%)

The transformation of these abc-voltages to the af-frame
is shown in Fig. 3. In this figure, the phasor of phase b in
the positive sequence is advanced with respect to phase
a, in agreement with the traditional Clarke transformation
shown in (3) (in which the positive-sequence rotates coun-
terclockwise).

(3)
1 —1/2  —1/2
K[o V3/2 —\/5/2}
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Fig. 2: Double Synchronous Reference Frame (a) typical implementa-
tion (b) proposed implementation by specifically tracking the negative
sequence.

With respect to the negative-sequence, note that if a
standard transformation is imposed in the negative sequence
voltages (or currents) as: vpag = CUnqbe, then the resulting
af vector rotates clockwise, and this af voltage will be
defined with respect to the axes o, and 3, shown in Fig. 3.
From this reference frame, the necessary phase-angle to
input to the rotational matrix shown in (4), in order to
get a dg-frame alligned with the af vector is —wit — ¢y
(i.e. T(0 = —wit — ¢y)).

| cos(8)
() = [—sin(@)

Of course, it is possible to define another af-frame from
which the necessary 6 to get a dg-frame alligned with the
af vector is —wt. This af-frame is given by a,, and (3, in
Fig. 3. However, in order to reference the af vector from this

sin(6)
005(9)} (4)



frame, the matrix in (3) should not be used, but rather (5)
(i.e. (6) holds).

cos(0+ ¢n)  cos(—3F + ¢,)  cos(—2F + ¢,)] (5)
cos(—% + ¢n) cos(—HE 4+ ¢n)  cos(—TF + pn)

T(0 = —wit — ¢u)C = T(0 = —wit)Cheg (6)

However, note that in order to construct Chpeg, ¢n is
needed anyway. Since ¢, varies over time and it is different
in different converters, it is needed to continuously track
it. Further, note that if Cleg is used, then the ap-frame
signals of the positive and negative sequences would not be
referred to the same frame. Thus, it makes more sense to
use a standard Clarke transformation as in (3) and then
apply T(0 = —wit — ¢y). In this case, the final « and 8
axes chosen would be o, and §,.

C. Steady-state error in typical implementation of double
SRF

The typical implementation of the double SRF assumes
that 61, = 61, = —wit, which means that, in the typical
implementation, the d-axis in the negative sequence SRF
would not lay on top of the af vector of the negative
sequence (Upap in Fig. 3). This axis is shown in Fig. 3
under the label ”d,, wrong”; whereas the correct axis would
be ”d,, right”.

Assuming that K = 2/3 is chosen in (3), then the dg
values of the negative sequence voltage in the negative SRF
should be as in (7). However, if —6y, is used to construct
the negative SRF, then the dg values would be according
to (8), which are wrong.

vd srF - = VarmsV2 M)
Vg SRF - = 0
Ud wrong SRF — = VnRMS \@COS(QZ)H) (8)
Uq wrong SRF — = — nRMS\@Sin(d)H)

dy right

Fig. 3: Transformation of abe-frame voltages to the aj-frame.

The whole control philosophy of the double SRF is to
construct one SRF aligned with the positive sequence (in
steady state, vq spr + = 0) and another aligned with the
negative sequence (in steady state, vq srr- = 0). If the
alignment is correct, then it is possible to use the d-axis to
control the active power, and to use the g-axis to control
the reactive power. In normal operation, without voltage
imbalance, usually the dg current references for the negative
SRF would be zero. However, if there is a voltage imbalance,
it is necessary to inject a controlled set of negative-sequence
currents in order to have an instantaneous three-phase
power without ripple [5], so these references would not be
zero [1].

However, if the negative SRF is not properly aligned, a
current reference in its g-axis would create both active and
reactive power in the negative sequence, so the controller
will fail its purpose. Note that it is not possible to compen-
sate this error, because ¢, is arbitrary. This error will be
shown with simulations in Section IV using the case studies
defined in Section III.

