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Abstract: The current state of the art shows that unbalance and distortion on the voltage waveforms at
the terminals of a grid-connected inverter disturb its output currents. This paper compares AC linear
current regulators for three-phase three-wire voltage source converters with three different reference
frames, namely: (1) natural (abc), (2) orthogonal stationary («f3), and (3) orthogonal synchronous
(dq). The quantitative comparison analysis is based on mathematical models of grid disturbances
using the impedance-based analysis, the computational effort assessment, as well as the steady-state
and transient performance evaluation based on experimental results. The control scheme devised
in the dg-frame has the highest computational effort and inferior performance under negative-
sequence voltage disturbances, whereas it shows superior performance under positive-sequence
voltages among the reference frames evaluated. In contrast, the stationary natural frame abc has
the lowest computational effort due to its straightforward implementation, with similar results in
terms of steady-state and transient behavior. The xp-frame is an intermediate solution in terms of
computational cost.

Keywords: coordinated reference frame; current control; grid-connected converter; three-phase
converter; unbalance

1. Introduction

Distributed generation is directly related to renewables proliferation that pushes
forward with the modernization of power system and, therefore, grid code requirements [1].
On the core of the distributed generator (DG), the voltage source converter (VSC) is the
most common structure used in regulating active power injection from renewable sources
into the grid [2]. Besides, the DG can concomitantly provide grid-support services with
reactive power exchange [3] and harmonic mitigation [4] under challenging conditions of
distorted and unbalanced grid voltages. It is well known that unbalance and distortion on
the grid voltages impact on the output currents of VSCs [5]. Thus, much research [6-20]
has focused on improving the stability and performance [6] of grid-connected converters,
in which the current controller is a cornerstone of such a system [7,8].

Figure 1 shows a simplified structure of a grid-connected three-phase three-wire
converter. Typically, the primary control level uses the cascade control strategy with
an outer DC-link voltage loop and an inner current loop, as shown in Figure 2. Many
improvements in grid-connected current control were proposed, using linear and non-
linear regulators [8-11], such as: classical proportional-integral (PI) and proportional-
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resonant (PR) controllers with feedforward [9,10], state feedback controllers, predictive,
among others. The most commonly used control for low computational cost grid-tied
inverters, such as rooftop photovoltaic, are based on classical linear control because of its
simplicity [11]. The PI and PR controllers for three-phase converters can be devised in
different reference frames, such as (1) synchronous rotating (dq), (2) orthogonal stationary
(«B), and (3) natural stationary (abc), being the PI controller in dg-frame the most used,
followed by PR controller in «f3-frame [12]. The abc-frame is seldom implemented despite
not requiring coordinate transformation, easily decoupled, and shows similar results using
two PR controllers. It shows that abc-frame implementation is still blurry and represents a
gap in the understanding and thorough evaluation of advantages and drawbacks involving
AC current regulators in the three reference frames.
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Figure 1. Grid-connected two-level three-phase three-wire voltage source converter.
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Figure 2. Cascade control scheme of the grid-connected voltage source converter.

The literature shows a comparison of (abc) and (dq) [12], suggesting a dg-frame con-
troller as a useful solution because it achieves zero steady-state error under sinusoidal
voltages. Then the literature also shows a comparison of (dq) and («xf3) [13], concluding
that stationary control approaches show superior performance in terms of stiffer closed-
loop control under distorted and unbalanced grid voltage conditions than rotating frame
approaches. However, the «3-frame depends on coordinate transformation (i.e., Clarke’s
transformation). In contrast, the abc-frame approach proposed in [14-16] is straightforward
in terms of control implementation because it does not rely on any coordinate transfor-
mations. The absence of coordinate transformations is appealing for low computational
cost applications.

The authors of [17,18] perform a quantitative comparative analysis of linear current
controllers for DG applications devised in stationary- and synchronous-reference frames,
like [9]. These quantitative analyses are carried out upon the perspective of PQ, power
quality, indices and transient performance. They have not performed a comprehensive
analysis, because there was no account of the grid voltage disturbances (i.e., unbalance and
harmonics) and computational effort assessment as done herein.

The authors of [16,19] propose an optimal method to calculate the gains of linear
current controllers, such as PI and PR for synchronous and stationary frames, respectively.
They also shown an analysis of the external disturbances considering a feedforward com-
pensation of the back electromotive force (EMF). However, the authors of [16] only have
considered sinusoidal EMF for motor drive applications. In [19], the focus is grid-connected
single-phase converters, but a thorough analysis of the disturbances under the non-ideal
grid has not been done.

