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Reactive Power Control for Distributed Generation
Power Plants to Comply with Voltage Limits
During Grid Faults

Antonio Camacho, Miguel Castilla, Jaume Miréember, IEEERamon Guzman and Angel Borrell

Abstract—Grid faults are one of the most severe problems for alleviate the adverse effects of grid faults, grid codesftbe
network operation. Distributed generation power plants can help  network system operators dictate the behaviour of DG plants
to mitigate the adverse effects of these perturbations by jecting The evolution of these codes for DG during grid faults starte

reactive power during the sag and the post-fault operationThus, . . . . .
the risk of cascade disconnection and voltage collapse careb with low-voltage ride-through, which demands withstardin

reduced. The proposed reactive power control is intended to Voltage sags. As the penetration level of DG sources was
regulate the maximum and minimum phase voltages at the point increased, reactive power injection was included in grideso

of common coupling within the limits established in grid coes to support the grid voltage and to reduce the possibility of
for continuous operation. In balanced three-phase voltagesags, voltage collapse [5]. The next generation of grid codes doul

the control increases the voltage in each phase above the lew ) i t iniecti 6 d velt
regulated limit by injecting positive sequence reactive pmer. In '€dUiIre negative sequence current injection [6] and veltag

unbalanced voltage sags, positive and negative sequencactive Support control [7]-[9] in steady-state and transient. &he
powers are combined to flexibly raise and equalize the phaseis to regulate the point of common coupling (PCC) voltage
voltages; maximum phase voltage is regulated below the uppe to a safety range, preventing damage in the equipment while
limit and the minimum phase voltage just above the lower limt. improving voltage support services.

The proposed control strategy is tested by considering a diant LS .
grid fault and a large grid impedance. Selected experimenta In a real distribution power system, the capacity of voltage

results are reported in order to validate the behavior of the restoration is obviously limited by the power rating and the
control scheme. grid stiffness. Grid codes are demanding more reactive powe
Index Terms—Reactive power control, grid fault, voltage sag, capacity to improve the contingency against faults [811]'[10
voltage support, positive and negative sequence control. The use of these extra resources can be adapted to implement
smart voltage support services during distant grid fauts.
smart voltage support service, as proposed below, should
regulate the phase voltages within the limits establisheytid
HE high penetration level of renewable energy sourcesdes for continuous operation [11]. The safety limit gyt
and distributed generation (DG) plants faces nedepends on particular grid codes, and each code provides
challenges in the operation of transmission and distriiuti its own specification for continuous operation, althoughstno
networks [1]-[3]. The growing installed power from DG plantof them state the maximum voltage limit at 1.10 per unit
has led to a change in the requirements for ancillary sesyic€p.u.), and the minimum at 0.85 p.u. In type | voltage sags
particularly during grid faults. Among these new servicegpne dropped phase) or type Il (two dropped phases), the
voltage control in wind plants, photovoltaic parks and otheeactive power strategy should be different than the gjyate
large-scale power plants is gaining increasing attentiontd for type Il (three dropped phases) sags [12]. Balanced type
its capability to improve grid efficiency, safety and relldlp 11l sags only require positive sequence reactive power iera
in a distributed manner. the phase voltages above the lower limit, since this type of
A voltage sag is a perturbation in the grid voltagegrid fault lacks negative sequence voltage. On the othed han
characterized by a short-time reduction in the magnitude ehbalanced type | and Il sags require a flexible combinatfon o
one or several phases. The effects of such disturbances [@sitive and negative sequence reactive power to avoidrunde
important in terms of economic losses, malfunction of desic voltage in the faulted phase(s) and over-voltage in the non-
connected to the grid and in extreme cases, black-outs ¢4]. faulted phase(s) [13].
Advanced control algorithms to ride through different
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I. INTRODUCTION
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(a) PCC phase voltages without (b) Positive sequence reactive powéc) Negative sequence reactive power (d) Proposed reactive power
reactive power@Qt =0, Q~ =0) strategy Q1 > 0, Q— = 0) strategy QT =0, Q— > 0) strategy QT > 0, Q~ > 0)

Fig. 1. Phase voltages for different reactive power strateg

voltage support services, phase voltage regulation idstéa continuous operation are defined as
voltage sequence regulation is developed in this work,esinc =
o ) : . ; VY :=1.10 p.u. (1)
this is the main concern to remain connected in some grid
codes during grid faults [30]. Y :=0.85 p.u. (2)

