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Abstract: A major concern of the power quality in distributed systems is related to the mitigation of voltage imbalances. This func-
tion can be implemented directly in the control system of the distributed generation power converters working simultaneously with
the standard operation modes. This paper presents a negative-sequence voltage elimination technique for distributed generators
in grid-feeding operation mode. The proposal guarantees a complete elimination of the negative-sequence voltage, while operating
without a prior in-depth knowledge of the grid configuration and its characteristics. The proposed control architecture is presented
together with its pseudo-code, a controller flowchart and a discussion of the implementation aspects. A closed-loop modeling is
derived based on a complex transfer function approach, which is used to determine stability margins and control design guidelines.

A laboratory setup was implemented to verify the performance of the proposed strategy.

Nomenclature

Grid-connected DG unit scheme:

L LCL filter’s inverter side inductance

C LCL filter’s capacitor

Lo LCL filter’s grid side inductance

Zr, Equivalent impedance of the distribution line
Z Local load

tabe  Output current of the inverter

vapbe  Output voltage of the DG unit

Notation for the a3, positive- and negative-sequence components:

To Component « of the variable x

g Component 3 of the variable

zo3  Compact notation of the components « and S of x

UL(JS Positive-sequence component of z«

;U;;_ Positive-sequence component of xg

;E:H Compact notation of the positive-sequence components of
ZTq and zg

Tref o Positive-sequence reference of xq

+ TR - c o
Tet 3 Positive-sequence reference of x 3

Lot 0B Compact notation of the positive-sequence references of x«
and g

Parameters of the proposed control strategy:

K Complex gain of the control strategy
Ky Real component of K
K; Imaginary component of K
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1 Introduction

In the last decades, distributed generation (DG) systems have
increased their penetration levels in electrical grids offering ben-
efits to the network operators such as reduction in transmission
losses, more flexibility in the operation planning, and improvements
in power quality services [1, 2]. Regarding this last aspect, power
electronics devices play a key role in the power quality enhancement
and due to this, the study of their control techniques and function-
alities has gained a lot of attention from researches and industry
stakeholders [3-7].

A major concern of the power quality in distributed grids is
related to voltage imbalances. An imbalance can be produced by a
shift between the phases of a three-phase system or by differences
between its voltage amplitudes. This last case is the most frequent
and is produced mainly by imbalances in loads across the grid and
load operation variability [8-10].

Voltage imbalances have a major impact on weak grids compared
with other type of grids, considering the significant weight of the line
impedances over the voltage profile variations. If the voltage imbal-
ances are significant (i.e., Voltage Unbalance Factor (VUF) > 2.5%,
according to [11]), they can produce undesired consequences such as
increases in power losses, abnormal operation in sensitive loads and
negative impacts on the life span of induction motors, power elec-
tronic converters and electronic equipment [12—14]. In addition, it is
known that voltage imbalances are directly related with high ripple
currents at the input DC bus of DG units, which affect power sources
production [15-17].

A possibility to reduce the voltage imbalances consists of adding
active power filters and STATCOMSs [18-23]. However, this alter-
native implies adding extra equipment which represents additional
costs. This problem has motivated the development of techniques
to compensate the negative-sequence voltage implemented directly
in the control systems of DG power converters. Thus, the DG unit
can execute this auxiliary function without requiring any additional
element and working simultaneously with the usual features of the
grid-connected operation modes.



For the grid-feeding mode, most of the negative-sequence elim-
ination strategies are devised for the operation during voltage sags
[24-34]. In this condition, the negative-sequence control is con-
sidered together with a set of multiple functions that must be
executed to guarantee ride-through capacity, which involves a trade-
off in the simultaneous fulfillment of the control objectives. For
this reason, these control strategies are designed to mitigate the
negative-sequence until certain limit, but do not consider their total
elimination. In fact, as it will be discussed later, due to the manner
the current references are generated, some of them exhibit an inap-
propriate operation when the negative-sequence is reduced to values
close to zero.

This paper proposes a technique for the negative-sequence voltage
elimination in grid-feeding operation mode. Compared with previ-
ous control strategies, the proposal presents the following superior
operational features:

eDue to its control architecture, the proposal allows to set directly
the desired value of reduction of the negative-sequence voltage.
Thus, it can be selected to guarantee the complete elimination of
the imbalance or to operate under specific limits.

eThe control parameters of the strategy can be designed without a
prior in-depth knowledge of the grid characteristic. Due to this fea-
ture, the proper operation performance of the control strategy is
ensured even if the grid presents load changes.

eUnlike other control strategies, the proposal guarantees an excellent
steady-state performance even in very low values of the negative-
sequence voltage. The reason for this is the used control architec-
ture, which avoids the use of expressions that exhibits undesired
behaviours when the amplitude of the negative-sequence voltage is
reduced to zero.