Although the state of the art shows quantitative analysis considering PQ indices, a
comparison and a throughout analysis considering the three reference frames, i.e., abc, «f3
and dq, assessing computational effort and disturbance rejection, has not been reported for
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current control on DG mission profile. When compared, the works usually do not consider
the abc-frame [20]. Herein, the disturbance rejection was computed by the dynamic stiffness
(DS) analysis that quantify the capability of a system to reject a disturbance caused by
an external source, and it is quantified as the amplitude of the perturbation needed to
produce a unit variation in the controlled variable across the frequency spectrum [21,22].
DS analysis is equivalent to output impedance-based analysis when considering VSC in
current-controlled mode. Such a figure of merit is used herein because it guarantees a
fair comparison between the reference frames, showing in a same graphic that all the
controllers are equally sized, and highlighting their performance over a range of frequency.

Thus, this paper performs a meticulous mathematical analysis comparing three linear
AC current controllers devised in natural (abc), orthogonal stationary («f3), and orthog-
onal synchronous (dq) reference frames applied to grid-tied VSCs under non-ideal grid
voltages. The comparison is performed in terms of DS analysis, transient response, and
computational effort assessment in a low-cost commercial digital signal processor (DSP).

This paper is organized as follows: Section 2 presents the converter control scheme
and the AC current controllers devised in the three reference frames. Section 3 describes the
control performance analysis based on output impedance analysis, the steady-state, and
transient performance evaluation and computational effort assessment. Section 4 shows
the experimental results, and finally Section 5 concludes this paper.

2. Control of Three-Phase Three-Wire Converter
2.1. System Modelling

A current-controlled mode VSC can be simplified by disregarding the grid impedance,
Z¢, and assuming that the capacitors of the output LC filter do not influence the model
up to a frequency range far above the current control bandwidth. The capacitors and
grid impedance may affect the current control, but it is neglected herein for the sake of
decoupling the external disturbances on the converter output current.

The VSC is modeled by the star connection of three ideal voltage sources (va0, vpo,
vco) that represent the three legs of a three-phase three-wire converter without split
capacitor, connected to the grid through RL filter impedances as shown in Figure 3a. The
AC grid is modeled by three ideal voltage sources (v,, vy, v¢) representing instantaneous
values such that v; + v, + v = 0, as shown in Figure 3a. For the sake of modeling, the
VSC is mathematically represented by star connection, in which the virtual node O is the
common point. Figure 3b separates the zero-sequence component, v,, from the original
voltages (vA0, VB0, Uco) at the terminals of the VSC. v, is computed by:

0.(1) = 3 (040() + 30 () + 2co(1)) 0

Resulting in the output voltage terms, vap1, Vpm, Ucm, responsible for conveying the
currents i,(t), i(f) and i.(t) into the grid, those are defined as:

vam(t) = (vao(t) —vz(t)) )
Leg_a

vpm(t) = (vBo(t) — v(t)) 3)
Leg b

ocm(t) = (vco(t) —vz(t)) 4)
Leg_c

Let us assume that the two level (£Vp¢/2) converter output voltages vxo(t), (X = A,B,C)

are represented by their locally averaged values vy that are equal to their PWM voltage

: . T, . :
references, ie., vy = MXFEC = L [} v yyvo(T)dT. This average model is generally

valid for large signal variation under two conditions: (i) the Vp¢ is constant, or (ii) the
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modulation signal (yx) is divided by Vpc/2, as shown in Figure 2; and no occurrence
of saturation of the modulator. Ty is averaging interval which coincides with the PWM
switching frequency. Finally, considering the Kirchhoff’s current law at node #, it results in
ig(t) + ip(t) + ic(t) = 0; and then applying Kirchhoff’s voltage law on Figure 3b, it results in:

UAM Uq d ig ig
UBM | — | vy | = La i, | +R| 3 5)
ocm Oc I I

Rearranging (5) to represent the state-variable in the format of x = Ax + (B1uq — Boup),
it results in:

b S O = O

0 i 1 2 -1 -1 () 1 1 0 0 Ua
o”ib]+“[_1 : _1H0g]L[o 1 o”vb]@
1 ic -1 -1 2 vE 0 0 1 Ue