_ In contrast, the reactive power control proposed in thiskwo{ynereV is the upper safety limit andl is the lower one, which
tries to solve the aforementioned problem and extends Hgespond to the most stringent limits provided in somd gri
contribution of [31] for any type of voltage sag. In [31], 9nl cges to remain connected during grid faults [6]. However,
symmetric sags were considered. However, voltage sags f§f€se limits depend on national grid codes and can take
very complex phenomena [4], [12], [32]. As shown in thafjtferent values for different regulations [11]. These tagke
works, some of the recorded sags are asymmetric and tifigresholds define the safety region in which the three-phase
varying. To qch|eve all these features, a detailed mather:rhat\,0|tage amplitudes must reside regardless of the fault.type
formulation is developed to set the voltage targets, andgayond these limits, the system should disconnect becduse o
simplified impedance model is used to compute the reac“&f@er—voltage or under-voltage, according to the functitiea
power references. of the power equipment and the trip times established in grid

The paper is organized as follows. Section Il formulates thgqes [11]. The trip times are needed to avoid unnecessary
problem. Section IlI introduces the DG plant and the contrglisconnection by short time transient voltages.
scheme during grid faults. Section IV develops the voltage 1o meet these limits, a combination of positigs" and
support concept. Section V focuses on the proposed solutig@gaﬂve@— sequence reactive power [34] can be injected into
Section VI presents a saturation technique to protect apaign inductive grid to support the grid voltage. Positive sewpe
inverter overcurrent. Section VII shows the experimentabactive power is related to the amplitude of the curi@st
results. Finally, section VIII presents the conclusions. leading from the positive sequence voltage (i.e. the reacti
current injected via positive sequence). The same appdies f
negative sequence reactive power, although it is shifteoh fr
the negative sequence voltage.

This study is intended to support the grid voltage in medium To understand the proposed reactive power control, Fig. 1
or high rated DG power plants, as for example wind farms @fesents different strategies of reactive power injecfibs]
photovoltaic parks, which are interfaced to the grid by nseaduring a voltage sag. The figure shows the three-phase esltag
of power electronic converters. These plants are subjectitp, V;, andV,. The dashed line highlights the safety limis
very stringent requirements during grid faults depending and V. The dotted line indicates the nominal voltage. The
the rated power, and the grid operators require huge amoufijsire is divided in four parts. On the left, Fig. 1(a), the gha
of reactive power, both steady-state and dynamic to suppegitages at the PCC without voltage support are shown. If
the grid voltage [8]. Typically the most stringent requims the reactive power is injected via positive seque@ce > 0,
in grid codes apply for power plants rated above 30MW [33f)— = 0, then the voltage in each phase raises equally as

Whenever a sag occurs close to a DG power plashown in Fig. 1(b). The phase voltages should raise until the
the circuit breakers isolate the system to prevent damageinimum phase voltage achieves the lowest voltage limit to
However, if the sag occurs far away, low-voltage ride-tigiou comply with grid codes. The problem with this strategy isttha
is mandatory, and grid codes demand reactive current injectthe highest phase voltadeé, suffers over-voltage. However,
to avoid cascade disconnection and reduce the risk of blagkaen the reactive power is injected via negative sequence
out. For distant grid faults, if the grid impedance and th@* = 0, @~ > 0, the phase voltages tend to be equalized
plant rated current are large enough, then the voltage candse presented in Fig. 1(c). The problem is that two phase
supported by an appropriate reactive power strategy. Ascstavoltages, V, and V,, suffer under-voltage. From these two
previously, the main objective in voltage support contsl ifigures, it can be concluded that some flexible combination
the avoidance of over-voltage and under-voltage at the PGE both positive and negative sequence reactive power can
whenever possible. regulate the maximum phase voltage to the safety upper limit

Throughout this paper, the safety voltage limits foV and the minimum phase voltage to the lower anheThis

Il. PROBLEM FORMULATION
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strategy is adopted in this work and can be clearly undegstoo nverter
from Fig. 1(d). power _Jl: _|< |

It is worth mentioning that there exist more stringent tésge PCC grid
such as the maximization and minimization of the voltage L,
sequences or the regulation of the three phase voltagesSBATCOM {—|<
the nominal pre-fault values (.8, = V, = V. = 1 p.u.). : i o
However, these strategies require higher currents. Switched L 4 transformer - 7

A particular case can occur for low unbalanced sags, i.e. caps. T | \ ]
when the difference between the maximum and minimum
phase voltages is less than the difference between upper
and lower safety limits. In this case, negative sequence .

