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Abstract—This paper investigates the root causes of detrimen-
tal oscillations in the dc link voltage of an energy storage system
using a dual dq controller, operating at a high-voltage ac grid
with high reactance-resistance ratio. Dual dq controllers are rec-
ommended in the literature for power converters operating under
unbalanced, fault, or reduced voltage conditions. They employ
two separated rotating reference frames, one for the positive
and one for the negative sequence. The causes of the oscillations
are investigated both theoretically and by time-domain computer
simulations. As a result of the simulations, the performance
of two dual controllers used in the industry is compared. In
the presence of exponentially decaying dc currents, the filtering
techniques employed by the controllers affect differently the
performance of the proportional-integral regulators and disturb
the feed forwarding and dq decoupling schemes. Ultimately,
this results in undesirable oscillations in the dc-link voltage.
This paper sheds light on how a fundamental phenomenon of
three-phase ac systems can critically affect the control of power
electronic converters. It provides a valuable insight into a possible
root cause of oscillations in large electrical system applications
with a considerable power converter penetration, such as large
industrial plants striving for reducing greenhouse gas emissions.

Index Terms—power electronics, power systems, smart grids,
renewable energies

I. INTRODUCTION

Offshore gas turbines responsible for heat and electricity
generation in the oil and gas (O&G) fields on the Barents,
North and Norwegian Seas account for roughly 20% of the
total greenhouse gas (GHG) emissions of Norway [1]. In
electrical engineering terms, the total installed capacity of
the 150+ gas turbines on the Norwegian Continental Shelf
(NCS) was approximately 3 GW with an yearly electrical
energy consumption of 15 TWh in 2008 [2]. Although still
at its infancy in a global scale, renewable offshore electricity
generation is gaining momentum. Initiatives like the Hywind
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Fig. 1: Typical planned scenario for the electrical system of
an O&G platform connected to an offshore wind farm.

Tampen Project [3] point in the direction of a further increase
in offshore wind electricity generation. Wind farms represent
an extraordinary opportunity for reducing the offshore GHG
emissions.

One typical planned scenario within this context is shown
in Fig. 1. It illustrates a case study used by [4] of an
0&G platform in the North Sea isolated from the continental
electrical grid. This power intensive industrial process is fed
by two 35 MW gas-powered generators. A techno-economical
evaluation [5] suggests that a 12MW offshore wind farm
would be able to reduce the GHG emissions of this platform by
30%. For mitigating the effects of wind intermittency and for
allowing the turbo-generators to operate at higher efficiency
ranges, an energy storage system (ESS) would be connected
directly to the main busbar of the platform. This paper uses
the simplified, although realistic, model [6] of the case study
depicted in Fig. 1 as base. See Table B.I in Appendix B for
numerical data.

The reactance-resistance ratio (X/R) seen from the ac
terminals of the ESS’s line side converter (LSC) towards the
platform’s busbar is high, as shown later in Section IV. Sudden
changes in the voltage of three-phase systems with high



X/R induce noticeable exponentially decaying dc currents.
This phenomenon is well known among electrical engineers.
However, in the authors’ opinion, the time domain effects
of these dc components in the control of power electronic
converters are not covered in detail in the literature.

During the evaluation of different contingency scenarios
for the case study depicted in Fig. 1, transient oscillations
were detected in the voltage of the ESS’s dc link. These
oscillations were triggered by sudden changes to the busbar
voltage and by sudden changes to the ESS’s reactive or active
power. The overall stability margin of the system was clearly
reduced. The contingency scenario in question had the wind
farm completely disconnected and the ESS’s LSC operating
with dual dq controllers. Such controllers work in two different
rotating reference frames (RRFs), one specifically for positive
sequence currents and voltages, and one for the negative
sequence content. They were proposed in the literature as
robust regulators for power converters operating in unbalanced
three-phase systems [7, 8]. Moreover, they can also be acti-
vated in fault-ride through conditions with severe grid voltage
drops [9].