X B uy B, 125

In (6) that By and u; variables represent the converter control matrix and its input
vector, respectively. At this point, the * variables refers to reference variables from the
converter control. The identity matrix B, and its input u, represent the AC grid. Therefore,
applying Laplace transformation in (6) results in:

ig(s) 2 -1 -1 v (s) va(s)
ip(s) | =——<-3| -1 2 =1 |- v3(s) | = | vp(s) (7)
] (-L+R) A\ 4 2 vg(s) vi(s)

The converter control matrix By (6) shows the coupling between input voltages and
AC output currents. In other words, acting on v’ affects the three AC currents. Thus,
the implemented AC current control should decouple the system, allowing the use of an
individual controller for each phase.
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Figure 3. Equivalent circuit of three-phase three-wire grid-connected VSCs, considering Z¢ = 0 Q)
and then e . = v .. (@) Power system modeling, and (b) power convert modeling.

Some strategies that employ controllers in the natural frame are described in Section 2.2.
Section 2.3 shows that the control scheme devised in o3-frame is fully decoupled. Section 2.4
shows that the dg-frame representation presents coupling, but can be decoupled through
cross-coupling multiplication commonly used.

2.2. Natural Reference Frame Control (abc)

Despite a few investigations on the literature addressing natural reference frame
control for three-phase power converters of three- or four-wire [15], these show that natural
frame not requiring coordinate transformations reduces the computational digital control
effort. This control method is also appealing for scenarios where the current references
are generated in natural frames, such as in control schemes using the conservative power
theory, CPT [23,24].

The most commonly used strategy to decouple the control matrix By in (6), allowing
individual control to each phase on the natural frame, is discussed in [15,25]. It consists
of controlling only two phases of the abc-frame. The rank of the controllability matrix
By is two, which means that only two currents are set while the third one is a linear
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1y = 7L
ic
——
X_abe

combination of the other two currents. Thus, setting the currents i, and 7, and considering

ve = —v} — vp [25], (6) results in a decoupled model as shown in (8).
1 0 0 i 1 1 0 0 vy 1 1 0 0 Vg
0 1 0 ip | + i 0o 1 0 v | — i 0 1 0 v (8)
0 0 1 i -1 -1 0 Ve 0 0 1 V¢
—— —— ——
A*abc —abe Bl_abc ul_abc BZch uz,abr:

Thus, (8) it clearly shows that phases a and b become fully decoupled, and the current
through phase c is a linear combination of the other two currents.

Figure 4a shows the control scheme implementation in abc-frame, where the red
terms, vy, represent the feedforward compensation of the point of common coupling (PCC)
voltages. The strategy presented in [19] and detailed in [15] sets the third modulation term
as the negative sum of the other two modulation indices (m¢c = —m4 — mp). Herein, this
method was chosen based on the modulation terms considering the controllable quantities
i, and iy, following the proof that this strategy is decoupled [15], and considering a division
operator by half of the DC-link voltage, Vpc/2. The modulation indices, my, are functions
of vy, and Vpc, as mx(t) = vy /(Vpc(t)/2). In addition, zero-sequence components could
be added to the three PWM modulator signals, my, to increase the maximum amplitude of
the available AC voltage output and to reduce the AC current ripple [15]. However, in this
paper, it has not been addressed.

Current Control
abe Natiural Frame

Current Control
af Stationary Frame

Current Control
dg Synclrounons Frane

Figure 4. Current control scheme for three-phase three-wire grid-tied VSC. (a) abc-frame, (b) xf3-
frame, and (c) dg-frame.
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Finally, the control-to-output matrix transfer function can be expressed as (9), where
Ci(s) is the current controller.

ia(s) Ci(s) 1 0 0 iz (s)
ip(s) :s-L+Il<—+Ci(s) _01 _11 8 12,:(5) )

2.3. Orthogonal Stationary Frame Control (xf8)

The f3-frame control is a method based on Clarke’s components that has achieved
importance in active filtering using pg-theory. According to [26], the average model in the
time-domain of grid-connected VSCs in f3-frame is expressed in (10). The zero axis is not
considered in three-wire circuits because zero-sequence voltages produce no AC currents.
The identity matrices By and B, show the decoupling of variables.