. . . . . . Fig. 2. Simplified scheme of a DG power plant.
voltage is either zero or quite low. In this situation, thestobe
strategy in terms of reducing the injected current, is toyongyer facilities are made up of the following VAr devices
supply positive sequence reactive power. Then, the thihesep [7]
voltages will raise equally until the lowest one achieves th
lower safety limit.

The problem in complying with voltage limits during grid
faults can be formulated as:

« power inverters
o STATCOMSs
« switched capacitors

Power inverters can be controlled to supply both active and

, Lo

find @7, Q _ reactive power. Moreover, full-scale power converters are
such that: mail,,V;,Ve} <V (3) becoming the preferred choice in wind turbine technology
min{V,,V;,V.} > V. because of their flexibility [40]. STATCOMs provide some

_ o ] dynamic reactive power required by grid codes. Steady-stat
The solution to the problem consists in finding which are thgx, compensation is mainly operated by switched capacitors

values for thf positive and negative sequence reactive IPOWgce they present lower investment cost. All these elesnent
references()™, @, such that the maximum amplitude of they o\, the power plant to behave as an equivalent power system
phase voltages, V4, V. is kept below the safety upper limit ot exchanges active and reactive power at the PCC [10].

V, and the minimum above the lower voltage limit ~  £or proper operation, a communication infrastructure with
Some assumptions are needed in order to simplify th@wyorked control schemes is shared among the elements of
theoretical study: the plant; the dependency among the inner elements of the
« the grid impedance is mainly inductive, power plant £ and @ dispatchers) are out of the scope of
« the grid impedance is approximately known, this work. For an in deep analysis of fault operation modes,
« only reactive power is injected during the fault. see [7]. Under this consideration, Fig. 2 shows a simplified

The first assumption holds in transmission and distributicronfiguration of a grid-connected DG power plant which
networks with high X/R ratio. The second assumptionbehaves as an active and reactive power source from a system
indicates that the grid impedance can be estimated everpjferator point of view.
it changes. To do so, a well known grid model or a proper The complete system is composed of power sources, dc-
grid impedance estimator [35]-[39] is required. The thirtnk capacitors, inverters, filters, and step-up transfenrihe
assumption is required in some grid codes for deep voltagant is connected to the grid at the PCC. The inductdngce
sags because the reactive power capacity can be stroriglysed to model the grid impedance. The grid voltage
increased. In shallow voltage sags, active and reactiveepowepresents the fault produced somewhere in the transmissio
should be simultaneously injected to support and feed tide gror distribution network.
However, for the sake of clear demonstration, in this work
active power is set to zero during the sag.

B. Voltage Sag Identification

Ill. DG POWERPLANT UNDER GRID FAULTS For a proper control under grid fault, the voltage at

This section develops three basic aspects to control e PCC is of interest. The instantaneous phase voltages
power plants during grid faults. First, the basic architeet need to be processed in order to identify the charactesistic
of the plant is presented. Second, the voltage sag is anhlyaé the voltage sag based on symmetric sequences. Using
based on symmetric sequences. Finally, the control schem&larke transformation in a three-wire system, the instaetas
assessed. voltages can be expressed in the stationary reference frame

(SRF) as

A. DG Power Plant Architecture v

DG power plants are considered a key element to improve { Ve } - 1 { 2 -1 -1 } v: ) (4)
the grid operation. Wind farms and photovoltaic parks aee th vs 310 V3 —Vv3

most widely extended example of DG plants with flexible
operation during grid faults. These medium to high rated The SRF voltages can be separated into positive and

Ve
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power referenceP, which is set to zero during the sag as

v Vde 1 . .
! assumed previously. Energy storage elements, active emswb
i _l‘ __________ ‘l _____ i’ _________ : among other fast active control schemes are required to keep
: abc voltage || dc-link || abe | active power balance during short-time grid faults and enev
| af || support | | regulator af : damage in the equipment. These last two blocks constitete th
[ oo | v oo |p il | power loop, since they provide the active and reactive power
I 1’ ! references. All this information passes through the refege
: sequencqva |va | reference ia | current |da SyMm 11, generator to build the reference currerifs and i3, which
I| extractorf, © | generato loop  [dg ug!  allow the injection of reactive power via positive and négat
- . __ . _—_—_—__ ) sequences. The current reference generator is implemasted
Fig. 3. Control diagram of a three-phase inverter. [13]
<k 2 v;}r Q+ /U[; Q* (15)
. oy = 5 +
negative sequence as “ 3 [ (vd)2+ (v;)2 (va )? + (vg)?
— o F 4 + -
Va = Vg + V4 (5) 3 —2 Vo + Vo -
ig =7 QT+ — — @ | (16)
vs = vF + 05 O N O EE A O RN CER Gk

where v} and v;; are the instantaneous positive Se(wen(\ﬁéhere each channel has a positive and a negative sequence

voltage in the SRF and, andv; are the negative ones. term.