III. Case study definitions

Let’s define the Case A as the case in which the output
voltage of the inverter is unbalanced as in (9), with Vaus =
690/+/3. In this case, the amplitude of the voltage in phase
a is different from such in phases b and ¢, both of which
are equal and lower than in phase a.

va(t) = VRMS\/ﬁcos(wlt)
v (t) = 0.4VRMS\@cos(w1t — 2%) (9)

ve(t) = 0.4VRMS\/§cos(w1t — 4%)

If the abc-to-Opn sequence transformation is applied to

UZbc = [VRMle , 0.4VRM542?7T , O.4VRMSZ%T] using (10)

(with a = ei%”)7 then the resulting phasor vector in the

Opn sequences would be: vd,, = [79.7£0 , 23920, 79.7£0].

In this case A, there is an imbalance at the terminals of the
converter of 33.3%, however ¢, = 0°.

[t
Alt=-11 a o (10)
1 o&? «

Now, let’s define the Case B as in (11). In this case, the
amplitude of the voltage in phase a and b are equal between
each other but different from such in c.

Va(t) = Vams V2cos(wit)
27
op(t) = Vams V2cos(wit — ?) (11)
4
ve(t) = 0.3Vrums V2cos(wit — g)

If the abe-to-Opn transformation is applied to vl
[VRMsZ0 | VRMSZ%” , 0.3VRM544§], then the resulting
phasor vector in the Opn sequences would be: vg;m =
[92.95/ — 1.05 , 305.42/0 , 92.95/1.05]. In this case B,
the imbalance is of 30.4%, however ¢, = 1.05 rad = 60°.



In case A, the dq values for the positive sequence voltage
would be vi, gpp 4 = [338 , 0]V, no matter which phase-
tracking system is implemented. Further, as ¢, = 0°, the dq
values for the negative sequence voltage would also be equal
no matter the implementation: v, gpp = [113, 0] V.

In case B, vgq SrRF + = (432, 0]V, no matter which
phase-tracking system is implemented. As ¢, = 60°, the
dq values for the negative sequence voltage for the typical
implementation of the phase-tracking system would be
vgq spp_ = (66, —114] V', whereas the correct values would
be vi, spp = [131, 0] V.

A. Practical comment: how common are these imbalances?

Note that it is not necessary to have an imbalance in
the abc phase-angles in order to have a ¢, # 0. Having
differences in the voltage magnitudes is usually enough. This
is an important clarification due to the fact that faults,
which are a very important cause of voltage imbalances,
usually provoke a significant drop in the magnitude of one
or several phases, but not necessarily in the phase-angles.

Case B, for instance, could be a simplified example of
a very common single-phase fault. In contrast, Case A is
not a very common case. It is true that, with (10), it can
be easily proven that if the voltages of phases b and c are
equal to each other (and lower) than in phase a, the phase-
angle of the negative sequence with respect to the positive
sequence would be zero. Thus, if a two-phase fault would
occur at the terminals of the converter in such a way that
two phases would exactly have the same magnitude, then
it is true that ¢, = 0.

However, if the voltages in the two other phases are not
exactly equal, ¢, # 0; and, most importantly, if there is
any element in between the fault and the terminals of the
converter, and this element is not perfectly symmetrical,
then it does not matter that at the fault point ¢, = 0
because at the terminals of the converter ¢, # 0. The case
A defined in (9), is thus a mere academic exercise that is
not very typical in real situations. Apart from this, other
voltage configurations can also lead to ¢, = 0, but in general
they are even more arbitrary.

In relation to the magnitude of the imbalances proposed
in Section III, it is worth to note that they really depend
on the type of fault, the location of the fault, and other
considerations. In here, [8] was used as a reference. This
paper [8] is focused on studying the grid-side inverter
behaviour against unbalanced faults for type IV wind
turbines, and shows that a solid one-phase fault on the local
bus bar (at the HV side of the wind turbine transformer)
may lead to a 46.2% negative sequence voltage; a local one-
phase fault through impedance may lead to a 19.6% negative
sequence voltage; whereas a remote solid one-phase fault (on
the transmission line) may lead to a 44.7% negative sequence
voltage at the local bus bar. Taking into account these
values, imposing a voltage imbalance of around 30% in the
simulations seemed a reasonable middle-point to illustrate
the concept of this paper.