In this article, the root causes of those oscillations are
investigated and described. They are directly tied to the
exponentially decaying dc currents of three-phase systems
and to the way dual dg controllers split the positive and
negative sequence measurements. Moreover, a comparison of
the performance of two dual controller strategies is made
via time-domain simulations. The first controller is the one
proposed by [7] and later employed by authors closely linked
to the industry [10, 11]. The other controller also stems from
authors closely linked to the industry [8, 12, 13].

The theoretical insights obtained from this study can benefit
not only engineers working with the integration of renewable
energies into O&G platforms, but also those working with
converter interfaced renewable energy sources in general,
specially those related to island and country-wide electrical
grids.

II. CONTROL IN A ROTATING REFERENCE FRAME

The power converter analyzed in this paper is the ESS’s
LSC of Fig. 1. The control of this converter is performed on
a RRF which allows the use of proportional and integral (PI)
regulators [14]. This is also known as vector control in the
industry. It relies on abc+— dg and dq+— abe transformations.
A comprehensive explanation on the history of these transfor-
mations, on their different variants, and on their geometrical
foundations is given by [15]. See Appendix A for a list of the
transformations used throughout the paper.

Let the LSC and gas-powered generators of the platform
be modeled as two ideal voltage sources interconnected by a
resistive and inductive (RL) impedance. Equation (1) shows
the relationship between the voltages and currents in this
circuit moved to the dg; with (A.2) and (A.3). The voltages
of the converter are denoted by v., whereas the generator
voltage is denoted by v,. The generic term grid voltage will

be employed from now on when referring to vy. A strong
coupling between the d and ¢ axes is evident.
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Equation (2) shows how the current in (1) can be controlled
in the dg4 frame. The influence of the non-controllable grid
voltage is canceled by summing it to the output of the PI
controller. This is known as feed forwarding. The decoupling
of the dq axes is obtained with the w’L:’ term. The matrix in
this term is named decoupling matrix M.
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Assuming the feed forwarding and decoupling work per-
fectly, this multiple-input multiple-output (MIMO) system
becomes two independent single-input single-output (SISO)
systems. The Modulus Optimum tuning technique [16] with
the modifications recommended by [17] is well suited for
tuning these controllers.

It is worth remarking that the currents on (1) are repre-
sentations of the actual quantities in the process, whereas the
currents on (2) are measurements inside the controller. The
same applies to the voltages and to the angular frequency.
Therefore, these measurements are denoted by vy, w’, and 7’
in (2). Attenuation and phase shifts introduced by filtering
degrade the performance of the PI regulators and can, poten-
tially, disrupt the feed forwarding and the decoupling schemes
during transients.
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III. DUAL dg CONTROLLERS

Dual dq controllers were proposed in the literature as ro-
bust regulators for power electronic converters working under
unbalanced and distorted conditions [7, 8]. They operate in
two independent dq reference frames, a dgy for the positive
sequence and a dg_ for the negative sequence, as shown in
Fig. 2. A generic positive sequence measurement in the abc
frame with fixed amplitude and fixed phase lag ¢ becomes dc
when moved to dg, with the transformation (A.2). Conversely,
a negative sequence measurement moved to the dg, frame
becomes second harmonic. For that reason, dual controllers
rely on filtering the second harmonic for removing the neg-
ative sequence content from the dg, frame. Dually, in the
dg_ frame, the positive sequence content becomes second
harmonic and needs, thus, to be removed by filtering.

A. Notch-Based Dual dq Controller

In 1999, a dual control scheme was proposed by [7]. The
positive sequence RRF is the aforementioned dq;. However,
the authors changed the sign of w in the Park transformation
(rotation from «3 to dq) for representing the negative sequence
RRF. For that reason, this frame is named dgq_,, in this paper.
The transformation between frames uses the matrices (A.1)
and (A.5) from the Appendix A. Moreover, all references to
dg_ in Fig. 2 should be understood as dq_,, for this dual
controller.
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Fig. 2: Dual dq controller.
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Fig. 3: Notch-filter-based transducer for the positive sequence
and negative w RRFs, adapted from [7, 9, 10, 18]; the
measurements m stand for either voltages or currents.