_—-RP 1 0 o 171 0 va* 17 1 0 Va
L[O 1][iﬁ}+L{0 1Hvﬁ*} L{O 1“%5} 10
A e e N——— —— — — N——— —— —
A up X ap By up Uy _ap By g uzjﬁ

Figure 4b shows the control implementation in a3-frame. The «f3 control-to-output
transfer function matrix, with the C;(s) controller, is:

B sv ol Hﬁm an

2.4. Orthogonal Synchronous Frame Control (dg)

The synchronous frame (dq) has achieved prominence in electric machine analysis
and three-phase VSC control for industrial AC drivers, being the main control method
currently applied to PWM rectifiers, DG (i.e., wind and photovoltaic power systems),
STATCOMs, etc. [7,8]. The direct-quadrature (dq) transformation is based on Clarke’s and
Park’s transformations, where the three-phase system is mapped into two-axis quadrature
plan that synchronously rotates with natural reference phasor [26]. The electrical system
variables in the dg-frame are DC quantities for sinusoidal positive-sequence signals. In this
situation, PI-based regulators achieve excellent performance resulting in zero steady-state
error. However, it requires dual synchronous frame control for proper negative-sequence
tracking [26,27] and multi-synchronous frame approach for harmonic compensation [28].

The average model of the grid-connected converter in time-domain dq-frame is ex-
pressed in (12). Such that w is the fundamental angular frequency. The penalty of this
control scheme is the inherent cross-coupling between d and g quantities as a function of
derivative terms on matrix A [26]. Then, a common approach is use a cross-decoupling
strategy between the d-g axis by estimating wL, as shown in Figure 4c. It is usually esti-
mated by a phase-locked loop (PLL) algorithm that may slow the dynamic and degrades

the stability [29].
R —wL i 171 0 od* 171 0 v
I d - =t d
a e e ]ale V%]
\—/_J\—v—/ \—/_/\—\/—J
A X dq B1_gq M g B2 4, "2_dq

The dq control-to-output matrix transfer function has a similar structure as for the
stationary «f3-frame approach:

“Zg”:swfzz(i)c@{ - H%’(ﬂ (13)
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3. Control Performance Analysis

The primary disturbance source for current control mode in grid-tied converters is the
AC grid voltage at the fundamental frequency. Further, any PQ issue presented at the PCC
voltage may impair the performance of VSCs. Thus, let us consider a stable and strong grid
in which the grid-connected VSC does not affect the PCC voltage waveforms, in order to
characterize the AC current regulators performance for different frames, i.e., abc, xf3, and
dq with the DS analysis.

3.1. Basics of Dynamic Stiffness Analysis for Current-Controlled Mode Converter

The DS analysis is a frequency domain tool proposed for steady-state disturbance
analysis in mechanical systems, and then expanded to power electronics converters [21].
The DS is used herein as a figure of merit to evaluate the AC current regulators devised in
different reference frames over a range of frequency.

The DS has also been applied to power converters analysis [21,22]; and it quantifies the
amplitude of the external disturbance needed to produce a unit variation in the controlled-
quantity at a specific frequency. In the particular case of grid-connected current-controlled
mode converters, the external source is the PCC voltage that disturbs the converter output
current. Thus, for grid-following converters, the DS function (14) is the output impedance
transfer function in which the unit is ohms [(}], i.e., DS = (I/ V)_l. It is the inverse of
the sensitive transfer function (i.e., disturbance rejection —I/V). The vy variable stands for
voltage disturbance at PCC, such as fundamental positive- and negative-sequence, and
harmonics. The Gy transfer function is the PWM model plus inverter gain based on the
first order Padé approximation [26].

= |S-L+R+Ci(s) 'Gconv| (14)

Figure 4 shows the generalized block diagrams of the current controls of the three
reference frames, but for the sake of disturbance analysis the feedforward compensation
of the PCC voltages, vy, is disregarded in this section. It is worth underlining that the
modulator for the three reference frames is identical and devised in abc-frame, for the sake
of a fair comparison.

The AC current regulator C;(s) is responsible for ensuring high stiffness, robustness,
and accurately tracking the current references. The design method of all regulators PI and
PR, in every frame, is based on the frequency method considering the same criteria of
crossover frequency and phase margin. The comparison is performed under fair conditions
for all controllers in the reference frames, considering the same control behavior without
any control improvements. Herein, a crossover is assumed frequency of approximately one
sixth of switching frequency. The PLL algorithm used is based on well-known decoupled
double synchronous reference frame PLL (DDSRF-PLL) [30] with crossover frequency
of one third of AC grid line frequency. It is used in abc- and «f3-frame to generate the
current references. In dg-frame it is responsible for the signals 6 and w, used respectively
for the Park transformation and for canceling the cross coupling. The PLL dynamics can
negatively affect the control performance, mainly in weak grids [7,8], but herein it can be
neglected due to its slow bandwidth, and considering that no instability was observed
during the tests. The current control and PLL parameters are shown in Table 1.

