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Active and Reactive Power Strategies with Peak
Current Limitation for Distributed Generation
Inverters During Unbalanced Grid Faults
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Abstract—Distributed generation inverters have become a key power provisions [3]. Under these requirements, improved
element to improve grid efficiency and reliability, especily services could be attended, and new control schemes may
during grid faults. Under these severe perturbatlons,_ inveter- o developed. The new distributed nature of these power
based power sources should accomplish low-voltage ride+tiugh t I f id f trol strateai .
requirements in order to keep feeding the grid and support SYys gms a_ows or a wiae rgnge O control strategies smce
the grid voltage. Also, rated current can be required to beter DG is required to operate flexibly and to enhance the services
utilize reactive power provisions. This paper presents a rerence provided to the grid.
generator capable to accomplish these two objectives: to Bp  To avoid the disconnection of power suppliers, the injected
the injected currents within safety values, and to computefie 556 currents should be safely controlled at any instdre. T
power references for a better utlllgatlon of thg inverter pover roblem of controlling the amplitude of the phase currents
capacity. 'I_'he reference generator is fully flexible since paitive p g - p p )
and negative active and reactive powers can be simultanedys becomes more comple?( during unbal:fir?ced grlfj faults,. mainly
injected to improve ride-through services. Selected expanental because the trend of simultaneously inject active and ikeact

results are reported to evaluate the performance of the propsed power via positive and negative sequences. In such cases, th
reference generator under different control strategies. injection of positive and negative sequence power inhirent
Index Terms—Power control, low-voltage ride-through, voltage induce different amplitudes in the injected phase currents
sag, grid fault, peak current, reference generator. However, some interesting benefits can be obtained with
these flexible strategies as will be shown later. It should be
mentioned that a different approach to control the ampditud
) ) of the injected currents could be to find the current refezenc
I HE high penetration level of renewable energy sourcgsstead of the power references. However, the power approac
and distributed generation (DG) plants has led t0 @ mostly used in power converters control.
change in the requirements for ancillary services, pdei  Thys, a fully flexible reference generator with peak current
during grid faults. Among these new services, low-voltaggmitation, which is the main contribution of this paper,nca
ride-through in wind plants, photovoltaic parks and othed g pe yseful to develop novel strategies and to avoid overcur-
connected power devices is gaining an increasing attenti@sht tripping. This new requirements are emerging from grid
due to their capability to improve grid efficiency, safetydangperators due to the fact that DG participation in the total
reliability. . _ _ . power production is constantly increasing. Thereforegiter-
Low-voltage ride-through was first required to withstanlased DG are one of the key components to flexibilize the
voltage sags. Therefore, power plants could remain coedecpperation during voltage sags, and to define the behaviour of
and avoid sudden tripping and loss of power generation. fid connected power systems under such contingencies.
DG penetration was increased [1], network operators intro-From the source’s point of view, the main problem during
duced reactive power injection to support the grid voltage agrid faults is the loss of power capacity to inject the active
to reduce the possibility of voltage collapse. Next genienadf  power production. As a result, dc-link voltage begin to #ase
grid codes could demmand negative sequence current Bfecting can lead to inverter tripping. To avoid this problem, som
when needed [2], and rated current to better exploit reactiyafety mechanisms must be activated, as for example crewbar
_ _ _ , to elliminate the excess of active power production, or to
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I. INTRODUCTION
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Fig. 1. Simplified scheme of a three-phase grid-connectedirb&ter.
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reactive power is taken under consideration. In [18], only
some of the control proposals ensure peak current limitatio
Lastly [19] develops avery interesting work although na@ Fig. 2. Simplified scheme of a wind power source with fuldeceonverter.

sequence active power is not considered.

Previous works in peak current limitation lack of fullyyyis fiexibility, the control schemes must be adapted to Fulfi
flexible operation during unbalanced voltage sags, whithes qinqent fault requirements. In this section, two basjpeats
main objective of the proposed work. The control approac} oriq connected DG inverters are described: firstly, theiba
presented in this paper computes the power references 6P<{nt configuration with the main elements involved during

different low-voltage ride-through strategies while ntaining grid faults, and secondly the control parts required to kgve
the injected current safely controlled to a predefined marim the proposal for any voltage sag.