A notch filter tuned to the second harmonic removes the
opposite sequence measurements from each of the dq frames.
For this reason, this dual controller is named “notch-based” in
this paper. A low-pass filter (LPF) with a cutout frequency
tuned to 1000Hz is added for signal conditioning at the
inputs [9]. Fig. 3 shows an adaptation of the dual positive and
negative w RRF transducer used by [7], and further discussed
by [9, 10, 18]. Attention must be paid when building the
negative w RRF controller as the signs of the decoupling
matrix M of (2) are inverted in the different RRFs. This fact
is illustrated on [7, 9, 18].

The damping factor ¢ in Fig. 3 defines the quality of the
filter. The lower the damping, the higher the quality, i.e., lower
attenuation and lower phase shifts outside the notch frequency.
Nevertheless, this comes at the cost of complex conjugated
poles with increasingly lower damping [19]. Computer simu-
lations with ( = \/i/ 2 showed good results. However, for a
fair comparison with the other dual controller, a unitary ( is
chosen.

B. LPF-Based Dual dq Controller

In 2012, [8] proposed a dual dq controller based on [20].
The two RRFs in this controller are a positive sequence dq.-
and a negative sequence dq_, see (A.1) and (A.4). It is worth
noting that the decoupling matrix M of (2) can be directly used
in the dg_ frame. This can be verified by using the matrices
in the Appendix A to re-write the quantities of (1) into the
dg_ frame.

+
Mabe —> §T+ —»@—» 71+in megg
0
2 T
T — T4
e
2Ty | TT
0
AT
Magbe —> %T_ *»@—» 71+1Tf Mmgg—

Fig. 4: LPF-based transducer for positive and negative se-
quence RRFs, adapted from [20]; the measurements m stand
for either voltages or currents.
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Fig. 5: Single-line diagram used for the X/R calculation.

LSC

The measurement principles of the dual controller proposed
by [8] rely on LPFs as shown in Fig. 4. For that reason,
the controller is denoted as “LPF-based” in this paper. The
measurements mgq4 and mg,_ are the outputs of LPFs.
They are transformed back to the other RRFs and become
second harmonic. At the summation blocks, they cancel the
undesirable opposite sequence content from each RRF.

According to [20], the cutout frequency of the LPFs should
be lower or equal to f,,/ V2, where fn is the fundamental, for
guaranteeing a stable and damped response of the transducer.
The cutout frequency is, in this paper, set to f,, /v/2.

IV. ESTABLISHING A REPRESENTATIVE RANGE OF X/R

It is now time to set the dual controllers within the high
X/R scenario depicted in Fig. 1. The reactance-resistance
ratio in question in this paper is the one seen from the ac
terminals of the ESS’s LSC towards the platform’s busbar.
In this section, a representative range of values for X/R is
determined. Fig. 5 summarizes this calculation.

As previously mentioned, the wind farm transformer at
the platform is disconnected from the busbar. The two syn-
chronous generators are modeled as a voltage source behind
the transient reactance x; in series with the stator resistance
rs. The resistance 7}, represents the losses in the circuit breaker
and other high-voltage (HV) devices. The load is simplified
as a fixed resistor r,. Typical short-circuit impedance and full
load losses taken from [21] are used to derive x; and r; of the
ESS’s transformer. Moreover, x; is adopted as the line-side
reactance of the converter’s inductor-capacitor-inductor (LCL)
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Fig. 6: Representative range of X/R and LCL converter-side
reactance versus PWM switching frequency for the scenario
in Fig. 1 with the wind farm disconnected.

filter. See Tables B.I and B.II in Appendix B for numerical
values.