Table 1. Parameters of PLL and current control.

Controller kp [Q] ki [Q)/s] Crossover Freq. Phase Margin
PI (dg) 21.6 37,311 900 Hz 60°
PRgoprz (abe/ o) 21.6 37,311 900 Hz 60°

PI (DDSRF-PLL) 0.742 49.5 23.2Hz 65°
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Equations (15) and (16) show the DS functions of a grid-connected VSC considering
PR controller applied in stationary frames; and PI controllers applied in synchronous frame.
The equivalence between these linear controllers in the stationary and synchronous frame
is shown in [9,25,31]. The adopted design method based on crossover frequency and phase
margin [26] for both controllers is identical, in which the k, and k; gains are, respectively,
the proportional and integral gains, and w, is the tuned frequency of the resonant term.

UX(S> _ S - ki : Gconv
i (S) =|s-L+R+ kp Geonv + ol T w2 (15)
ki -
?x(s) —ls-L+ R—f—kp - Geono + i+ Geono (16)
ix(s)

3.2. Case Study of Dynamic Stiffiness Analysis Considering Different Reference Frames

Figure 5a,b show the DS analysis considering (15) and (16) in their corresponding
stationary and synchronous reference frame. Figure 5 is based on the system parame-
ters used in the experimental setup shown in Table 2, and detailed in Section 4. This
case study considers the PCC voltages, vy, comprising by definition the terms at the
fundamental £ sequences, and balanced —5th, +7th, —11th, and +13th harmonics. The
resonance in Figure 5a and (15) tuned at the line frequency of 60 Hz improves the reference-
tracking ability and disturbance-rejection at 60 Hz for stationary frame approaches. Such
PR controller is required because the system tracks sinusoidal time-varying references, and
the fundamental positive- and negative-sequence terms of grid voltage disturb the output
current at 60 Hz.

Table 2. Parameters of experimental setup.

Parameter Value
Grid voltage (PCC RMS phase voltage vxn) 127V
Grid frequency (fgriq) 60 Hz
Grid inductance (Lg) 1.73 mH
Converter rated current (RMS) 7.87 A
Converter rated power 3 kW
DC link voltage (Vpc) 450V
Converter switch frequency (fsw) 6 kHz
DSP control sampling frequency (fsampling) 12 kHz
Converter filter inductance (L) 4 mH
Converter filter resistance (R) 0.157 O
Converter filter capacitance (C) 1 uF
Converter DC capacitance (Cpc) 3.06 mF
Proportional gain current control kp 21.63 O
Integral gain current control ki 3731147 Q) /s

Whereas considering the PI regulator in Figure 5b and (16), the lower stiffness value at
the fundamental frequency was overcome applying Park’s transformation and converting
the controlled-quantities to DC signals, in which the integral action of PI provided very
high stiffness value to fundamental positive-sequence component. However, the funda-
mental negative-sequence oscillated at the —2th frequency, in which the stiffness value
was low, as shown in Figure 5b. Further, the Park’s transformation shifts the oscillation of
harmonics in dg-frame, for example: the —5th and +7th components were represented in
synchronous frame at £6th, the —11th and +13th components at +12th, and so on. It is
worth underlining that the phase sequence of the harmonics in a three-phase unbalanced
grid did not necessarily follow those sequences.

Thus, voltages unbalance triggers oscillation at twice the fundamental frequency (in
dq variables), in which dqg-frame typically shows lower stiffness values than abc- and
ap-frame. Regarding harmonics, they can oscillate either on one order below or on one
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order above in the dg-frame whether comparing to stationary-frame. It depends on the
sequence-component at each harmonic order presented on the voltages.

T
5ki-Geony

LR -/+5th
-/+7th

-/+11th
-/+13th|

[ fund.
3 -/+ seq,
— f (60Hz)

H e v, Disturbance terms

10! A Eq.15 R+ kp- Geony

fund.
- seq.
(-2th)
\ -/+6th-/+12th

‘l4 \
e v, Disturbance Terms
Eq.16 R+ kp - Geone

L

T i

10° 10' 10
f(Hz)
Figure 5. Dynamic stiffness analysis: (a) PR controller in abc and «f3 frame, and (b) PI controller in
dq frame.