In the paper, the control architecture is presented together with a
pseudo-code and a flowchart of the control implementation. Con-
trol design guidelines are given using a modeling analysis in which
an analytic expression of the complex transfer function is derived.
Experimental results from a laboratory setup have been reported to
validate the features and performance of the proposed control.

The rest of the paper is organized as follows, Section 2 describes
the system, revisiting the basic concepts about grid-feeding oper-
ation mode. Section 3 presents the proposed control including the
control architecture and its implementation. Section 4 discusses
modeling while Section 5 presents design considerations. Section
6 shows the experimental results. Finally, Section 7 concludes the

paper.

2 Distributed Generation Systems

In Fig. 1 a diagram of a grid-connected three-phase DG unit is pre-
sented. The DG unit is composed by a power source and a power
inverter. In between, a DC-link is needed to balance the power flow.
The inverter is connected to the grid with a LCL filter to reject har-
monics and switching noise. %,p. and v,p. are sensed and used as
input variables for the inverter controller.

The DG unit can operate in two main modes: grid-forming and
grid-feeding, being the latter the focus of this paper. In grid-forming
operation mode the inverter is controlled to regulate its output volt-
age, while in grid-feeding operation mode the inverter is controlled
to inject the maximum power available or a determined power ref-
erence. The nature of the operation mode allows to model the
inverter as a power-controlled current source. The basic stages of
the grid-feeding operation mode controller are presented in the next
subsection.

2.1  Grid-Feeding Operation Mode

A general control scheme for the grid-feeding operation mode is pre-
sented in Fig. 2. Voltages v, and currents ¢, are used as input
variables in the control scheme. To translate abc variables into «/30
domain, Clarke’s transformation is applied [35]. For this end, the
following conversion matrix can be used

LCL filter

Inverter iabe " Vabe Zg Grid

Power 1
source T

Fig. 1. Diagram of a grid-connected DG unit.
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Fig. 2. Control scheme for grid-feeding operation mode.
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where x must be replaced for voltages or currents, as is the case.

Notice that 0 component has been omitted because a three-phase
three-wire system has been considered.

It is of interest to extract both positive and negative sequences
of the voltage v, g. For this, a Second-Order Generalized Integrator
(SOGI) can be implemented to estimate these sequences [36, 37],
using the following matrices:

+ —jz
Vo 1 1 —e 72 Vo
)40 5]
B
Vo _ 1 1 ) eij% Vo 3)
vy | 2 —eiE 1 vg |
Conventionally, the positive-sequence current references i:gf o

and i;gf 3 are obtained using a power control scheme [38, 39], as
follows’

. _ 2 1);; +
’Lref,a - g (’U+)2 + (UE)Q F)ref “4)
+
2 v
A+ B +
Yref,3 = § P, f (&)

(v;r)2—|—(v§)2 re

where P;:f is the positive-sequence active power reference.

In the conventional approach, the reference values for the cur-
rents are obtained exclusively based on the positive-sequence. Thus,
lref,0 = ijeﬂ o and ief g = i:gf) . These references are compared
with the currents sensed values io and ig, to calculate the errors
that are the input of a proportional+resonant (PRes) controller and
a space vector pulse width modulator (PWM) to obtain the control
signals that drive the switches of the converter.

This standard control scheme does not include any negative-
sequence voltage elimination. Thus, if any type of imbalance is
produced on the grid, a negative-sequence component will be pre-
sented at the DG output voltage. In the following subsection, the
conventional approaches to address this issue are presented.

2.2 Conventional Negative-Sequence Elimination Approach

In general, most of the conventional negative-sequence reduction
strategies are based on the introduction of negative-sequence current
references bref o and lref, 87 which are added to the positive-sequence
references, as
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Fig. 3. Control scheme for grid-feeding operation mode including
the proposed control block.

. .+ —
Uref,o0 = Yref, o + Lref, o (6)

iref, g = z‘;gf, g+ it - ©)

These references are calculated using similar power control
schemes to (4) and (5), but considering negative-sequence variables.
The schemes presented in [31-34] can be expressed in a general form
as

. 2 Vo -, 2 Ug —
i =-——— P +-—FF——— 8
ref,a 3 ('U(;)z + (%7)2 ref T g (U;)z + ('Uﬁ_)Q Qref @)
— 2 Vg _ 2 Vg _
bref,3 = 3 B 3 " et O

(va)2+ (v)2 " 3 (va)2 + (v)?
where P_; and @, are negative-sequence active and reactive power
references, correspondingly.