value. The proposed reference generator with peak current
limitation can be fully tuned to achieve different low-\auite .
ride-through strategies by selecting an active and a reactf® Plant Description
control gain. The selection of these control gains will be Fig. 1 shows the typical configuration of a three-phase
discussed, and depends on two main aspects, a look-up tdbree-wire grid connected inverter. The complete system is
defined by the grid operators for high rated power plang@mposed of the power source, the inverter and the grid. The
depending on the sag depth, or an on-line selection to aghidterconnection between the power source and the invester i
particular ride-through strategies, as for example the neperated by a dc-link capacitor. The inverter consists bfeet
phase power equalization strategy when low power systefgg voltage source PWM inverter with LCL filter, or LC filter
are considered. These two methods for selecting the gaéns pits step-up transformer. Finally, the inverter is coneedb
developed along the work, and to demonstrate the flexibilithe grid at the point of common coupling (PCC). The grid
of the reference generator, the phase power equalizatidn éh modeled as an equivaleRtL impedance in series with an
the active power curtailment strategies are validated bgnse unbalanced voltage source.
of experimental tests. A key aspect in DG power control during grid faults is

Thus, the paper contribution is two-fold: first, to integratthe type of power source. Fig.2 shows the future trend for
a peak current limiter fully flexible, and second, to developegawatt size wind turbines. A full-scale power converter
novel low-voltage ride-through strategies to improve tlee-p between the generator and the grid allows for higher fleikybil
formance against grid faults. The first contribution ensuré@lthough switching losses are increased [21]. The wind powe
that the power inverter can inject power into the grid withoisource scheme presented in Fig. 2 shows an AC to DC stage
exceeding the maximum allowable phase current. Theretorefollowed by a DC to AC inverter which is the focus of this
can avoid the overcurrent tripping and the disconnectidre Tstudy. In between, the dc-link is in charge of balancing powe
second contribution presents some flexible operation mod&nsfer as previously stated for Fig. 1. Also, a crowbar is
to ride-through voltage sags. These two contributionsepres required in this type of power converters to avoid dc-link
some advantages respect to previously works proposed in @vervoltage during grid faults. The crowbar activates when
literature: the reference generator is fully flexible, thegmsal more active power is produced than injected into the grid. To
can prioritize between active or reactive power accordimg simplify the study, the proposed control scheme is focused o
external requirements, and a easy mechanism of tunning tie inverter side control as presented in Fig. 1.
control gains allows for different services during sags.

The paper is organized as follows. Section Il introduces tie Control Under Grid Faults
DG plant and the control scheme during grid faults. Section
Il develops the reference generator with peak currentdémi
Section IV presents the different ride-through serviced a

power source—

The behavior of the three-phase inverter under grid faslts i
determined by the injected current at the PCC. Thus, a proper
Lurrent-mode control to ride through voltage sags is reghir
%?g. 3 shows the control block diagram during grid faults.

The inputs of the controller are the measured phase voltages
at the PCCv, the currentg flowing throughZ; inductor, and

Il. PLANT AND CONTROL the dc-link voltagev,.. Voltage v and currentsi are trans-

DG inverters are considered a key element to improyermed into theaS domain by using Clarke transformation.
grid operation. Among the inverters architectures, falldle \oltagesv, andwvg are then decomposed into symmetric com-
power converters are becoming the preferred choice in wipdnents using a sequence extractor. Many sequence exgracto
turbine technology because of their flexibility [20]. Toatt can be found in the literature to extract voltage sag infaiona

Finally, section V concludes the work.
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v Vde i Developing (3) and (4), the reference current generatoibean
__ _l_ _______ _l ________ % _________ | formulated by using the reference powédrsand @ as [30]
|
| abe de-link abe ! 2[ w vg

| Sk 2 (03
| af regulator aB i la=3 [U?l N vf,P + 0} Q] )
|
. . . I —
o _ il | =g | P ). ©)
I o " d I 3 v§+vﬂ v§+v6
| a Ya [e (e
sequency v+ Va reference 2 c:Jrrent o | qym L _ _
|| extractor| v; v, | generato} - ij 00p | dg ss1 Assuming that the current loop is fast enough and properly
e e 4 tuned (i.e.io = i; andig = i5), and using inverse Clarke
Fig. 3. Control diagram of three-phase inverter under it trgns(fjormatlon, the amplitudes of the phase currents are ob
taine
Ugs U5, v, @nduy at run-time [22]-[29]. In addition, a dc-link [ 2\/P2+ Q2 @
a = b = C S —