Positive and negative sequence voltages as a function of N last stages in Fig. 3 correspond to the current loop,
time can be represented as where the references are compared with the measured airrent

The current control loop provides the duty cyclés andds

vh = Vtcoquwt + ™) (7) that are processed by the space vector pulse width modulator
Ug — Vtcogwt — g Lot ®) (SVM) to drive the switchesiy, us, .. .us.

v, =V coqwt —¢7) ) IV. VOLTAGE SUPPORTCONCEPT

vy =V coqwt + g —¢7) (10) Inside the voltage support block in Fig. 3, the mathematical

computation of the reactive power references is obtained.

whereV*, V'~ are the amplitudes of the positive and negativehese references are computed on-line so as to achieve the

sequences respectively, is the grid frequency ang®, ¢~  objective in (3). The voltage support service at the PCC (see

are the initial phase angles of positive and negative semen Fig. 2) can be expressed as a function of the grid voltage and
From (7)-(10), the amplitudeB™* and V'~ are obtained as the injected current as

VT =/(vd)2+ (U;)2 (12) Vo = Vga + Lgd;_? a7)
Vo= o )? 7)2 12 dig
(’U ) + (UB ) ( ) Vg = Vgp + Lga (18)

and the anglep = ™ — ¢~ between the positive and negativgyhereu,,, andu, are the grid voltages in the SRF, ang,

sequence is obtained from

vivg —vivg

vg represent the local measures at the PCC. The magnitude of
the voltage sag is derived by inserting (5)-(10), (15) arg) (1

cosyp) = — (13) in (17) and (18)
vivg +vivg
- _ o B "B
sine) = == (14) Vi =Vt —wL, It (19)
Vo=V +wlyl™ (20)
C. Control Scheme
. . . where
The behavior of the power plant is determined by the
.« o -~ 2 Q+
injected current at the PCC. Thus, a proper current-mode Jt= X (21)
control, capable of riding through voltage sags is requifégl 3 V“:
3 shows a control block diagram for voltage support during - — EQ_ (22)
3V-

grid faults. The inputs of the controller are local measured
voltagesv and currents and the dc-link voltage,.. Voltages From (19)-(22), it can be shown that the magnitude of the sag
v and currentg are transformed into SRF values. Voltagesf;r, V,~ can be estimated based on measured PCC voltages
v, and vg are split into their symmetric components, V™', V'~ and injected poweQ*, Q~. Also, the voltage

v;;, v, andv; by using a sequence extractor [41]-[46]. Theupport concept can be explicitly described from (19)-(22)
voltage support block detects the voltage sag and provid®g injecting positive sequence reactive power, the pasitiv
the reactive power referencé&gt and Q~ to the reference sequence voltage at the PCC raises with respect to that of
generator. The dc-link voltage regulator controls thevactithe grid. Furthermore, by injecting negative sequencetireac
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sequences is analyzed for any type of voltage sag. FinhHy, t
reactive power references are derived based on the griageolt
estimation.

A. Amplitude of the Phase Voltages

By applying the inverse Clarke transformation to (7)-(10),
the amplitude of the phase voltages can be expressed as a
function of the positive and negative sequence amplitudds a
the phase angle jump between them as

Va=+(V+)2+ (V)2 +2V+V-codyp) (23)
Vo=V (VH)2+ (V)2 4+2V+V-codp — 27/3)  (24)
Vo=+/(VH)2+ (V)2 4+2V+V-cogyp + 27/3).  (25)

Fig. 4. Phasor representation of the reactive power control

power, the negative sequence voltage is lower in the PCC thEme expressions (23)-(25) link positive and negative seceie

in the grid. voltages with the phase amplitudes for a given voltage sag
The voltage support concept can be graphically explainadgle. In fact, only two of the three expressions are of @ger

as in Fig.4. The grid voltage is characterized by the amgditu max{V;,V3,V.} and min(V,,V;,V.}. By defining

of the positive Vg+ and negative sequence voltagéy .