The main contributor to the X/R seen from the LSC’s ac
terminals is the converter-side reactor of the LCL filter, x,
in Fig. 5. For MW-sized converters like the ones in [22],
paralleled two-level insulated-gate bipolar transistor (IGBT)
bridges with individual LCL filters are typically employed.
Without loosing generality for estimating the range of X/R,
the LSC can be modeled as one single converter with one
single LCL.

The design of LCL filters is well documented in the litera-
ture [23-26]. In this paper, the criteria described by [26] are
used for calculating the reactances x, and z. and the resistance
r. in Fig. 5. Those depend on the pulse-width modulation
(PWM) switching frequency fs,, and on the dc link’s rated
voltage. For MW-sized converters such as the ones in [27],
fsw can be selected between 1 kHz and 4 kHz. Fig. 6 shows a
representative range of values for X/R and for the calculated
values of z, as a function of the PWM switching frequency.

V. EXPONENTIALLY DECAYING DC CURRENTS IN
THREE-PHASE SYSTEMS

The impedance seen from the ac terminals of the ESS’s LSC
in Fig. 1 has an X/ R on the range of 10 to 20. Sudden changes
at the voltage of the LSC induce exponentially decaying dc
currents with a transient time (37) between 80 ms to 160 ms.
For understanding the effects of exponentially decaying dc
currents on the control of power converters, it is important to
recapitulate a few basic principles.

If a positive-sequence three-phase voltage source with am-
plitude V' is connected to a RL load, the current supplied to
each phase of the load is

1%
i) = [—e*f/f sin (v — ) + sin (wit + v — so)} 3)

where ¢ = arctan(wL/R), || Z]] = v/(wL)? + R?, and 7 is
the initial phase of the voltage, i.e., zero, or —27/3, or +27/3.

The currents in (3) can be split into exponentially decay-
ing and sinusoidal components. The latter form a positive

sequence in response to the feeding voltage. The former, on the
other hand, are neither positive nor negative sequence. There
is no sinusoidal variation with time. They do not contribute to
zero sequence either as their sum is continuously equal to zero.
Equation (4) shows the three-phase exponentially decaying
current components organized as a vector.

v sin ()
oo = 1771 e /7 |sin (p + 2/3) (4)
sin (¢ — 27/3)

A. Positive Sequence RRF

Equation (5) shows (4) moved into the positive sequence
RRF. The exponentially decaying dc currents in the abc frame
become an exponentially decaying fundamental in dq .
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The instantaneous power supplied to a three-phase circuit is
given by (6). The power dissipated by the currents in (5) can
be calculated with (6), resulting in (7).
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The transient dc currents in the abc frame cause an os-
cillation in the instantaneous power delivered by the voltage
source to the load. Active power oscillations directly affect
the dc-link voltage of the converter. If a dual controller is
expected to dampen exponentially decaying dc components in
the abc frame, it should preserve the fundamental frequency
components of the measurements in the dgq frame. However,
for a dual controller to work, it needs to filter out the second
harmonic from its dq frames. Unfortunately, both tasks cannot
be perfectly achieved with zero attenuation and phase shift
with causal filters [18].

B. Negative Sequence RRF

The LPF-based controller uses the negative sequence dq_—
frame. Equation (8) shows (4) moved to dq_ with (A.4). The
exponentially decaying dc currents in the abc frame appear as
exponentially decaying fundamental in dg_.

) 2T_
g, (1) = =
C. Negative w RRF
The notch-based dual controller uses a negative w RRF, see
Appendix A. Equation (9) shows (4) moved to the dq_,, frame.
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Notice that direct quantities in dq_,, feature the opposite
sign of the ones in the dg_ frame. The quadrature quantities,
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on the other hand, have the same sign. This has to be taken
into consideration when comparing the two types of dual
controllers.