voltage regulator is in charge of the active power referefice 3 Vv
to keep power balance. Next, the reference generator btock_j _— : . .
. . . ) inally, substitutingl, = Imax in the previous expression
the kernel of this proposal since it processes the grid gelta - 4 ;
: ) . . .~ allows to limit the injected current to a predefined value.
for any given grid fault and obtains the set points that kintlite . . .
) Solving (7) for@, the reactive power reference which ensures
peak current to a predefined value. Hence, the phase currents L . .
safe control of the injected currents is obtained
can be safely controlled. The next stage corresponds to thé
current loop, where the references are compared with the 1
P P Q= 5\/(SImaxV)2 -(2P)2. (8)

measured currents. At the end of the current control looty, du
cyclesd, andd;; are processed by the space vector pulse widgiom (g), two aspects should be noticed: first, the maximum

modulator (SVM) to drive the switches, s, ...s6. active power production should compb/maxV > 2P which
clearly indicates the loss of power capacity when the veltag
[1l. CONVENTIONAL VS. PROPOSEDCONTROL drops; and second, by injecting the computed reactive power

This section develops the step by step procedure to ke%pthe currents are safely controlled to the predefined value.

safely controlled the injected currents during grid fauftisst,
the conventional power references for the balanced grid cas Proposed Control for Unbalanced Grid Voltages
are developed, and then the proposed reference generator f

) ) Previous subsection was devised for balanced grid condi-
unbalanced faults is derived.

tions. However, the same reasoning can be applied to unbal-
anced grid conditions as proposed below. The same control
A. Conventional Control for Balanced Grid Voltages objectives as the balanced case can be formulated for the

Assume that the active power production in some timlénbalanced scenario: feed the grid with the active power

interval is P. Due to external requirements, the inverter i%roduction, support the grid with reactive power and inject

forced to support the grid with reactive pow@t and should t e rated current of the_mverter. Also, due to the voIFage
deliver the rated current of the invertéay. The objective imbalance, the fully flexible control proposal can achieve

is to improve the utilization of reactive power provisiong bthese Objectives by injecting different ammounts of acéind

setting the reactive reference to some value such as reacyve Power via positive and n_egat|ve sequence in oder t
obtain different ride-through services.

max{1,, Iy, I.} = Imax (1) During unbalanced grid voltages, the positive and negative

] sequence voltages,, vg, v, andv; can be expressed as
wherel,, I, and I, are the amplitudes of the phase currents.

Using Clarke transformation for three-wire systems, the vh =V coqwt + ") 9)
stationary reference frame voltages are vy = Vo coqwt — @) (10)
m
[ Ve ] 1 [ 2 -1 -1 :| za (2) ’UZ; = V+COS(wt - § + SDJr) (11)
- B b o Ca
v 3L 0 V3 -3 vg=V Cos(wt+§—g0) (12)
It should be noted that, = VcoJwt) andvs = Vsin(wt), where V* and V- are the amplitudes of the positive and
beingw the grid frequency. _ ~ negative sequence voltages respectively, afdand ¢~ are
From the basic power theory, the instantaneous active aheé phase angle jumps. The phase angle between sequences is
reactive powers are defined as
3 _
p=3 (Valia +v3ig) 3) p=¢p" -9 . (13)
3 , , It should be noted that, = v} +v, andvg = v} + v5. To
= = (~va o) 4 ; a” ‘a” Yo B=T8T B
=5 (~aip +vgia) @ further characterize the unbalanced voltage, the follgw
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required Furthermore, the positive and negative sequence currants i
21)-(26) are
vt =\ J? + ()7 g GDEOEe o
lo =ty Ylage) > =10 Tiaen  (39)

- _ J(—)2 —\2 )
V7 =/(v3)? + (v3) (15) Go = lngpm) Fiogery o 18 = Tapm) T k(e (36)

+,,— +,,—
UaUq — Vgl

coqp) = (16) Note that the current reference generator in (27)-(30) has 4
AL degrees of freedomP*, P~, Q* and Q™. Hence, there exist
sin(y) = Yals * Vsl (17) multiple combinations of these power references which can
V+v- ensure peak current limitation. The objective of the preplos
And to compact the notation, the voltage unbalance fagtorcontrol scheme is to impose some relations amBhgP~, Q*
is defined as [31] and @~ to achieve different ride-through services. A method
% for so is to define an active, and a reactivé:, control gains
u = ﬁ (18) as
Similarly to_(3) anq_ (4), the power components during ky = P . kg = Q_+ (37)
unbalanced grid conditions are P Q
p=p 4p 4P (19) S?jgcef+ +P =P andQ*+Q™ =Q, it can be observed from
q=q" +q +7q (20) (37) that )
_ " - Pt=k,P , P =(1-k,)P (38)
wherep* andp~ are the positive and negative instantaneous . _
active power respectively;t andg~ the reactive ones, arl Q" =kQ , Q =(1-ky)Q (39)