As an alternative approach, (8) and (9) are formulated using
the amplitude of the negative-sequence currents associated with the
active and reactive powers, as

- _valp Ul

lref,o = = + = (10)
i = tele velg (1)
ref, 3 V- V-

being I, = % (Py/V )andIQ = % Qs / V7).

Notice that in both strategies (8), (9) and (10), (11), the cur-
rent references are calculated based on expressions that include the
negative-sequence voltage amplitude in the denominator. For this
reason, when this value is reduced to almost zero, the DG operates
exhibiting an undesired variable behaviour. This feature limits the
negative-sequence reduction, making its total elimination unfeasi-
ble. In the following Section a control technique that overcomes this
drawback is proposed.

3 Proposed Control Technique

This Section presents the proposed control and a discussion on its
implementation aspects.

3.1  Control Architecture

The aim of the control strategy is to generate a negative-sequence
current reference i 5 to effectively eliminate the negative-

sequence output voltage U;B, which is used as input variable. As a
benchmark, a voltage reference is defined as 'ur;f aB It is of interest
to eliminate the error &‘;ﬁ defined as
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Fig. 4. Flowchart of the controller including the proposed control
strategy.

€;B = U;ﬁaﬁ - 0;5. (12)

Notice that, as the objective is to suppress the negative sequence,
i.e., lead v_ 5 to zero, it is expected to set vr;ﬂ = 0. However, the
proposal is presented in a general form for the case that this reference
is established at a non-zero value (below an established operational
limit).

The control strategy is based on the integration of a;ﬁ. Due to the
rotative nature of this phasorial variable, it is proposed the use of an
operator which allows to set a rotative framework for the integration.
As g, 4 rotates at frequency —w, an operator e’ that multiplies
this variable will have a cancellation effect on the rotation. Once
the result of the integral control action is calculated, the signal is
rotated again (using the operator ¢~/ Wiy 1o be implemented into the
system as a negative-sequence reference. The proposed strategy can
be mathematically described as follows

irefap = K e 7 j " (Vretap — V) dt (13)

where K € C is a control parameter.

Fig. 3 presents the general control scheme including the block
of the control proposal. This strategy is complementary to the stan-
dard control scheme, and does not modify any other control block,
being easily adaptable to different operational environments. Fur-
ther details about the implementation aspects are discussed in the
following subsection.

3.2 Implementation Features

The suitable implementation of the proposed control requires the
discretization of the equations that compose the strategy. Also, con-
sidering the complex nature of the variables and parameters, it
is recommended to follow an implementation approach based on
channels, in order to conveniently separate the of variables.

As stated in (13), the parameter K is a complex number, and it can
be defined as K = K + j K. This alternative provides two degrees
of freedom to the control design and, as it will be discussed later, it
allows obtaining dynamic properties that can not be easily achieved
with a real parameter.



TASK : controller(h)

1 /* Definition of complex numbers product function */
2 (yr»yi) =CNP(3/'7"7551'7ZT72'2’)

3 Yr = Tr2Zr — TiZi 5 Yi = Trzi + Tizr

4 /* Sampling and processing */

5 (vabe,tabe) = ReadADC()

6 (Ua, Uﬁ) = Clarke(vgpe)

7 (ia,ig) = Clarke(igpc)

8 /" Sequence extractor SOGI */

9 (vd,v},va,v5) = SOGI(va, vs)

10 /* Power control loop */

ot o

o

+ .t +
W) +(v})? Pet s et =

_ 2
3 (U§)2+(U;)2 Pref

. 2
Yref,a = 3

12 /* Proposed control */

13 Ea = fur;f’a — Vg ; 6; = Ur;f,ﬁ —vg

14 (Cla,Clg) = CNP(cos(wTo),sin(wTo),sg,sE)

15 Ao =Xa+T0Cla; Ag = Ag +ToClg % Discretized
integral

16 (C2a,C2g) = CNP (cos(—wTp), sin(—wTh), Aa, Ag)

17 (gt 0o, ) = ONP (Ko, Ki, C24, C25)

18 /* Reference current generator */

19 o = ir:f,a t it tret, 8 = i:;f,ﬁ +igr s

20  /* Current control loop */

21 do = PReS(irer,a — ia) ; dg = PReS(irer,3 — ig)

2 (Tape) = SpaceVectorPWM(da,dg)

Fig. 5. Pseudo-code of the controller including the proposed control

strategy.