4. Experimental Results

The methodology implemented in this paper to compare the control performance in
different reference frames is based on experimental results. The electric circuit considered
is shown in Figure 1, in which the line voltages are measured and then handled to provide
the phase voltages with respect to a virtual point, without considering zero-sequences. The
control schemes considered are shown in Figure 4. The DC-link voltage control is out of
scope herein, and it is then emulated as an ideal voltage source, without loss of generality.
This is accepted considering normalizing the modulators by measured Vpc (ratio between
modulation signal and measured Vpc voltage).

The experimental setup, Figure 6, comprises a 150-MHz float point DSP from Texas
Instruments TMS320F28335 and three-phase three-wire VSC from SEMIKRON SEMISTACK
with SK30GB128 IGBT modules.

Figure 6. Experimental setup. (a) Building blocks. (b) External view under operation.
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The DC-link was supplied by a DC voltage source and the grid was emulated by a
programmable AC power supply 360-ASX from Pacific Power Source. The parameters of
the setup are shown in Table 2. The data acquisition used was an oscilloscope TDS2024B
from Tektronix.

4.1. Dynamic Stiffness Analysis

The first experimental results shown in Figure 7 and Table 3 consist in analyzing and
validating the DS Functions/Equations (15) and (16). This case study considers the SISO
current controllers tuned to fundamental frequency, without feedforward compensation
of the PCC voltages, to reject the grid voltage disturbance, and current references are
set to zero. By programming the 360-ASX power supply, the following components are
considered on the grid voltage waveforms: fundamental positive-sequence (1 pu), negative-
sequence due to asymmetrical unbalance (0.254 pu), and balanced harmonic components
at —5th (0.144 pu), +7th (0.126 pu), —11th (0.141 pu), +13th (0.154 pu). This PCC voltage
shows THD value of 24%, considering up to the 51st order.

Table 3. Comparison between experimental and theoretical dynamic stiffness values (Q}).

Experimental Theoretical
PIdq PR abc/xf3
Component abc op dq Model Model
a b c a b c a b c
+Fund. Seq. 1743 1161 1192 1681 1227 1147 1600 1193 1393 00 00
—Fund. Seq. 1743 1161 1192 1681 1227 1147  51.38  51.02  50.90 51.28 S
—5th 2235 2377 2484 2246 2407 2482 2253 2378 2444 24.48 2491
+7th 22.88 22.70 23.06 22.03 22.10 22.90 24.16 23.22 23.88 20.95 20.99
—11th 17.87 2026  21.04 1843 2070 2145 1945 2186 2225 20.32 20.30
+13th 1997 1810 1924 19.64 18.07 1952 20.67 1928  20.46 21.27 21.24

The output impedance values in Table 3 show that the current control in all reference
frames achieved similar behavior with less than 5% of difference among them, except
for the fundamental negative-sequence component in dg-frame that showed very high
deviation value (about 2000%) in respect to the fundamental positive-sequence component
in dg-frame. It is due to lower stiffness at the 2nd harmonic component (120 Hz) than
the stationary approaches with PR controllers tuned at 60 Hz. Such results quantify the
resilience of each control scheme.

The finite impedance values on the experimental fundamental component for all refer-
ence frames refer to the bilinear discretization method applied to the current controllers.
The values differ among the system’s phases in the same reference frame because the con-
verter’s legs have inherent mismatching due to prototype’s elements and the windowing
limitation on the FFT analysis.

Finally, Figure 6 validates (15) and (16) by accurate experimental results matching with
theoretical DS curves. Note that Figure 6 shows both stationary and synchronous reference
frames in the same plot, in which pink curve is stationary while red one is dg-frame. It
supports the DS analysis and proves that all the controllers are equally sized, because the
horizontal and high frequency asymptotes in both curves (15) and (16) are overlapped
and intersect each other at the same point, i.e., crossover frequency of 900 Hz as shown in
Table 1.
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Figure 7. DS analysis experimental results of PI current controller in dq-frame; and fundamental PR
current controller in abc- and «f3-frame.

4.2. Asymmetrical Voltage Sag Analysis

Table 4 shows the second experimental result using the Fluke 435 Power Quality Ana-
lyzer. This case study consists in evaluating the asymmetrical unbalance under sinusoidal
grid voltages caused by sag. The feedforward compensation of the PCC voltages is not
considered in this analysis, while the current references are set to zero. The AC power
supply is programmed to produce 0.254 pu of negative-sequence voltage on the PCC, by
sagging phase a on 76.5%. This quantity is equivalent to produce a unit variation (peak) in
the current considering dg-frame, from Table 3 and Figure 7.