andg are oscillating terms at twice the grid frequency witFrom (37)-(39)4 degrees of freedom still exigt,, k,, P and
zero mean value. The formulation for the power componergs However the physical meaning of these values is different
is as follows from P*, P~, @* andQ~. This method to derive the reference

b §( T +.+) (21) currents allows for simpler ride-through services as wél b
P= 5 Uala T Usl8 shown in next section. Therefore, by selecting — 1 for
. § (v‘z’" N v‘i‘) 22) example,P* — P, and the active power tends to be injected
po= g \Tate T UATE via positive sequence. However, by selecting- 0, P~ — P,
B and the tendency is to only inject negative sequence active
== + + 23 .
P=3 (viia + w3 + vaia + vji) 3) power. The same reasoning holds fay and the reactive
gt = § (_v+i+ + U+Z-+) (24) components.
g\ el Tfa Similarly to the voltage sequence amplitudes, the ammiud
q = 3 (—v’z’* + v’z”) (25) of the positive and negative sequence currents can be derive
% orp T e By inserting (9)-(12) and (37) into (27)-(30)
7= 5 (~vais +vhia = vaih + v5i5) (26) 2P 2kP (40)
p
The current reference generator under these unbalanced g;t g(‘f—k )P
conditions becomes I = 37- ng (41)
2 [ vt v 1 +
<% - (] P+ « P* 27 _ 2 Q _ 2 kqQ
R (7 e R v e ey el B li=3v==37~ (42)
i + - 7 2Q- 2(1-k
a2 75 P*+ 75 P7|  (28) I, = —Q—, = —& (43)
B~ 3 (V)2 + (v})? (va)2+ (v3)2 | 3v- 3 Vv
5 - ot o= - where I is the positive sequence active current amplitude,
it == B Q'+ s Q (29) 1, the negative one, anf; and/, the reactive counterparts.
a(q) +)2 2 -2 -\2 p NP .
3 L (vd) +(U,6) (v3) +(”5) J Due to the fact that positive active and reactive currents
” -2 vl N v, ] 30 are 90° delayed, and the same applies to negative sequence
"Ba)T 3 | (v5)2 + (UE)QQ * (v7)2 + (”B)QQ | (30) components, then
The total reference current in each channel is I =\/(I})?+ (I})? (44)
ia = o) +ialg) (31) I = \/(I;)2+ (I7)2 (45)
is :iE(p) ”fa(q)- (32) Developing (27)-(30) and (40)-(45), and applying inverse

To further detail the current components, note that ea§iarke transformation, the amplitudes of the phase cwsrent

expression in (27)-(30) has a positive and a negative seguefre obtained
term I, =/(I*)2 + (I")2 + 2I*I-cogf) (46)

ba(p) = lan) tiaGr) » tate) T later) Tlay  (33) Iy=+/(I*)?+ (I")2 +2I*I-cos(0 - 2/3m)  (47)
ig(p) = z';(10*) + ig(p‘) ) ig(q) = i;(tf) + ig(q‘)' (34) I.= \/(F)2 +(17)2 +2I*1-cos(f + 2/3m) (48)
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where obtained wherp = ¢, and the resulting value 3, = 1829VAr.
+ - For the phasé, G = ¢ + 2, resulting inQ; = 806VAr. Lastly
| Q 1 (Q . 5 3 . .
O=19" |\ 5r |+ (5= )¢ (49) for phasec, § = ¢ - 27, and the reactive power reference is

Q. = 1014VAr. Finally, to ensure the safe current control, the

When (40)-(45) are inserted in (46)-(49), only one variabl@inimum of the three previous results is selected, see &5@),
@ remains unknown sinc® is derived from the active power the reactive power reference is Mi@,, Q5, Q.} = SOGVAT.
production of the power source, aig andk, are externally  Once the total reactive power reference has been computed,
selected to achieve different ride-through services abheil the components for positive and negative active and reactiv
shown in next section. power are all knownP* = k,P = 630W, P~ = (1-k,)P =