The exponential terms in (13) are disaggregated using Euler’s for-
mula (i.e., /¥ = cos(z) + j sin(z)). Also, to facilitate the imple-
mentation, a function that calculates the product of complex numbers
is recommended (i.e., assuming two complex numbers x, + jx; and
zr + jz;, the product is defined as y, + jy; being

Yr = Tr2r — TiZ4 (14)

Yi = Trz; + Tizr (15)

Fig. 4 shows a flowchart that allows a better understanding of
the way in which the sampling signals are processed in order to
calculate the key variables of the control strategy. Furthermore, in
Fig. 5, a step-by-step pseudo-code of the proposed control scheme is
shown, considering a discrete step of 1. In the next subsection, the
modeling and design considerations are addressed.

4 Closed-loop Dynamic Model

In this Section, a closed-loop dynamic model for the DG unit is
derived. This model is used for the design of the proposed control.

4.1  Modeling of the System

The focus of this section is on the modeling of the negative-sequence
components. To this end, the positive-sequence components are
considered as perturbing signals to the negative-sequence channel.
This separation in channels allows to find the closed-loop poles of

v , €
ref,a3 a8 [ Proposed System
——>{ Controller Plant
C(s) P(s)

)
{e.u 3

SOGI
H (s) -

Fig. 6. Closed-loop model for the negative-sequence channel.

the negative-sequence voltage dynamics and, therefore, to properly
design the control parameter K.

Fig. 6 shows the closed-loop model for the negative-sequence
channel. As input variable, the model considers the voltage refer-
ence vr;f’a 8 while the output variable is the voltage U;B. These
are complex variables representing the components a and 3 in a
compact notation. The definition of each modeling block is pre-
sented below. A perfect tracking between the reference current and
the injected current is considered (i.e, 4 , 5= i;B) [40]. This
is defined assuming a correct design of the control parameters,
guaranteeing a decoupling of the dynamics of the different control

loops.

4.1.1  Proposed Controller Block: The proposed control has as
input variable the error 6;5 and as output variable the current refer-
ence ir;f7a 3 (i;B according to the perfect tracking assumption). For

modeling purposes, consider the first-time derivative of (13), which
is equal to

ir‘eﬂaﬁ = —jW it ap + K €0p- (16)

Converting this expression to the frequency domain, it is possible to
obtain the following transfer function

PN (17)
4.1.2  SOGI Sequence Extractor Block: The modeling of the
SOGI is obtained based on the works presented in [40—42]. The
inclusion of this block allows to consider the effect of the sequence
extraction into the system dynamics. The voltage signal U;B is used
as input variable, while the estimated negative-sequence voltage
v; of is the output variable.

Using the averaged model presented in [42], it is possible to
obtain the following equations

Vo | L ws &P e | g
AP T 24 2ws+w? | —&w? tws vg |

This expression can be equivalently described by the complex
transfer function [43]

Yeap _  Ews — jéw?
Vo 8?2 4 2fws+w?’

The parameter £ in (19) is calculated as discussed in [42], using
the design guideline £ = 5/(wts), being ¢ the settling time of the
SOGI, considered in this work as ts = 16.7 ms, i.e., one period of
the power grid frequency.

H(s) = (19)

4.1.3  System Plant Block: The scheme of the system is pre-
sented in Fig.1. The distribution line and the local load, Z;, and Z,
are considered balanced. The imbalance is generated by the grid
voltage V,.;q. In frequency domain, the output voltage and the
output current are represented as V' and I, respectively. Assuming
Z >> Zp, and, therefore, Z || Z;, ~ Z, (which is valid for the
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Table 1 Parameters of the experimental setup

Element Symbol Quantity
Nominal frequency wo 1207 rad/s
Nominal voltage Vo 110V rms
LCL inverter side inductance L 5mH

LCL capacitor C 1.5 uF
LCL grid side inductance Lo 1mH

Line impedance Zy, 05+j1.73Q
Resistance of Z, Ry, 050
Inductance of Z, Ly, 4.6 mH
Local load impedance Z 2420Q
SOGI parameter 3 0.7958
Positive-sequence active power reference Pr‘e*; 1000 W

Table 2 Stability ranges for parameters K; and K.