According to the symmetric sequences theory, the two peasor * = MaxX{Cog), Cogyp —27/3), codp +27/3)}  (26)

rotate in opposite directions. TheW," represents the positive y = min{cogy), cogy — 27/3), cogp + 27/3)}  (27)

sequence grid voltage phasor rotating counter-clockwise a

rad/s. The initial phase angle is™. Similarly, the negative t

sequence gr.id v_oltagiafg— rlotates_ clockvv_ise. In this case, the max{Vy, VsVl = VIVIZ F (V-2 12V V-2 (28)

initial angle is¢~. In nominal grid conditions, the amplitude ]

of ;¥ ~ 1 p.u. andV,” ~ 0 p.u. However, during the ~ MiN{Va,V3,Ve} = VIVEZ+ (V-2 +2VHV-y. (29)

sag these phasors experience sudden changes in amplitudlﬁne above expressions can be used to requlate the phase
and phase jump. The objective of the voltage support is to P 9 P

increase the amplitude of the positive sequence voltage amplitude.s o the desired.values. Hepcefort“h , these wltag
at the PCC compared with the grid sequence volta’ge :jeilftfgeisnt\il:'ile ?r?er?]eprgidth\,:tgeazlassuurzzrcglcljjeexs in order to
and to reduce the negative sequence volteige compared
with the grid oneV~. If this is accomplished, then the phase * TR AL 12 42 (17—
voltages are incréased and the voltage imbalance reducren&x{v‘l ViV }_\/[(V+) PAHVE) T +2(ve)(v )316
Reactive current injection is the key for this voltage suppo (30)
objective. To.inject positive sequence reactive po@eér §190° min{V,*,V;* V" } = \/[(V+)*]2+[(V*)*]2+2(V+)*(V*)*y.
current leading from the positive sequence voltage is rbede (31)
as obtained from the definition in (15) and (16). On the other
hand, to inject negative sequence reactive po@er, a 90° This means that if the injection of reactive power can hedp th
current shifted from the negative sequence voltage must ineasured positive or negative sequence voltdgesV ~ to
injected. When the positive and negative reactive power flaehieve the desired objectivés *)*, (VV7)*, then the phase
through an inductor, it produces a voltage variation whigh voltagesV,, V, andV, will be regulated to the desired values
proportional towL,. In the case of positive sequence reactiv€,’, V,", V;*. Normally voltage sags exhibit asymmetrical and
power, the voltage difference is positive, as a result theitipe  time-varying profiles. Thus, in a real scenario, the max and
sequence voltage at the PCC increases byI* volts. In the min expressions derived in (30) and (31) are also time-varyi
case of the negative sequence reactive power, the voltages difunctions.
by wL4I~, which helps to reduce the imbalance at the PCC.
By flexibly combining the amounts of positive and negative . )
reactive power, the desired voltage support strategy @@ B. Targets for Positive and Negative Sequence Voltage
can be reached, thus regulating the phase voltages acgordinAs previously stated in section I, the goal is to keep phase
to (3). voltages within the limits established in grid codes. T fene

an appropriate phase voltage target should be

en

V. PROPOSEDSOLUTION max{V* ;' V') = (32)

vV
This section develops the mathematical procedure to solve min{ V" V" V' } = V. (33)
the problem stated in (3). To begin with, the amplitude
of phase voltages is obtained from the sag identification.Replacing the phase voltages in (30) and (31) with the
Then, the relationship between the phase voltages andyeoltdesired objectives (32) and (33), and solving the voltage
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[ Sag detector | The step by step procedure of this reactive power control is
______ e e shown in Fig. 5, from the detection of the sag to the synthesis
[ Seq. extract A1}~ vawiwawy = f(vamwe) 1 of the power references and the current reference generator

———————————————————— 1 Once the sag has been detected and the symmetric sequences
e tetedaiedutedetuietaieduiuieinieduio obtained, it should be characterized and identified. Then, t
[ Grid seq. (19).2~ V"V, =f(VIV .Q"Q wlL,) | implement the proposed controlt and V,” need to be

——————————— —--=---—---1 computed based on previous power referengesand Q-
______________ ="~ ____1 and PCC measurements™ and V'~ according to (19) and

V. T T T T T T T T ;
[ Power ref. (38),(391«—ILQ+,Q* = f(V, Y, (VI (V) wL,),  (20). Then the targetéV")* and (V~)* are obtained based

____________________ , on the desired safety valuag and Y for a given sequence

| sat“ratiof 43.44= Q" Q :=fI'.I ,Ima)___ 1 angley by applying (32)-(36). The new positive and negative

[Current ref, (15)’(16'*_{‘ - _iz_,i% _:_f@f,;g_,v:’ ,‘U;"@r’ Q) ‘} reactive power referen_ces are derived from (38) and (3% Qu
————————————————— to the dynamic behaviour of sequence extractors, the regttli