An in depth analysis of (46)-(48) shows that there existyw, Q* = k,Q = 403VAr, Q~ = (1 - k,)Q = 403VAr. These
a separate solution fo@ in each expression that ensuregeferences are passed to the reference generator in @J)-(3
peak current limitation, i.e. there exists a solution labde), As expected, the peak currents when selecting this strategy
which complies that/, = Imax, another solution forQ, to 1, =4.0 A, I, =10.0 A and I, = 7.8A. Hence, the objectives
set I, = Imax and finally the last solutior®). for I. = Imax. of the reference generator are simultaneously accomplishe
Among these three solutions the minimum of the three reactiv , injection of the maximum inverter curretifay
power solutions ensures that the maximum phase current will, jnjection of the active power productiaf

be safely controlled to the rated value . injection of reactive powe€) to support the grid voltage
Q =min{Qa, Oy, Qc} = max{ly, Iy, L.} = Imax. (50) . balaqce the amount of positive and negative active and
reactive powers
These three solutions can be unified into one single ex-
pression. The solution for the reactive power referenceclwhi IV. CONTROL STRATEGIES
ensures peak current limitation is as follows In this section, two control strategies are developed. The
_ o 5 strategies share a common objective: limit the maximum
Q= 22P +\/y(BlmaxuV'*)” - (22P) (51) peak current to a safe predefined valigx, which has been
2y selected ag0A throughout the paper due to the experimental
where limitations. Also, the selection of the control gains isadissed
o during the strategies, since the proposed reference genera
= UZ” kg = 2kpkq)us'2(<p) (52) is capable to provide some services by selecting apprdypiate
y = k7 [1+2ucog @) +u”] - 2k, [1 + ucog )] + 1 (53) the value ofk, and k,. The first test presents a phase

2 = kp[1- ucog @) ]+k,[1 + ucog @) ] +k,k, [UQ - 1]_1 (54) power equalization strategy in combination with the peak
current limiter. The final purpose of this strategy is to show

and@ can only take three different values the capability of the reference generator to fix the desired
~ 2 55 behaviour even in time varying voltage sags, as for exanmple t
p={pp+ 3T §7T} (55) " dynamically change the values of the gains to achieve a given
to obtain the three different solutiori,, Q, and Q.. respec- objective, the equalization of the amount of power injedted
each phase.

tively. L .
It is worth mentioning that a current approach instead of 1h€ second strategy deals with higher active power produc-

a power approach can be developed to ensure peak curfi@ft @nd high priority for reactive power requirements, as f
limitation. In such a case, the positive and negative refegs  €X@MPple the requirements from grid operators to support the

for the active and reactive powers’, P, Q* andQ~ will be grid voltage in inductive grids with high contribution ofeh
replaced by the amplitude of the active and reactive cusrem{C 0 the total power of the grid. In this second strategy,
I, I, I} andI,. To develop this procedure, the referencl1® Proposed reference generator in (51)-(54) is formdlate
generator in (27)-(30) need to be modified accordingly. THar the active power referenc® instead of). Then, the
power references are preferred in power conversion contf§tive Power reference is on-line computed to feed the grid

although both approaches will produce the same resullts. according to the remaining current capacity of the inverter
The active power curtailment strategy is required in presen

grid codes where supporting the grid during grid faults is
mandatory. Under these perturbations, the reactive poagr h
Assume that an unbalanced voltage sag occurs with the faigher priority, and the active power is balanced depending
lowing PCC measured:’" = 140V, V™~ =40V and ¢ = -50°.  on the sag depth. However, actual grid codes are only focused
The active power production i& = 700W, and the network on positive sequence active and reactive powers. Thus, the
operator demands to inject reactive power and rated cuofenfproposed strategy goes one step beyond to further explode
the inverterlnax = 10A. Also, due to the unbalanced nature ofhe capabilities of these systems during unbalanced sdgs. A
the grid voltage, some positive and negative sequence gowke end of the experimental strategies, a detailed evaluaf
are required, for example, = % =0.9 andk, = & = 0.5. each one is discussed.
As previously stated, onlg) remains unknown, see (38)-(39). The results for each control strategy are experimentally
Substituting previous data in (51)-(54), three reactivegro  tested under the same grid fault, which is presented as a base
references should be computed. The solution for phage test for comparison.