Value of the parameter K; Range for the parameter K,

-2.5 Unstable
0.0 00< K, <120
2.5 98< K, <216
5.0 -156 < K, <27.0
7.5 202 < K, < 31.1
-330 - ;
—335), DK, =1027 f i i
______ xx
—340+ : e o %]
—345- | : il
£ 3500 -
> K, =627 : : :
R N e RKeomimommsiniminn 3 a2 R X -
: : e
£ -0 z -
365t D Selected K ]
: LK =627+45" : :
: . H H T 2 I X--
=3701 v K =227 g Ymmimimim S T
----- S R : :
-375 B v 3 4 1
K; =175 Ki=5" K;i=25 K;= K;i=-25"
_38% T 1 LS L L. I s I S
=35 =30 =25 =20 -15 -10 =5 0 5 10
Real Axis

Fig. 7. Location of the dominant closed-loop poles for different
values of K.

setup built for the experimental tests presented in Section 6), the
output voltage can be written in frequency domain as

V=(Rp+ Lps)I + Vgrid (20)

where Ry, and Lj, are the resistance and inductance of Z, respec-
tively. To obtain the model of the system plant, the unbalanced
grid voltage Vg,.;q can be seen as a perturbation. To consider the
dynamics of the system, a dynamic phasor approach is suggested
[44, 45]. Then, obtaining the complex transfer function for the
negative-sequence channel, the plant can be modeled as

v
P(s) = 22 — Ry + Lys — jwLy. @1

)

5 Control Design

In this Section, the design of the control parameters is presented.
First, the closed-loop stability is analyzed. Then, design guidelines
are discussed. Finally, a sensitivity analysis is presented, to deter-
mine the impact of the grid impedance variations over the position
of the dominant closed-loop pole.
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Fig. 8. Location of the dominant closed-loop pole with K = 6.27 +
jb considering variations in the line impedance values Ry, and L .

5.1 Closed-loop Stability Analysis

From Fig. 6, the closed-loop complex transfer function of the
system can be written as

_ Pe)C)
1+ P(s)C(s)H(s)

The models derived for the system plant (21), SOGI (19) and pro-
posed control (17) can be inserted in (22) to obtain the closed-loop
dynamics of the system. The complete expression and coefficients
of F(s) are presented in Appendix 9.1. The numerical values of
the coefficients are obtained using the parameters of the experi-
mental setup in Table 1. Since a complex transfer function was
considered, the characteristic polynomial of the closed-loop sys-
tem, g(s) = 1 + P(s)C(s)H(s), is a polynomial with complex
coefficients. In order to determine if the closed-loop system is sta-
ble for some values of the control parameter K, a Generalized
Routh-Hurwitz (GRH) criterion is used. This extended criterion was
initially presented in [46], and recently in [47] for an induction gen-
erator. Consider a third order polynomial with complex coefficients
of the general form

F(s) (22)

a(s) = cos® + (c1 + jd1)s> + (ca + jdo)s + (c3 + jd3) (23)

where cg is assumed to be real and positive. Then, the GRH criterion
for a third order polynomial with complex coefficients is presented
in the following Lemma [46].

Lemma 1. Considering a cubic polynomial with complex coeffi-
cients (23), the roots are in the open left-half plane if and only if
the determinants A\; are strictly positive for i = 1,2, 3, where

c1 c3 —do
Ay =cy, Ag=det|cog c2 —di ],

0 do
cit cg 0 —do 0
co C2 0 —d1 —d3
Az =det| 0 c¢1 c3 0 —do
0 d2 0 (&) Cc3
0 di d3 ¢ co

Now, using Lemma 1 to analyze the roots of the complex closed-
loop polynomial ¢(s), some analytical conditions for stability can
be obtained. For a first case, considering K; = 0, from A = ¢y,
it is guaranteed that A; > 0 for any K, > Z—LQ For Ag > 0, it is
obtained that any K- > 0 satisfies the condition. Finally, for Az >
0, according to the numerical values, it is obtained that the range
0 < K; < 12 guarantees closed-loop system stability.

To illustrate all possibilities of the complex parameter K, several
simulations similar to root-locus are performed. Fig. 7 shows the
results for the dominant (low-frequency) pole. The other two poles
are not considered in the plot because they are located at high fre-
quencies of the x-axis left-hand plane (stable for a large range of



values of K and with a fast dynamic response). The curves for K;
equal to —2.5, 0, 2.5, 5 and 7.5, are indicated in the Figure, while
the values of the ranges for K in which the dominant pole is stable
are presented in Table 2.

As can be observed, there are many values of the control param-
eters that guarantee the stability conditions. However, according
to the position of the dominant pole the system presents differ-
ent dynamic response performance. The selection of the values
of the control parameters K, and K; must be done according to
desired dynamic characteristics. Design guideline are presented in
the following subsection.

5.2 Design Guidelines

According to Fig. 7, the increase in the value of the parameter
K; produces a shift to the left in the position of the dominant pole.
It is desirable to obtain a fast speed of response without affecting
the internal loops of the control and avoiding the risk of losing the
dominance of the pole. Thus, as a design guideline for the control
parameter K, it is recommended to select a position of the pole
to reach a response time approximately ten times slower than the
dynamics of the internal control loops.