VI. COMPARING THE MEASUREMENT PRINCIPLES OF THE
DUAL dg CONTROLLERS

The positive and negative sequence measurement principles
of the notch-based and the LPF-based dual controllers are
compared in this section. This is done by simulating the
connection of a three-phase positive-sequence voltage source
to an RL load. The voltage amplitude is set to 0.1pu, the
frequency to 60 Hz, the reactance to 0.5 pu, and the resistance
to 0.025pu. The angular frequency measurement is assumed
to be instantaneous. Moreover, zero delay is assumed for the
measurement of 6 in Fig. 2.

The currents in the dq frames can be analytically determined
with (3) and the transformation matrices of the Appendix A.
The reactance-resistance ratio is at the highest representative
range for the scenario analyzed in this paper. This highlights
the effects of the exponentially decaying dc components
without reducing the generality of the results. It is necessary to
remark that the direct negative sequence measurements (d_)
of the LPF-based dual controller are multiplied by —1 in all
figures for allowing a direct comparison with the notch-based
principle.

Fig. 7a shows the dq, voltage measured by the notch and
the LPF-based measuring principles. The response for vy
is similar for both principles except for the second order
characteristics on the notch-based measurement. The notch-
based transducer measures the expected value of v, = Opu.
However, the cross-coupling of RRFs of the LPF-based prin-
ciple (see Fig. 4) shows its influence. A deviation of almost
0.02pu is observed in the v,y measured by the LPF-based
transducer after the 0.1 pu change in the positive-sequence
voltage.

Fig. 7c shows dg_ and dq_,, measurements with the notch
and the LPF-based measuring principles. Although featuring
a sharper increase at the beginning, the measurements in both
direct and quadrature axes with the notch-based principle
return to zero faster than the measurements with the LPF-
based transducer.

Figs. 7b and 7d show the measurements of the currents
in the dgy, dg—, and dq_,, frames. In all cases, the phase
shifts featured by the LPF-based transducer are larger than
the ones featured by the notch-based. This is an indication
that the performance of the PI regulators, as well as the
decoupling of the dq axes will be worse for the LPF-based
dual controller. Moreover, this also indicates that the notch-
based dual controller will have a better overall performance
during transients than its counterpart.

VII. COMPARING THE PERFORMANCE OF THE DUAL dq
CONTROLLERS

In this section, the performance of the notch-based and
LPF-based dual controllers employed at a scenario with high
X/R as the one in Fig. 1 are evaluated. This is done by
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Fig. 7: Comparison of the measurement principles; notch-
based in red, LPF-based in blue, ideal measurements in dashed
black.

simulating a controlled voltage source representing the LSC
connected to the grid via a reactance in series with a resistance.
Initially, the grid voltage is a pure positive sequence with
1 pu amplitude. The reactance and resistance are the same as
the ones employed in Section VI. All PI regulators have the
structure K (1+sT')/(sT). They are tuned equally in both dual
controllers. The integrator time is adjusted to 7% = X/(wR),
whereas the proportional gain K is set to 4 (see Section II).

In the first two tests shown, all current references are
set to zero. Therefore, deviations from zero in the currents
and instantaneous power are key performance indicators. The
higher the deviations and the longer their duration, the worse
the performance. For the last test, however, a step is applied to
the reference of the positive sequence quadrature current which
results in a pure reactive current. The active power dissipated
by this current is equal to 0.001 pu and can be treated, for
all practical purposes, as zero in this comparison. For the pu
bases, see Table B.I.

Fig. 8a shows the response of the notch-based regulator to
an instantaneous 0.2 pu drop at the grid voltage at t = 0.5s.
The feed forwarding of the grid voltage works quickly, result-
ing in almost instantaneous changes to the converter voltage.
The exponentially decaying currents induced by the sudden
change in the grid voltage are not easily discernible. The
notch-based regulator brings the currents back to zero in less
than 50 ms. There is a small perturbation in the active power
which goes over 0.01 pu for approximately 10ms. For the
LPF-based dual controller, Fig. 8b, the feed forwarding is
not as fast as for the notch-based one. The transitions in the
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Fig. 9: Response to a step at the grid voltage negative sequence
content; phase a in red, b in green, c in blue, and instantaneous
power in black.

converter voltage right after ¢ = 0.5 s are smoother. Moreover,
the instantaneous power for the LPF-based controller peaks
at 0.074pu and, later, oscillates with 60 Hz for more than
150 ms. This is due to the slow decay of the dc components
of the current.