C. Numerical Example
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TABLE |
SYSTEM PARAMETERS éo
<~
= =
Symbol Nominal value 5]
dc-link voltage Ve 350 V 82z i ;
inverter inductance L; 5 mH s “fi"U“ L”“MU ey
filter capacitor c 1.4 pF SR
output inductance L, 2 mH
grid inductance L 0.8 mH
grid resistance R 0.02 Q 100r
grid voltage Vg 155 V(I-n, peak),60 Hz
switching frequency fs 10 kHz
rated current Imax 10 A(peak)

A. Base Test

Based on the scheme in Fig. 1, a test platform has been b
using an Amrel SPS-800-12 DC Power Source, a Semikr
three-phase IGBT bridge with LCL filter and a Pacific Powe
AMX AC Power Source to emulate the grid and get repetitiv
faults. In Table I, the nominal values of the system pararsete
are collected. The control algorithm is implemented on aa$ex
Instruments TMS320F28335 floating point Digital SignalPro_ o
cessor. Fig. 4. Base test: Woltage sag characterization

The controller includes four main parts

1) sag detector

2) sequence extractor

3) proposed reference generator

4) proportional+resonant current controller
The sag detector detects the grid fault by computing the
phase voltages root mean square values. Once the faWlis strategy is of interest for local loads that requirecigle
has been detected, the ride-through process is started. attention as for example constant power loads. These loads
sequence extractor processes the voltage measurementardéocharacterized by consuming constant power regardfess o
extract voltage sequences at run-time. The digital imptemehe grid voltage. Therefore, these elements, which arelyost
tation of the extractor is based on [23] and last one gridterfaced by switched converters could improve their grid
cycle approximately to update their values. Next stagendurifault immunity [32], [33]. Also, safe control of the injecte
the implementation corresponds to the proposed referemterents must be ensured.

generator to limit the peak current injection (51)-(54)|5Th The test Objectives can be summarized as:
stage constitutes the focus of the present study. Findiby, t

150 v
100f 1

0 i
-005 0 005 01 015 02 025 03
t(s)

501

voltage sequences (V) rms voltages (V)

0.3

active and reactive power in each phase

’ (56)

’ Qa:Qb:Qc:%-

reference currents are compared with the measured cuiments *®

a proportional+resonant controller to compute the dutyes/c

of the inverter switches. .
A voltage sag has been programmed into the AC power

source. The characteristics of the voltage sag are prekante °

Fig. 4. The sag is time-varying and has two transient segsnent

keep feeding the grid with the same active power produc-
tion as before the saff = 400W,

inject rated current of the invertégax = 10A by support-

ing the grid voltage with reactive powép,

select the control gaing, and k, in such a way that
active and reactive phase powers were equalized.

to emulate real behavior of complex grid faults. Instan@i®e  The active and reactive instantaneous power in each phase
phase voltages are plotted in the top of the figure, the ragn pe expressed as

values in the middle, and the amplitudes of the positive and
negative sequence voltage in the bottom part.

B. Phase Power Equalization

As previously stated, the flexible reference generator can
perform serveral ride-through strategies to achieve @aer
services during grid faults. Some of these strategies have
been previosuly presented in the literature, as for example

Vb = Ve

Pa =Vala =Py +Pa , Qo= ia = Qo+ g 57
3 )
s = Py + i Ve Yy =Qu+q  (58)
Po=Uplo =Lp+Ppr , 4b= W =Gbtqp
V3
. ~ Vg —Vp . ~
De=Vcle=FPe+De , qc= Zc:Qc+qc 59
7 (59)

the minimization of dc-link voltage oscillations [6]. In éh wherep,, p, andp. are the instantaneous active phase powers,
following subsection the phase power equalization is firsth,, ¢, andq. are the reactive ones,, Py, P., Q., Q» and

presented and developed.