Fig. 5. Flow diagram of the proposed control scheme. time in perturbed situations last one grid cycle approxétyat

[42]. For this reason, the power reference block is trigdere
sequence targets, the following expressions are obtained once per grid cycle to compute the new values@f and
@, which remain constant in the flow diagram until the new

— . 2 . 2 . .
22 nyQ I \/(yv2 71722) _ (V2 722) update. Once _the reactive power references. are obtained, a
(V) = current saturation strategy ensures that the injecteceistar
2(x —vy) will be safely limited to the maximum rated current of the
(34) inverter Imax. The procedure to saturate the current injection
5 5 is developed in the next section.
aV? —yV — \/(WQ - IEV2) - (VQ - 22)
(Vo) = . VI. CURRENT SATURATION
2(x —y)

(35) This section is intended for the case of stiff grids where

. . the voltage limits strategy proposed in (3) could not be
Eguaé'gnfoﬁfg |aggc;3u53)ea$;her:|gf: f(;];;hee \E’;ﬁgozegr\m;ttzgghieved. Voltage support in stiff grids require higherctaa
bp y P 9 9€t2 drrents. Thus, the required reactive currents can ovelthas

sequence voltage targets. Furthermore, the above eqﬂat'é)arllfety limits of the inverter. To overcome this issue, a enir

allow us to o_btam the targets for any sag, whether SYMMEtLs ration strategy is developed. To achieve this objective
or asymmetric.

injected currents are mathematically derived and a caarect

; . . : . i
For the Pé?”'cu"'” case presented in section Il in which th ctor is included to limit the maximum injected current lhe t
sag has low imbalance (i.e. m@x,,V,, V. } —min{V,,V},,V.} < safety limit
max-

VY — V), the limits in (32) and (33) need to be modified to . ~. i .
acompiish the aforementioned objective as Similarly to (23)-(25), the amplitude of the phase currents

are
= +)2 —-)2 +7— _ 27
min{V;",V; VI =Y (37) Iy=/(I*)2 + (I7)2 + 2[*[-codpr — 27/3)  (41)
Le=+/(I*)> + (I")2 + 2T+ -codpr +27/3)  (42)
C. Reactive Power References wherep; = m — ¢. Note that from (40)-(42), the maximum

Hgase current can be identified since the reactive power
feferences and the voltage sequences are all known.

Once the theoretical injected currents are characterized,
e limitation process can be started. If the required power
references from (38) and (39) induce a current higher than th

maximum allowable current of the inverter mdy, I, I.} >

Once the desired targets for positive and negative seque
voltage have been established, the formulation for thetiveac
power references can be easily obtained. The proposecgvsffoltﬁ1
support control to comply with the voltage limits is obtaine
by rearranging (19)-(22) with the target values

3V (V) =V, Imax, then these references should be modified in order to
Q" =3 . (38) i i
~ 9 wl, protect the inverter from overcurrents. A method for doing
3 (V) [V‘ - (V‘)*] so is to modify the power references as
Q=3 . . (39) I
2 ng Q;—j\t: Q+ max (43)

— iy , max{la, Iy, I}
By injecting these amounts of positive and negative

sequence reactive power, the positive and negative segquenc Qsat= Q‘$ (44)
voltage targets will be achieved. These targets have been max{ Lo, Iy, Ic}

computed to keep the maximum and minimum phase voltageasd the effective value for positive sequence reactive
within the safety region. power in the reference generator (15) and (16) should be

0885-8993 (c) 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation infor|
10.1109/TPEL.2014.2301463, IEEE Transactions on Power Electronics

-200,

TABLE | s Wi
SYSTEM PARAMETERS 5 ~100
g
Symbol Nominal value per unit value ) 0
base power Shase 2 kVA 1.0 § i
base voltage Vhase 110 V (I-n, rms), 60 Hz 1.0 £ 100p ki
base current Ibase 6 A (rms) 1.0 200
active power production P 750 W 0.37
grid inductor Ly 5 mH 0.10
dc-link voltage Vde 350 V - — 7
switching frequency fs 10 kHz - ; 1T
selected as mifQ™, Q4. and for the negative sequence a > 05 za i
mi{Q~, Qsatt € v
It is worth mentioning that if the current saturation stggte 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ —
is activated, then the resulting reactive power is lowemnth: 0 005 01 015 02 025 03 035 04 045 05
necessary to meet (3). In this case, even if the voltage stippo ®) Rmst\(zltage_
targets expressed in (32) and (33) cannot be accomplidined, t
overcurrent is properly controlled. Fig. 6. Testl: voltages without voltage support control.