Furthermore, another important aspect that can be concluded is
that all the curves with constant values of K; have a similar con-
cave shape, whose vertices correspond to the same value of K.
As the vertex is the left most possible point of each curve (i.e.,
the maximum speed of response of the curve), the recommended
design guideline is to select this position as the value for the control
parameter K.

For the numerical example presented in the paper, the control
parameter is chosen as K = 6.27 4+ 55. It is important to notice that
the dominant pole can be located in a region to met the above design
guidelines, therefore, there is no a single optimal location that must
be selected. Fifteen points of operation are highlighted with X’s in
the plot, which are evaluated in the next section in order to verify
if the modeling effectively corresponds to the experimental results
obtained.

5.3 Impact of the Grid Impedance Variations

A sensitivity analysis was carried out to evaluate the impact of the
variation in the value of the line impedance Zj, (i.e., the resistance
R;, and the inductance L 1) over the position of the dominant closed-
loop pole. Considering a chosen control parameter, K = 6.27 + 55,
Fig. 8 presents the position of the dominant pole for different devi-
ations of the values of Ry, and Ly, (with respect to the values used
in the design procedure presented in Table 1). The value R was
deviated £20% and +40%, while L, 210% and +20%. The new
positions of the dominant pole are marked with gray X’s.

The results show no significant impacts over the position of the
dominant pole even with a line impedance variation of 40%. Basi-
cally, this means that an appropriate design of the control parameters
can be performed without requiring an "in-depth" knowledge of the
grid impedance (understood as an accurate estimation and with low
margin of error). An estimated value of the grid impedance can be
obtained using any online grid calculation method presented in the
literature, see, e.g., [48-52]. Many of these methods are easy to
implement, do not require large computation capacity and allow to
obtain accurate results in short operation times.

It is worth mentioning that these changes on the position of the
dominant pole are exclusively related to the transient dynamics of
the negative-sequence elimination. Due to the nature of the control
strategy, in all the cases when the dominant pole is stable, a complete
elimination of the negative-sequence voltage is guaranteed, as will
be verified in the experimental results of the next section.

6 Experimental Results

The experimental tests were performed in the laboratory prototype
that is shown in Fig. 9. The setup follows the scheme depicted
in Fig. 1. The DG unit was implemented using a DC power

Fig. 9. Experimental setup.

source (AMREL SPS-800-12), which emulates the power genera-
tion, a MTLCBIOO60F12IXHF GUASCH three-phase IGBT full-
bridge power inverter and a LCL output filter. A Texas Instruments
TMS320F28335 floating-point digital-signal processor was used as
control platform. The data was gathered in a PC to be plotted
using Matlab. The distribution line Zj was emulated with a RL
impedance, while the local load Z corresponds to a resistive load.
For the tests presented in subsections 6.1 to 6.4 were considered
balanced impedances for the local load Z and the line Z,, while spe-
cific unbalance scenarios were implemented in the tests presented in
subsections 6.5 and 6.6. Finally, regarding the grid, a Pacific Power
AC grid emulator was used operating in unbalanced conditions. The
phase amplitudes of the grid were programmed to produce positive-
and negative-sequence DG output voltages of V1 = 151.7 V and
V™ =43V (VUF = 2.83 %). The rest of the parameters related to
the experimental setup were presented in Table 1.

6.1  Conventional Negative-Sequence Elimination Approach

First, a test using the conventional negative-sequence elimination
approach was performed. To this end, the negative-sequence current
references in (10) and (11) were implemented considering I, = 0
and I, = 5. The experimental results are presented in Fig. 10.
The test begins with the DG unit connected to the grid, with the
negative-sequence control disabled. At¢ = 0.2 s, the control is acti-
vated and the negative-sequence voltage is gradually reduced. The
results clearly show that the strategy exhibits an undesired perfor-
mance when V™ is reduced to values close to zero. The rippling
behaviour presents maximum peaks that reach V'~ = 1.24 V. This
value corresponds to almost 30% of the amplitude of the negative-
sequence before the control strategy activation. Even if these values
are reached instantly, it is possible to conclude that the operation
of this type of control strategies is not suitable when V'~ is highly
reduced. As previously discussed, this is due to the nature of the
control strategy scheme.

6.2  Proposed Control Strategy Using Different Gains K

To verify the performance predictions of the modeling section,
Fig. 11 presents V'~ for different tests using the values of the control
parameter K highlighted in Fig. 7. To clearly distinguish the posi-
tion of the dominant pole associated with each test, the same colors
have been used in both figures.