Q. are the average or dc-quantity of their corresponding phase

The purpose of this strategy is to equalize the active apdwers, andy, ps, pe, 7, G, andg. are oscillating terms with
the reactive power of each phase, i.e. to inject the same meano mean value. Developing these expressions for phase
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= 10f . the graph. The average reactive power evolve as the sag does
g 5t —Iﬁ ] in order to achieve the proposed objectives. Two important
£ O&Wsc /X ibq remarks are derived from this graph: the current is limited
° ‘ f’ 1 by the proposed reference generator regardless of the time-
Ej varying voltage sag, and the same average active and reactiv
: -10 : : : power is injected in each phase, as expected from this gyrate
n E/ l I [ i pa
2t ost P |1  C. Active Power Curtailment
- e g 10 e rr
Ze | Power curtailment during grid faults is an important issue
z g -05p ‘“ % for DG power plants. The deeper the grid fault, the higher the
‘ ‘ ‘ ‘ ‘ ‘ ‘ reactive power requirements from network operators [3]. In
g 1t P { extreme cased00% of reactive current is required. However,
§§ 05} P, 4 in sags produced far away from the connection point, both
. SR s . e A AR RS PP EPL L 4 P.H active and reactive power must be injected in order to sanult
% 2 ok neously feed and support the grid. The problem becomes more
complex when the active power production is high. In such a
g case, it is possible that the reactive power requiremenis pl
= ir ’ %[l the active power production exceeds the rated current.limit
22 of Jll““Wmmm1]ml’,muwM’{mw %1  Therefore, the excess of production must be removed from
25 o A %W the system in order to avoid dc-link overvoltage and trigpin
§ £ o5} : of the inverter. A method for this protection is the activati
= of DC-link crowbars (see Fig.2). Assuming that the network
P Q|- operator demands a certain amount of reactive power and a
55 sl PR . Q, | certain strategy for the active and reactive powers, it may b
;D\ff ol // oI Q| necessary to retail the injection of active power according
£k B these needs.
5005y ‘ ‘ ‘ ‘ ‘ ‘ ‘ | The proposed reference generator can deal with these re-
-005 0 005 01 015 02 025 03 03 quirements by solving eq. (46)-(49) for the active power
t(s) referenceP instead ofQ
Fig. 5. Strategy I: Phase power equalization P= —20Q + \/y(31m;XUV+)2 - (2:Q)? (63)
Y
the following is obtained where
P, :£+Msin(@)+wcoi@) x = (kp + kg - 2ky kg )usin(p) (64)
3 3u 3u 60)  u=k2[1-2ucoq@) +u’] -2k, [1-ucog(§)] +1  (65)
Q Plkpu®—ky+1) Q(kqu® — kg +1) z:kp[l—ucos(cﬁ)]-rkq[l+uCOS(@)]+kpkq[u2—1]—1.
Qa —§+TSIH(¢)—TCOS(<P) (66)
(61)

The same procedure as explained in Sec. IlI-B applies for
From (56), (60) and (61), the control gain selection tthis solution.

equalize the phase powers should be selected as This strategy could have an important role in the behaviour
1 1 of the inverter-based DG power systems during voltage sags.
k=105 0 k=13 (62) The grid operator can prioritize the voltage support, and

Fig. 5 shows the results for this equalizing strategy. Abo lance t:]he arlrtmunt of f_;i)osntlv;] ar;dcgeggtl_\ée sequtences to
in the figure, the injected currents show the proposed pe%ka_nge ne vollage protie at the - 2rid- operators can
current control. Note that the currents are unbalancedthaut efine this behawor_ by _defmlng a Iook-gp table that sets the
maximum amplitude is safely limited tt) A, as expected. In Va:\LI’eSt ftork’:[p z:]nd Fq r']n d|1;fer_er_1t s:[c;nerarlo_s. i
the second subplot, the instantaneous active phase powmers a ix fr? S OV\t'_S ow 1o 'm?c € maéq;w]um ?C;VG p((j)wer
shown. These values have been computed according to (55)\-’\’ en the reactive power referenck an the gains;, and
(59). Although each phase has different oscillation amgé kq have been externally selected. The active power production
7., + Py + p, the mean value of each phase power is equal t}ﬁ?fore the fault is? = 1000W, and the network operator states
the three phases;, = P, = P, = £ = 40W, as can be shown that
from the third plot where the average values over one grid Q = 800VAr (67)
cycle are computed. The same applies for the instantaneous k= 0.9 (68)
reactive phase powers shown in the fourth subplot, and the P
average value§), = Q, = Q. = % which are shown below in kq =0.5. (69)
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. : : : : 2 fully explode the capacities of the power converter in a safe
— 1, way during unbalanced grid voltages. The importance of this
VD W — flexible operation is the wide range of possible stratedias t
\}v U&'U‘ t . ic' could be developed in a compact solution.
1 The main advantage of this reference generator is its fully
‘ ‘ ‘ ‘ ‘ 3 flexible operation, capable to balance the amounts of pesiti
and negative active and reactive power at the same time while
. keeping the injected current safely controlled to a preeefin
maximum value. This flexibility allows to define the behaviou

of the system in different scenarios, to increase the system
efficiency and the inmunity against voltage sags, or to bette

10

i

WY

P

phase currents (A)
=)

current,
sequences (A)
o

o

1

|
the PCC, and therefore, contributing to avoid sudden tnigpi
5 and cascade disconnection. Otherwise, the main disady@nta
0-5¢ — Q] of the proposed reference generator is the complexity of the

g ) support the grid voltage by improving the voltage profile at
T2
c 5
z3
=
gg control compared with conventional schemes. Even if the
g§g O complexity of the algorithm seems high, the computacional

0050 005 04045 02 025 03 03% overhead of the reference generator is low for the embedded
te) architecture, and supposes less thdia of the total time
required for the whole control algorithm.