TABLE I: Main parameters of inverter

Description Value | Unit
Ve DC Voltage 1500 Vv
Vroc Rated AC Voltage 690 \%
Prated Rated Power 4.3 MW
L Output Inductor 19 pH
Ry, Resistance of Output Inductor 5 ms)

TABLE II: Control parameters of the inverter

Description Value Unit
fow Switching Frequency 2500 Hz
fs Sampling Frequency 5000 Hz
Kq Current Coupling Compensation Gain | 0.006 Q
Ky Proportional Constant PI Current 0.018 Q
K; Integral Constant PI Current 4.7 Q/s

Ky pLL Proportional Constant PI PLL 0.32 rad/s
KipLL Integral Constant PI PLL 15.3 | rad/s?

IV. Simulation Results

Simulations for the case studies in Section IIT are pre-
sented here. Tables I and II show the inverter parameters.

For the sake of simplicity, and in order to have a
more clear comparison, only the current control loop was
considered in the simulation. This means that both the DC
voltage and the current references were kept constant.

In reality, whenever an imbalance occurs at the terminals
of an inverter, the typical consequence is to have a very high
second-harmonic ripple in the DC power due to modulating
interactions between the positive and negative sequence
components of the AC voltage and current [8]. Thus, in
a lot of applications the double SRF is used precisely so
that, whenever there is an imbalance at the terminals of
the inverter, the voltage ripple at the DC side is minimized.
In order to achieve this, constant AC power needs to be
injected. As the voltage is unbalanced, this means that the
AC currents should be imbalanced too [8], and that very
specific current references should be provided to the double
SRF current control.

For the sake of this paper, however, the objective is to
show that with the typical implementation of the double
SRF, the obtained SRF for the negative sequence would be
misaligned. In order to check this, the current references
specified in (12) were fed to the inverter. The output
power of the inverter due to the positive SRF and due
to the negative SRF are described in (13) [8] (Pisrr and
P.grr, respectively). Note that, due to the fact that in
the simulations the current references are not properly up-
dated (references are kept constant), an additional second-
harmonic term in the power will appear (Psnq as shown
n (13)). Thus, the DC power Py, would have a constant
value due to Pigrr and Pgrr and a 100 Hz ripple.

id—i—ref = 5088 A ; iq+ref =04
tg—ref = 0 A ; 1g_ref = H088 A
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Fig. 4: Simulation results for Case A (a) voltage; and comparison
of the phase-angles obtained with the typical- and the proposed
implementation with the exact values for constructing (b) positive
SRF (c) negative SRF.

3 . .
Pisrr = 5 (Variar + Vgriq+)

3 . .
Psgrr = §(Ud_ld_ + ’Uq_Zq_)

3 . . . .
Pong = i(vd—ld-{- + Vg—lgt + Va—td— + Vg—ig_)

Pyc = Pysrr + Psrr + Pond

The key point in this simulation is to note that, if the
negative SRF is perfectly aligned, then v, = 0 and, given
that 44— should be close to 0 (as it is following a zero
reference as shown in (12)), then the P.gry is close to zero.
This means that, if the negative SRF is perfectly alligned
with the negative sequence, the Py, should have a constant
value equal to Pygrr, plus a 100 Hz ripple due to the cross-
modulation of the positive and negative sequence. However,
if the negative SRF dg-frame is not properly aligned, v,— #
0, so then due to the non-zero i,_, P.gsrr # 0, and Py, and
P, grr would be more different.

The results for the case in which the voltage is described
by (9) (case A, with ¢, = 0) are shown in Fig. 4. As it can be
seen, given the voltage in Fig. 4 a), the corresponding phase-
angle signals produced by the typical and proposed imple-
mentation of the phase-angle tracking system are equal to
each other, and are equal to the exact values. If the voltage
at the output of the inverter is transformed into dg values
with the typical implementation, Fig. 5 a) is obtained, which
is equal to such of the proposed implementation (Fig. 5
b)). These values match the theoretical values found on
Section III. As expected, then, the Py, has a constant value
due to Pysgrr and a 100 Hz ripple, while Pgrp ~ 0. This
can be seen in Fig. 6, where Py, was properly filtered to
eliminate the switching ripple and to reduce the 100 Hz
ripple for clarity.