Table 4. Output current disturbance due asymmetrical voltage sag—rms values.

Experimental Test Considering Voltage Sag

Ref. valVI] vp[V] v[V] ia[A] ip[A] ic[A]
abc 30.1 127.6 127.4 0.104 0.061 0.046
op 30.0 127.6 127.4 0.102 0.059 0.050
dq 30.5 128.7 125.2 0.736 0.717 0.677

4.3. Transient Analysis

Transient analysis has been performed considering the three reference frames as
shown in Figure 8. It is considered a step in the current reference from 50% to 100% of rated
power. The transient results show quite similar behavior for all reference frames, with
rise time of approximately 500 us and no overshoot. Such results prove the equivalence
between PI controllers in the synchronous frame and the PR controllers in stationary frames
corroborating with [9,25,31]. Herein, it proves that all the reference frames are at the same
condition in terms of control bandwidth design to perform a fair comparison.
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Figure 8. Transient analysis of current control, without feedforward compensation. (a) abc-PR, (b) «3-PR, and (c) dq-PL
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4.4. Steady-State Analysis under Ideal Grid Voltages without Feedforward Compensation of
PCC Voltages

This case study is performed upon experimental results of total demand distortion
(TDD) of the grid currents (i in Figure 1), under ideal grid voltages (i.e., sinusoidal and
symmetrical) as shown in Table 5—case study 4.4. The TDD of i; is calculated based on the
IEEE519-2014 methodology considering up to 51st frequency order. Herein the feedforward
compensation of the PCC voltages is disregarded. The power converter exchanges with
the grid 80% of rated power. All harmonic components are computed through fast Fourier
transform (FFT) processed offline after data acquisition using oscilloscope TDS2024B
from Tektronix. The steady-state results, Figure 9, show quite similar behavior for all
reference frames.
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Figure 9. Steady-state analysis of current loop under distorted grid voltages, without feedforward compensation. (a) abc-PR,
(b) xB3-PR, and (c) dg-PIL.

Table 5. Experimental results from case studies—total demand distortion TDD (%).

Case Study 4.4 Case Study 4.5a Case Study 4.5b Case Study 4.6
Leg abc B dq abc B dq abc B dq abc B dq
a 1150 1380 1.137 4.669 4.443 4494 3.094 2942 2727 1115 1.054 1.226
1378 1.550 1.312 4.384 4.695 4477 2983 2806 2936 1110 1.167 1.043
c 1430 1419 1354 4519 4522 4276 3279 2929 3.021 1307 1.226 1.047

4.5. Steady-State Analysis under Distorted Grid Voltages without and with Feedforward
Compensation of the PCC Voltages

The case studies 4.5a and 4.5b shown in Table 5 evaluate the grid-connected VSC
behavior under distorted grid voltages, without and with the feedforward compensation of
the PCC voltages, respectively. The PCC voltages are balanced components of fundamental
(1 pu), —5th (0.04 pu), and +7th (0.025 pu), resulting in 4.73% of voltage THD per phase. In
this scenario, the converter has only current controllers tuned to fundamental frequency,
without feedforward compensation, and exchanges with the grid 80% of rated power, with
6.36 A RMS as shown in Figure 8.

For the case study 4.5b, the feedforward compensation of PCC voltages v, is summed
to the control voltage references v% as shown in Figure 4. In the DSP implementation of
afp- and dqg-reference frames the vy is applied after the inverse transform to the natural
modulation signals. The results are in Table 5—case study 4.5b.

In this analysis, the system shows very close behavior in all reference frames. The
feedforward compensation of PCC voltages improves the TDD current value by approxi-
mately 30-35%. The feedforward, vy, does not fully eliminate the disturbances because of
sampling and transport delays.
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4.6. Steady-State Analysis under Distorted Grid Voltages and Multi Resonant Current Control