Fig. 9a shows the response of the notch-based regulator
to a sudden introduction of a negative sequence with 0.2 pu
amplitude at ¢ = 0.5s. The notch-based regulator manages
to bring the currents back to zero within 50 ms, whereas the
LPF-based one does not (Fig. 9b). Similarly to the previous
results with the LPF-based controller, the decay of the dc
components in the current is slow causing the instantaneous
power to oscillate with 60 Hz.

Fig. 10 shows the last tests performed with the dual con-
trollers. A step of —0.2 pu is applied at the positive sequence
quadrature current reference at ¢ = 0.5s. A remarkable
difference between the converters response is the time it takes
for them to achieve a balanced supply of current. The notch-
based controller manages it within 30 ms, whereas the LPF-
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Fig. 10: Response to step at the 7, reference; phase a in red,
b in green, c in blue, and instantaneous power in black.

TABLE I: Comparison of the performance of the dual con-
trollers; the higher Ap the worse; 1pu = 9.65 MW.

Test Notch-based = LPF-based
Max. Appu  Max. Appu
Pos. seq. grid volt. drop of 0.2 pu 0.014 0.074
Neg. seq. step —0.2 pu at grid voltage 0.018 0.066
Step at the reference of 74+ 0.036 0.249

based takes more than 150 ms.

The overall performance of the notch-based regulator is bet-
ter than the one of the LPF-based, see Table 1. The notch-based
is able to dampen the dc current components in less than the
expected transient time 37 = 160 ms, being the components
caused by uncontrolled grid voltage changes (Figs. 8 and 9)
or caused by controlled LSC voltage changes (Fig. 10). The
LPF-based, on the other hand, has a much worse performance.
The larger phase shifts in the measurements (Fig. 7) make the
feed forwarding of the grid voltage slower and, in addition,
degrade the response of the PI regulators with their decoupling
scheme.

VIII. CONCLUSIONS

This paper investigated the root causes of undesired tran-
sient oscillations in the dc link of an ESS using a dual dg
controller in an electrical system with high X/R.

Dual dgq controllers were proposed in the literature as robust
regulators for power electronic converters operating under un-
balanced and distorted conditions. They work in two RRFs and
rely on filtering the second harmonic from the measurements
in the dq frame for correctly isolating the positive from the
negative sequence content.

Sudden changes to the voltage of three-phase electrical
systems with high X/R induce exponentially decaying dc
currents in the abc frame. These currents become exponentially
decaying sinusoidal signals with the fundamental frequency
when moved to the dgq frame. They need to be properly
measured if a controller is to dampen them. Dual dq controllers



are thus faced with two conflicting tasks to be performed con-
currently in their dg frames: 1) remove the second harmonic
to split positive and negative sequences; and 2) preserve the
fundamental frequency components of the measurements.

As a part of the investigations on the root causes of the
oscillations in the dc link of the ESS of Fig. 1, the performance
of two dual dq controllers were compared. The simulations
on a conceptual model presented in Section VII showed that
the dual controllers are stable, albeit with different dynamic
responses in spite of the identical tuning of the PI regulators.
The notch-based controller handled transients considerably
better than the LPF-based did. From the response to the step
at the quadrature current reference, it is possible to infer that,
for the same proportional gain, the LPF-based controller is
less stable than the notch-based.