The results obtained are consistent with the modeling. The tests
using K; = —2.5 present unstable responses. On the other tests,
with K; > 0, the results show stable dynamics with different speed
of responses. Notice how in each set of tests with the same K, the
test with K- = 6.27 has always the faster dynamic response. The
reason is that, in this case, the real part of the dominant pole is
greater, as it was pointed out in the discussion of Fig. 7. Further-
more, the tests make it clear that the increase in the value of the
parameter K; has an impact over the speed of response.
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Fig. 11. Amplitude of the negative-sequence voltage using the proposed control strategy with different values of K.

The selected value of the parameter (i.e., K = 6.27 + j5)
presents a speed of response of approximately 0.17 s. As it can be
seen, for greater values of K; a faster speed of response is obtained.
However, there is a coupling with the internal control loops, pro-
ducing undesired oscillations in the transient response, illustrated in
Fig. 11 for K; = 7.5.

6.3  Proposed Control Strategy - Base case

To verify the performance of the proposed control strategy, differ-
ent tests cases were implemented. First, in this section is presented
the base case. This scenario is characterized by two aspects: (a) The
local load Z and the line impedance Z7, are balanced, as considered
in subsection 4.1.3, (b) the positive-sequence active power reference
P;t is constant during all the test. Variations of these operating char-
acteristics were considered in other tests, as will be described in
the following subsections. The control parameter was implemented
using the selected value K = 6.27 + 5j.

In Fig. 12(a) the amplitude of the negative-sequence voltage
is shown. Voltages Vp. are not presented because is difficult to
observe the imbalance in this type of signals. Instead of these
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voltages, the a3 components of the negative-sequence voltage are
depicted in Fig. 12(b). The test begins with the DG unit connected
to the grid and the proposed control disabled. Before the control
strategy activation, the amplitude of the negative-sequence is uncon-
trolled and presents its maximum value, V'~ = 4.3 V. Att = 0.2,
the control is activated, which produces a gradually reduction of
the negative-sequence voltage. Both figures clearly show that this
control action is carried out smoothly and without significant over-
shoots. After approximately 0.17 s, the negative-sequence voltage is
considered completely eliminated.

Once the steady-state is reached, the rippling behaviour presents
a peak of maximum V'~ = 0.05 V, which corresponds to less than
1.2% of the initial value of the negative-sequence before the control
strategy activation. This value is so small that it is negligible, and the
negative-sequence is considered eliminated. This feature constitutes
one of the main differences that distinguish the superior behavior of
the proposed control strategy over other proposals in the literature.

Fig. 12(c) presents the output currents of the inverter 7,p.. This
figure allows to appreciate the differences in the operation of the
currents before and after the control strategy activation. To observe
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the detail of the three-phase currents in a clearer way, two selected
zoom-in are shown in Fig. 12(d) and Fig. 12(e).

In the first stage of the test, while the control strategy is deacti-
vated (the axis of the zoom in Fig. 12(d) covers the time interval
0.075 s <t < 0.125 s) the currents injected to the grid are bal-
anced and no negative-sequence correction is applied. Once the
proposed control is activated and the steady-state is reached (the axis
of the zoom in Fig. 12(e) covers the time interval 0.875 s <t <
0.925 s), the currents injected to the grid are unbalanced, which cor-
respond to the correction mechanism that allows the elimination of
the negative-sequence output voltage.

6.4  Proposed Control Strategy - Variable Energy
Production

In this test, the proposed control strategy is evaluated considering
variable energy production. This characteristic is emulated through
the variation of the positive-sequence active power reference Prjf’
which was programmed to decrease linearly starting with a value
of 1200 W. Regarding the control parameter, it was considered a
value of K = 6.27 4 ;5. The experimental results are presented in
Fig. 13.

In Fig. 13(a), the value of P& is depicted. Similarly to previ-
ous tests, the control strategy starts disabled and is activated at ¢t =
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0.2 s. Thus, the variation of I:)ri_f occurs before and after the activa-
tion of the control strategy. The amplitude of the negative-sequence
voltage is shown in Fig. 13(b). As can be seen, the variability
in energy production does not affect the ability to eliminate the
negative-sequence voltage, nor its operational characteristics (e.g.,
the transient dynamics).

Fig. 13(c) presents the output currents of the inverter .. In this
figure is possible to observe how the reduction in Prjf impacts over
the amplitudes of the currents producing a linear decrease. Selected
zoom-in are shown in Fig. 13(d) and Fig. 13(e). The first figure
shows the currents %, before the control activation. Because there
is no control mechanism over the negative-sequence voltage, the
currents are balanced during this time interval. The second figure
shows the currents 7,3 after the activation of the control mech-
anism. Notice how the reduction on the positive-sequence active
power simultaneously with the negative-sequence voltage elimina-
tion control, impact over the phases of the currents. In this way, the
currents are adapted to the control objectives of the upper loops.