The case study 4.6 shown in Table 5 and Figure 10 investigates the performance of
multi-resonant controllers to enhance reference-tracking ability and disturbance-rejection
upon converter output currents. The same voltage configuration of Section 4.4 is used
herein. In stationary abc- and af3-frame, multi-resonant controllers are tuned to the compo-
nents: fundamental 60 Hz, 5th, and 7th; where k;, = 21.6 ), k;_gonz = 12,437 Q)/s, ki_300Hz =
12,437 Q) /s, ki apor1z = 12,437 1 /s. While in synchronous dg-frame, due to the frequency
shift behavior of Park’s Transformation, only one resonant controller is tuned to 6th com-
ponent, k, = 21.6 O, k; 3601, = 18,655 ()/s, (since it considers only balanced —5th and
+7th), and one PI controller tracks the fundamental component same as DC quantity. These
control schemes match a fair comparison in all reference frames in terms of performances,
because the controllers consider the same crossover frequency and phase margin. The
resonant controllers are sized based on root loci as in [18], and they are discretized by direct
recursive of Tustin operator (bilinear method) [32].
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Figure 10. Steady-state analysis of multi-resonant control under distorted voltage. (a) abc—PR fund. +5th +7th, (b) x3—PR
fund. +5th +7th and (c) dq-PI + 6th resonant.

The multi-resonant controllers improved in approximately 76% the TDD values com-
pared to case study 4.5b, increasing the stiffness of the current control at the tuned fre-
quencies. However, comparing the three reference frames, it is concluded that all of
them achieved very similar performance in terms of steady-state and transient behavior.
The main difference between them was the computational cost involved in their digital
implementation, as discussed in Section 4.7.

4.7. Computational Effort Assessment

The last case study results quantify the computational effort considering the control
configurations used in this paper: without and with multi-resonant current controllers and
implemented by C and assembly (i.e., Digital Control Library—DCL [33]) programming
language (ASM). An analytical approach based on the computational effort is shown
in Table 6. This analysis is based on the algebraic and trigonometric operations for a
fundamental current control in all reference frames proposed and search instantiate the
experimental results.

Table 6. Computational effort based on the number of algebraic and trigonometric operations.

Sums Subtractions Products Trigonometric
abc 5 7 8 2
o 5 11 17 2

dq 15 6 16 12
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All the measured processing time values shown in Table 7 referred only to the output
current control interruption time and exclude other parts of the control algorithm such
as PLL and protections. The results showed that the abc frame required 59% and 31%
lower computational effort than the dg- and «f3-frame, respectively, considering just one
controller, and that required 26% and 15% lower effort than those when considering multi-
resonant controllers, as shown in lines 1 and 2 of Table 7. Such a result was achieved due to
the absence of reference frame transformation, inherently straightforward implementation
for low-cost embedded systems. The results also showed that abc-frame requires 37% lower
computational effort when coded in assembly direct form in comparison to C language
for fundamental regulator only (see lines 1 and 3 of Table 7 for abc-frame). It is worth
underlining that the dg-frame control could be further improved considering another dg-
frame rotating -w with other PI and a resonant controller tuned to 6th. It would attenuate
the fundamental negative-sequence, +5th and —7th. However, it would also double the
computational time processing of such a control scheme.

Table 7. Measured computational effort—% of sample period.

abc B dq
C-Fund. 1.69% 2.45% 4.13%
C-Fund plus Multi control 4.12% 4.88% 5.60%
Asm direct-Fund. 1.06% 1.93% 2.66%
Asm direct-Fund plus Multi 2.53% 3.30% 3.62%

5. Conclusions

In this paper, the authors thoroughly investigated implementations of linear AC
current regulators for the three-phase three-wire grid-connected converter, considering
three different reference frames: natural abc, stationary «f3, and synchronous dq under a
distributed generation scheme. The dynamic stiffness, steady-state, transient, and compu-
tational efforts were assessed for those three approaches. The dynamic stiffness analysis
has shown an accurate figure of merit to evaluate the performance of those AC current
controllers under different frequency disturbances, and guarantee that an equal sizing of
controllers has been made for the three reference frames compared herein.

A quantitative comparative analysis has been evaluated by experimental results,
and acquired data has been validated under the same operational conditions, in order
to reflect the proposed mathematical analysis. The transient analysis is similar for the
three controllers devised. The steady-state performance of the controller in synchronous-
frame (dq), without dual synchronous frame control, was inferior under negative-sequence
voltage disturbance when compared to stationary approached (abc) and (x[3). These latter
controllers achieved similar experimental performance. Finally, this paper demonstrated
that computational requirements for the natural reference frame abc are less constrained
because there is a straightforward digital control implementation. Then, the abc-frame
controllers should be more explored and used for low digital implementation cost because
they achieve similar results in terms of stiffness, transient and steady-state performance
requiring lower computational effort. In fact, all the comparison scenarios lead us to very
similar results for all the proposed control references, leading us to the conclusion that the
main choice factor for the design will be the computational effort of implementing each of
the proposed strategies.
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