The filtering techniques necessary for a dual dg controller
to work introduce phase shifts to the measurement of the
exponentially decaying currents. In addition to degrading the
performance of the PI regulators, these phase shifts also
delay the feed forwarding of the grid voltage and perturb the
decoupling of the dg axes during transients. This results in
noticeable oscillations in the active power exchange between
converter and grid, which, ultimately, manifest themselves as
undesirable transient oscillations in the dc-link voltage.

The analysis of the problem in the time-domain, with focus
on the effects of exponentially decaying dc currents in three-
phase systems with high X/R in the dual dg control of power
electronic converters is the main contribution of this paper.
It provides a valuable insight into a possible root cause of
oscillations in high capacity power converters operating in
large electrical systems, being them isolated O&G platforms
or country-wide grids.
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APPENDIX A
REFERENCE FRAMES AND TRANSFORMATIONS

A. Positive Sequence Rotating Reference Frame

Equation (A.1) shows the matrix T used in the abc— dq+
and dg4 +— abc transformations. The power converters ana-
lyzed in this study are connected to the grid via an ungrounded
delta-wye transformer. Therefore, the zero sequence is disre-
garded.

T, — [sin (wt) sin(wt —27/3) sin(wt + 27/3)
T |cos (wt)  cos (wt —2m/3)  cos (wt + 27/3)

(A.])
The abc— dq, transformation is given by (A.2).
a(t)
ma(t)] _ 2 .
[mq(t)} =3 T, () | ms(t) (A.2)

me(t)
The variables m;. represent the instantaneous measurements
of either phase to neutral voltages or line currents. The angular
frequency w in T is adopted as the same angular frequency
of the grid. Moreover, the initial phase of the grid voltage
between phase a and the neutral is adopted as zero, i.e.,
Ve (t) = V sin (wt).

The dq +—> abc transformation is given by (A.3), where the
superscript 1" stands for transpose.

me(t)
ma(t) | = T (1) mdm . (A3)
me(t) ?

B. Negative Sequence Rotating Reference Frame

A measurement [m, my mc]T can be moved to the negative

sequence RRF if the mid and right columns of T, are
swapped. The result is shown in (A.4). This RRF is denoted
by dg_ in this paper. For the abc — dg_ and dq_ +— abc
transformations, replace T by T_ in (A.2) and (A.3).

1 00
T_=T, ([0 0 1 (A4)
0 1 0
C. Negative w Rotating Reference Frame

A measurement [m, my mc]T can be moved to the negative
w RREF if the sign of the angular speed in T is reversed. The
result is shown in (A.5). This RRF is denoted by dg_,, in this
paper. For the abc— dq_,, and dq_,, — abc transformations,

replace T, by T_,, in (A.2) and (A.3).

—w =

|
|
—
jan}
—_
H
+
S O =
_ o O
o = O

1 0
—{0 J T_ (AS5)

APPENDIX B
CASE STUDY DATA

TABLE B.I: Case study platform.

Parameter Value
System rated frequency fn 60 Hz
Generator rated apparent power 44 MVA
Gas turbine rated power 35 MW
Gen. and busbar rated ac voltage 11kV
ESS rated apparent power Sy 9.65 MVA
ESS HV ac rated voltage 11kV
ESS LV ac rated voltage 690V
ESS LV ac rated line current I 8075 A
ESS LV base impedance Zy 0.049 3372
LSC switching frequency fsw 2.5kHz - 4kHz

LSC dc voltage Uge 1200V

TABLE B.II: Estimating a representative X /R.

Value at (base) in pu

Parameter (88 MVA) (9.65 MVA)
Transient reactance a::i 0.299 0.032 788
Stator resistance Ts 0.0242 0.002 654
Breaker+HV devices res. 7y 0.007273 0.000 798
Load resistance rr 1.964 0.215402
Transformer reactance xt - 0.060
Transformer resistance Tt - 0.005
Capacitor impedance T - 20
Damping resistor Te - 0.340 to 0.328
Main reactor resistance T - 0.01