The results for the case in which at the output of the
converter the voltage is described by (11) (case B, with

(13)
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Fig. 5: Simulation results for Case A. dg-frame voltage obtained with
(a) typical implementation; and (b) proposed implementation.
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Fig. 6: Simulation results for Case A. Power waveforms obtained with
(a) the typical implementation; and (b) the proposed implementation.

¢n = 60°) are shown in Fig. 7. As it can be seen, given the
voltage in Fig. 7 a), the corresponding phase-angle signals
produced by the typical and proposed implementation of the
phase-angle system are equal to each other for the positive
sequence, but not for the negative sequence. It can be seen
in Fig. 7 ¢) that the typical implementation has a steady-
state error when tracking the phase-angle of the negative
sequence. This means that, with the typical implementation,
the positive sequence voltage values in the dg-frame would
be correct, but not for the negative sequence, as shown in
Fig. 8 a). Whenever using the proposed implementation, the
dq voltages for the negative sequence are correct. All these
dg-values match those obtained in Section III. In this case
study B, if the typical implementation of the phase-tracking
system is used, the Pgrp # 0, so Py differs from P,ggrF,
as it can be seen in Fig. 9 a). This means that, as explained
above, the negative sequence SRF is not properly aligned
with the negative sequence voltage. In contrast, when using
the proposed implementation (see Fig. 9 b)), Psrr =~ 0,
which means that the negative SRF is properly aligned.

V. Tracking the negative sequence: implementation issues

There are multiple ways in order to exclusively track the
positive sequence phase-angle. In this paper, for the "typical
implementation” approach, a standard SRF-PLL was used,
shown in Fig. 10.

Tracking the negative sequence, however, is not an easy
task. The main difficulty is that it is a very small signal
in comparison to the dominant signal in the voltage,
the positive sequence. Thus, in order to obtain 6,,, one
logic option would be to first filter the positive sequence
from the negative sequence signal in order to obtain a
clean [van (t),vbn (t),ven (t)], which can be introduced in a
regular three-phase SRF-PLL as shown in Fig. 10. In order
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VI. Conclusions

This paper has shown that, in order to properly imple-
ment a double SRF control structure, in which the AC
power is properly controlled during imbalances, the negative
sequence SRF needs to be properly aligned, for which
the negative sequence phase-angle needs to be specifically
tracked. This requirement comes from the fact that the
negative sequence is typically not aligned with the positive
sequence, and a steady-state phase-angle displacement usu-
ally exists between the two. In order to track the negative
sequence phase-angle, different approaches can be taken.
This paper has discussed several options, although further
research is advised.

to filter the positive sequence signal from the negative
sequence signal (and viceversa), a DDSRF-PLL could be
used (more information on this type of PLL in [9]). This
type of PLL uses a decoupling network to clean the positive
sequence signal from the negative sequence signal, having
in the end both signals separated. On the one hand, this
approach has shown to properly operate in unbalanced
situations, however, the performance of the DDSRF-PLL
is also compromised in the case study B due to the fact
that its decoupling network does not take into account ¢,,.
An improved version of this type of PLL, then, would be
necessary for achieving the desired performance.

The phase-tracking system used in this paper, thus, is
different. In this paper, three different PLLs, one per phase
abc, were used. Once the phase-angle and RMS value of
each phase are known, [fprr.a(t),0pLLb(f),0pL1c(t)] and
[VRMS-a(t), VRMs-b (1), VRMs-c(t)], then a sequence transfor-
mation similar to (10) can be performed. Note, however,
that the calculation will give the phase-angle of the negative
sequence defined by (2), which is wit + ¢y, although
—w1t — ¢y must be used in (4).

Note that tracking the negative sequence is not only
challenging due to the dominance of the positive sequence,
but also because, in situations of small imbalances, noise
and harmonics might have a comparable amplitude. Thus,
careful implementation with proper filtering is necessary.
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