Fig. 6. Strategy II: Active power curtailment It should be mentioned that the strategies can be on-line
switched as required, since the computation of the power

Then, the new value for the active power can be computesferences is done based on PCC grid voltages. Then, only

based on (63)-(66) to keep the maximum current amplitugdefast sequence extractor is needed to implement the pripose

equal to/max = 10A. reference generator. Also, the experimental tests haversho

Fig. 6 shows the results of the proposed strategy. Phagsod dynamics even for voltage step changes during the sag
currents are displayed in the top of the figure. As expecteghich can emulate the behaviour of grid faults in weak grids.
peak current limitation is ensured. In the middle, the atagk
of the positive and negative active and reactive curren
computed as (44)-(45), are shown. Finally, in the bottom
the figure, the active and reactive injected powers can beOnce the advantages, disadvantages and applications have
appreciated. Before the fault000W of active power feed been discussed, the selection of the parameters of theneter
the grid, however external requirements demghd 800Var generator is discussed. When a sag perturbs the grid, one of
and impose some restrictions among positive and negati}@ main questions is to decide how the inverter should =hav
powers. As a result, the active power injection drops to keélpiring the fault. The behaviour of the power source durind gr
the injected currents safely controlled to the predefinddeva faults is an open research topic. Therefore, the main abgect
As previously stated, the difference between active powef the proposed reference generator is to contribute with a
production and grid injection need to be removed from tHtexible control scheme capable to safely inject the maximum
inverter to avoid DC-link overvoltage. rated current of the inverter and improve the power capEciti

It is worth to mention that the selection of the control gainduring contingencies. The decission on which strategy és th
in previous strategies holds for this new active power srfee best for a given scenario is difficult to attain. The answer to
computation. Therefore, the same benefits of other stesedihis problem depends on many aspects: the grid impedance,
can be adapted to an active power curtailment solutionanstehe rated power, and the type of grid fault, among others. All
of a reactive power one. these parameters should be analyzed to design the values of
kp, andk, that will result in an improved ride-through strategy.

In the following, three scenarios are analyzed to discues th
posible strategies.

Based on the above set of experiments, further discussion iShe first scenario deals with a voltage sag in a stiff grid
required. The main contribution of the paper is the refeeenwith a DG source with small contribution to the total power
generator presented in (51)-(54) which can be reformulatetithe grid. In such a case, no voltage support control can be
to prioritize the reactive power injection as shown in (63)ebtained since the reactive power will produce small effect
(66). The control proposal could be applied to differenesizon the voltage at the PCC, and some strategies as the phase
of power converters, from high to low rated power. In theggower equalization can be well suited for local loads asedtat
extreme cases, different smart settings could be develogméviously.
for each type of power source, although the proposed re-The second scenario presents a voltage sag in a grid
ference generator can deal with these two extreme policiegh high resistive behaviour. Under these consideratitms
flexibly. The most important application of the proposalads timprove the voltage profile at the PCC, positive and negative
provide inverter-based power systems with a mechanismactive powers are required. Therefore, grid operators can

E.’ Discussion on the selection bf and k, values

D. Discussion on the flexibility of the proposed control
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define smart control objectives by setting the valueskpf strategies have been developed in order to cope with differe
accordingly. requirements.

The third scenario is similar to previous one although the With the proposed reference generator, the grid operators
grid is mainly inductive and weak, and a high rated D@an prioritize supporting or feeding the grid, while canoals
power source is considered. Opposite to previous sceribgo, define smart values for the control gaiks and &, that help
selection oft, will have a great impact on the voltage profile ato regulate the phase voltages at the PCC or to derive ride-
the PCC. Then, voltage support services can be better edtaithrough strategies. The selection of these values is an open
with this strategy, specially if the plant has a great ctwition research topic. Further work should be developed to help the
to the total power of the grid [17]. grid operators in the definition of operational strategiesrdy

Since the mainly resistive or mainly inductive scenariogevere perturbations and different grid scenarios.
does not hold for all DG power plants, the affectation of
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