_200 T=EoTTEEET ERIETn
VIl. EXPERIMENTAL RESULTS ‘

Based on the scheme of Fig. 2, a low rated power te
platform has been built using an Amrel SB®-12 DC
Power Source, & kVA Semikron three-phase IGBT bridge 2
a Pacific Power AMX AC grid emulator and an inductanc®
L, between the PCC and the grid. The nominal values 2o
the system parameters are collected in Table I. The cont

voltages (V)

o

algorithm is implemented on a Texas Instruments floatin ' ! ' ' ! ' : ! '
point TMS320F28335 Digital Signal Processor. Before ar 5 1 s =

after the sag,750 W of active power feed the grid; this < w
operating point corresponds to an arbitrary wind or solaveyo f_g v
production (0.37 p.u.). During the fault, the proposedagét > %5 A
support control is activated. The sequence extractor ptede £ Vb

in [41] has been employed to obtain symmetric sequences 0 ; ; ; ; ; ; ; ; —
run-time. For the current loop, a proportional-resonamtemt 0 005 01 015 02 025 03 035 04 045 05

t(s)

controller has been used. (b) Rms voltage.

Based on [12], three tests have been programmed in order
to show the dynamic behavior of the proposed reactive poweg- 7. Testl: voltages with voltage support control.
control:
« test 1 is a single-phase-to-ground (type Il) voltage sag,
« test 2 is a balanced three-phase (type lll) voltage sag,
« test 3 is a phase-to-phase (type I) sag with slow recove

The waveforms of the injected currents are presented in
rFig. 8. Note that before and after the sag, the inverter
||¥jects balanced active currents, the current amplitudehis
situation are around 0.37 p.u. However, during the sag, the
A. Test1 currents increase up to 0.9 p.u. It is worth mentioning that

Test 1 is an unbalanced single-phase-to-ground voltadeeper voltage sags or smaller grid inductances will requir
sag which could be caused by a short circuit or lightningigher reactive currents to regulate the phase voltageso, Al
somewhere in the transmission or distribution network. Theshould be pointed out that during the sag, there exists an
sag is time-varying to mimic real behavior of grid faults.  inherent currentimbalance due to the injection of both pesi

The PCC voltage waveforms and rms values without voltag@&d negative sequence reactive currents.
support are presented in Fig. 6(a) and 6(b). These figured=ig. 9 clearly shows the proposed solution to the stated
show the dynamic evolution of the voltage sag when nmroblem. This figure presents the positive and negativeiveac
reactive power is injected. The next two figures, 7(a) armmbwer references. These references are computed on-line
7(b), illustrate the measurements when the proposed ltagcording to the flow diagram in section V-C. Fig. 9 also
support control is activated. As can be shown, the voltage sitows the instantaneous reactive poweglotted in the thinner
the PCC is regulated to the selected voltage litits- 1.10 line. As expected, a significant oscillation at twice thedgri
p.u.,Y = 0.85 p.u. which is the main objective of the proposeérequency can be observed during the sag due to the imbalance
reactive power control. in the system.
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Fig. 8. Test 1: inverter current waveforms (50 ms/div).
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Fig. 9. Test 1: Positive and negative reactive power refmren and
instantaneous total reactive power.
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Fig. 10. Test 1: positive and negative sequence amplitude.
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Fig. 11. Test 2: rms voltages without voltage support.
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Fig. 12. Test 2: rms voltages with voltage support.
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Fig. 13. Test 2: Positive and negative reactive power rafeg and

instantaneous total reactive power.

Fig. 10 shows the measured positive voltage sequéhnce
and the calculated positive sequence grid voltage when '?:
the voltage support strategy is implemented. The negatide g o
sequencé/,~ and the PCC measuiié™ are shown below in £ v
the graph. As desired, to raise the voltage in all the phas 5 ®° ' Nl
the PCC positive sequence voltage should be increased.eOn £ Vb
other hand, the negative sequence voltage is decreaseth w 0 i i i i i i i i -
helps to equalize the phase voltages. 0 005 01 015 02 ?{f)s 03 035 04 045 05
Fig. 14. Test 3: rms voltages without voltage support.
B. Test 2
Test 2 presents a balanced three-phase voltage sag cal g 1m M
by a motor starting with high inrush current. Balanced \gdta ) )
sags have no negative sequence voltage, therefore thekor g 5| v
strategy should inject positive sequence reactive powél ur g v,
the minimum safety voltag¥ is achieved in the three phases ~ v,
The rms voltages without voltage support are shown in Fi % 005 01 0I5 02 025 03 035 04 045 05

11. The effect of the voltage support control at the PCC ci t(s)
be appreciated in Fig. 12. With this strategy, the PCC velagFig- 15. Test 3: rms voltages with voltage support.
are within the safety region, which is the main objective of
the proposed control scheme. . .