6.5 Proposed Control Strategy - Unbalanced Line
Impedance Z,

In all the tests presented above were considering balanced
impedances for Z and Z,. Because of this, the imbalance presented
was generated exclusively by the differences in the phases of the
grid. In this test, an imbalance was introduced in the line impedance
Z 1, (keeping the grid unbalanced) to evaluate the performance of the
proposed control in this type of scenarios. The imbalance was intro-
duced in phase C of Z;. While the phases A and B operate at the
value that had been previously used (i.e., 0.5 +j 1.73 Q, see Table 1),
phase C has been modified, reducing its inductance to operate in a
value of 0.5 +j 0.98 2 (i.e., Ly, = 2.6 mH).

Fig. 14 presents V'~ for the experimental test. The results
show that the imbalance before the control strategy activation is
V™ = 4.7V, a greater value compared with the previous test, due
to the impact of the unbalanced line impedance. Once the control
strategy is activated at ¢ = 0.2 s, the negative-sequence voltage is
completely eliminated with similar performance characteristics to
those observed in the previous tests.

6.6 Proposed Control Strategy - Unbalanced Local Load 7.

For the last test, an imbalance was introduced in the local load Z
(keeping the grid unbalanced) to evaluate the performance of the
proposed control in this type of scenarios. While phases A and B
operate at the value that had been previously used (i.e., 24.2 €, see
Table 1), and imbalance was introduced in the phase C, which was
operated as an open circuit.

Fig. 15 presents V'~ for the experimental test. The results show
that the imbalance in the local load increases significantly the value

IET Research Journals, pp. 1-11
© The Institution of Engineering and Technology 2019

of the negative-sequence voltage before the control strategy acti-
vation. A value of V7~ = 9.5V is observed. However, once the
control strategy is activated at ¢t = 0.2 s, a complete elimination of
the negative-sequence voltage is observed.

These experimental tests show that the proposed control strat-
egy eliminates effectively the negative-sequence voltage regardless
the origin of the imbalance (it can be produced by the grid, by an
unbalanced grid impedance, by an unbalanced local local or by the
combination of some of all of these characteristics). Also, that the
level of the imbalance does not affect the main dynamic properties
of the negative-sequence voltage elimination.

7 Conclusion

A control strategy for the negative-sequence voltage elimination for
distributed generators operating in grid-feeding mode has been pre-
sented in this paper. Compared with previous control strategies, the
proposal presents superior operational features such as: (a) offers the
possibility to set directly a desired value of reduction of the negative-
sequence voltage, (b) the design of its control parameters does not
require a prior in-depth knowledge of the grid characteristic to guar-
antee excellent dynamic and steady-state properties, (c) guarantees
a complete elimination of the negative-sequence voltage in different
imbalance scenarios.

A pseudo-code has been presented to clarify aspects related to the
implementation as well as a flowchart to better understanding the
processing stages of the signals. In addition, a closed-loop modeling
has been derived based on a complex transfer function approach,
from which mathematical expression was derived to calculate the
system stability margins and control design guidelines. Experimental
results were reported, to verify the accuracy of the modeling and the
superior operational features of the proposed strategy.

Future work will be focus on the extension of this control strat-
egy for distributed generators operating in grid-forming mode. Also,
control schemes based on distributed communication systems will be
explored to guarantee voltage quality objectives in microgrids with
multiple DG systems.
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Appendix

Closed-Loop Complex Transfer Function

The complete expression of the closed-loop complex transfer func-
tion is obtained inserting (17), (19) and (21) in (22). Thus, F'(s) can
be expressed as

o

ag + jbo)s® + (a1 + jb1)s* + (a2 + jb2)s + (a3 + jbs)

cos3 + (c1 + jd1)s2 + (ca + jd2)s + (cs + jd3) o

being

ag = KTLL
bo = KLy,
a; = KT(RL + QLL.'SCU) + K;Lpw
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b1 = —K,Lpw+ K;(Rp, +2L¢w)

as = Kr(2Rp&w + Liw?) + 2K; L1 £w?
by = —2K,Lpfw? + K;(2Rp&w + Liw?)
a3 = Ky Rpw? + K;Lpw®

by = —KyLpw® + K;Rpw?

cop=1

c1 = 26w+ KrLpéw

d =w+ K;Lpéw

co = Wt KrRpéw + 2KiLL§w2

dy = 2¢w® — 2K, L1 w® + K; Ry fw

cs = —KrLpgw® + K; Ry 0’

d3 = w® — Ky Rpéw® — K;Lpew®.
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