In Fig. 13, positive and negative reactive power referencs present because no imbalance exists in this type olgelta

g. 15 p g p

are shown. As stated above, only positive sequence reacfive”
power is injected during the sag. Therefore, the negative
sequence reactive power reference is set to zero. The Test3
instantaneous total reactive power is represented by theeh  Test 3 is a voltage sag with slow recovery. Fig. 14 presents
line. Note that the instantaneous reactive power followes tlthe rms voltages without voltage support. The sag begins as a
reference and that no oscillations at twice the grid fregyentype | (¢ = 0.1 s), evolving to a type Il {= 0.3 s), then the
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sag is cleared and the system suffers a slow voltage recovesy J. A. Diaz de Leon, B. Kehrli, and A. Zalay, “How the Lake i@ty

as atype lll ¢ > 0.3 s).

The rms voltages at the PCC when the voltage support is
activated are shown in Fig. 15. The results show that thp]
reactive power control is able to keep the voltages within
the safety limits, which corroborates that the proposedrobn
strategy can comply with the voltage requirements even [ip]
complex situations.

[11]
VIIl. CONCLUSIONS

This paper presents a reactive power control scheme for
three-phase grid-connected inverters operating undeéag®l
sags. The control objective is to regulate the maximum and
minimum phase voltages within the limits established irdgri
codes for continuous operation. Therefore, DG power plants
can avoid disconnection while helping to mitigate the adger[13]
effects of grid faults.

The problem can be divided into two aspects: i) setting the

wind farm met ESCOSA’s, NEMMCQO'’s and ElectraNet's rigorous
interconnecting requirements,” ifEEE Power and Energy Society
General Meeting 2008, pp. 1 —7.

S. Martin-Martinez, E. Gomez-Lazaro, A. Molina-Garcia. Vigueras-
Rodriguez, M. Milligan, and E. Muljadi, “Participation ofimd power
plants in the spanish power system during eventsZ(t2 IEEE Power
and Energy Society General Meetjri@012, pp. 1-8.

F. Blaabjerg, M. Liserre, and K. Ma, “Power electronimsnverters for
wind turbine systems,JEEE Trans. Ind. Appl.vol. 48, no. 2, pp. 708
—719, Mar. 2012.

M. Altin, O. Goksu, R. Teodorescu, P. Rodriguez, B.-Bnsen, and
L. Helle, “Overview of recent grid codes for wind power intagion,” in
12th Int. Conf. on Optimization of Electrical and ElectroriEquipment
May 2010, pp. 1152-1160.

] M. Bollen, M. Stephens, S. Djokic, K. Stockman, B. Bruohkie,

J. Milanovic, J. R. Gordn, R. Neumann, G. Ethier, F. Corcoles
A. Ferguson, P. Goossens, P. Ligot, A. Lopes Leiria, P. Marte
A. McEachern, J. Mentzer, |. McMichael, U. Minnaar, K. vanuRel,
and F. Zavoda, “Voltage dip immunity of equipment and iratains,”
CIGRE/CIRED/UIE Joint Working Group C4.110p. 1-279, Apr. 2010.
A. Camacho, M. Castilla, J. Miret, J. Vasquez, and E.réda-Gallo,
“Flexible voltage support control for three phase distidaligeneration
inverters under grid fault/IEEE Trans. Ind. Electron.vol. 60, no. 4,
pp. 1429-1441, 2013.

positive and negative sequence targets based on the degirgdx. Guo, X. Zhang, B. Wang, W. Wu, and J. Guerrero, “Asyntrical

phase voltages, and ii) setting the positive and negative

reactive power references based on an equivalent impedance

grid model. The control scheme solves these two issues ary]
presents a step by step realization of the proposal.

The proposed reactive power control shows good dynamic
behavior as can be seen from the experimental results. The
control proposal is able to set the voltage references in ai§l
type of balanced or unbalanced voltage sag. Moreover, the
set of experiments prove that the control proposal can even
support time-varying grid faults. [17]

Future work will focus on the behavior of the control
scheme in more complex networks, and the selection of
different control objectives to improve the overall system
performance. In addition, the constraints and commurtgnatil*el
requirements for a proper power plant design should be

analyzed.
[19]
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