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4 Abstract—Under voltage sags, grid-tied photovoltaic inverters In compliance with these requirements, DG sources must 39
5  should remain connected to the grid according to low-voltage remain connected to the grid during voltage sags, following a 40
6 nde't!lmugh requirements. During S.UCh. perturbations, it I8 - predefined time/sag-depth profile before disconnection, which 41
7 teresting to exploit completely the distributed power provisions . K ] | ide-th h (LVRT). Additionall
8 to contribute to the stability and reliability of the grid. In this IS_ nown as (?W'VO Fagfa r? e-through ( A )- 1tionally, 42
9 sense, this paper proposes a low-voltage ride-through control strat-  Wind GCs require the injection of the reactive power to support 43
10 egy that maximizes the inverter power capability by injecting the the grid voltage and to reduce the possibility of voltage col- 44
1 maximun.l-rated current during t!le sag. To achieve thi.s objective, lapse [3]-[5]. Consequently, it is expected that the continuously 45
12 two possible active power situations h?ve been c0n51dered3 i€, increasing number of grid-connected DG will promote new re- 46
13 high- and low-power production scenarios. In the first case, if the . GCs. U ine GC 1dd dal .
14 source is unable to deliver the whole generated power to the grid, qY®ME n S pf:orplng § could demand also reaf:tlve 47
15 the controller applies active power curtailment to guarantee that ction from distributed PV systems to fully exploit the 48
16 the maximum rated current is not surpassed. In the second case, the visions [4]-[6]. 49
17 maximum allowed current is not reached, thus, the control strategy quirements, different LVRT strategies have 50
18 determlned the amount.of l:eactlve power that can be injected up to enhance the performance of DG during voltage 51
19 reach it. The control objective can be fulfilled by means of a flexible d K based .
20 current injection strategy that combines a proper balance betwee rted works are ?S.e‘ on symmetric 52
21 positive- and negative-current sequences, which limits the inver e increases the ility and leads to 53
22 output current to the maximum rated value and avoid active p trol objectives sugilfas the mitigation of 54
23 oscillations. Selected experimental and simulation results ower oscillations, vo port, and peak 55
24  ported in order to validate the effectiveness of the propose: 56
25  strategy. v -
gy As presegted in [7] and [8], by means o strategies it 57
26 Index Terms—Distributed PV generation, low, obtain different power quality lev the point 58
22 through, maximum-rated current, reactive power i coupling (PCC) in terg active 59
Sag- 1ve power oscillations. Ho, power 60
Q1 ions results more favorable mance, since 61
29 1. INTRODUCTION ctive power oscillations are le in the dc- 62
. ink voltage and could cause of the voltage 63
30 N recent years, environmenta . . .
.. . source inverter (VSI) if th dc-link voltage 64
31 significantly the number of grid- .
- is surpassed/under passf 65
32 ation (DG) systems [1], [2]. However, L. .
. . In voltage supportgst ity is to deliver only the 66
33 of DG systems can introduce a negative . . .
o e L reactive power du e attributed to the major 67
34 stability and reliability of the grid infrastru .
. . . . impact that the Pluse on the PCC voltages 68
35 der grid fault conditions. In this sense, gri .
. . . . when e "Pepending on the type of sag, 69
36 countries with high penetration level of DG ha rateci b lied [9] and [10] o
37  profile of the faults that these systems should withstand, and the strategles can be appe and 11917
o t generation algorithm that provides 71
38 procedure that they should follow under such situations. )
introduced. An improvement of [9] 72
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maximum reactive power delivered by the VSI under
unbalanced grid conditions. As a drawback, the source is unable
to deliver the active power production. Moreover, the active and
reactive power present oscillations at twice the grid frequency.
The approach presented in [14] is based on the virtual flux
estimation method. In this paper, different active and reactive
power injection strategies have been proposed, however, not all
of them ensure maximum current limitation. In [15] and [16],
more flexible controllers have been proposed. These controllers
provide different LVRT services by injecting active and reactive
power by means of positive and negative sequences while main-
taining the injected current safely controlled to a predefined
maximum value. However, the control algorithms are complex
when comparing with previous schemes.

This paper proposes a compact LVRT control strategy that
guarantees the complete use of the power capabilities of the
distributed PV system under voltage sags. The proposal com-
prises a set of reference currents that provides flexible positive
and negative active and reactive power injection characteristics
that can be tuned to fulfill two objectives during voltages sags:
first, to inject maximum rated current independently of the sag
profile and, second, to avoid active power oscillations. Both
objectives will be always accomplished, although the achiey
ment of first objective could be affected by the amount o

narios. In the first case, the injection of the maximu
can be achieved delivering only active power, whjch is

plies active power curtailment to avoid s
rated current and avoid disconnection d
second case, a combination of active and
injected to reach the inverter maxim

tion, this functionality could contribute t
distributed resources in the near future.

However, none of the presented strategies so far is able
to determine the reference currents that optimize the VSI
power capabilities in an easy manner with simple and com-
pact reference expressions as presented here. Therefore, con-
trol simplicity is one of the remarkable contributions of
this paper.

This paper is organized as follows. Section II describes the
grid-connected DG system, analyzes the PCC voltages and in-
verter currents under a voltage sag event, and describes the GC
requirements that must be applied under this situation. Section
IIT exposes the conditions that give rise to control objectives
and proposes a strategy to achieve it. Section IV develops the
theoretical basis of the control proposal. Section V corroborates
the expected features of the proposed controller by means of
selected simulation and experimental results. Also, a discussion
of the outstanding characteristics of the proposed strategy is
presented, including a comparison with reported peak current
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Fig. 1. Diagram of a grid-connected DG.

limitation controllers. Section VI presents the conclusions of
this paper.

II. GRID-CONNECTED INVERTERS UNDER VOLTAGE SAGS

This section deals with the description and characterization
of the grid-connected VSI under voltage sags. Also, the basic
GC requirements during these disturbances are described.

A. G Connected Three-Phase Inverter

es an LCL filter to
nics [17], [18].
mping resistors
resonance ef-

tion of the rms voltage
fes which can be caused

rcuit), overload, or power-up
]. During voltage sags, the VSI suffers
that can compromise its functionality
on, the voltage and current vectors

the instantalous PCC phase voltages can be expressed in the
stationary reference frame (SRF) as

Vo = v+, =V cos(wt+67)+V cos(wt+67) (1)
2

where v, and vs are the SRF components of the measured
voltage at PCC, v, v§, and v, vy are the SRF positive- and

vg = vy +vg =V sin(wt+67) =V sin(wt +67)

negative-voltage sequences, respectively, V™ andV ™~ are the se-
quences amplitudes, w is the grid angular frequency, and 6"
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and §~ are the initial phase angles of positive- and negative-
sequences, respectively. Note that the zero sequence is not con-
sidered here, since it is not present in three-wire systems [8].

There are different types of voltage sags, which can be char-
acterized by the sequences amplitudes, V", V', and by the
sequence phase angle §. The magnitudes of these parameters
can be determined using the SRF theory [21], [22], as

VT = /(vd)?+ (11’;)2 3)
VT =y /(vg)? + (vg)? 4)
— + —
T A 1) )

V+v-

C. Requirements for DG systems Under Voltage Sags

Under normal grid conditions, VSI delivers all the generated
active power into the grid by controlling the amount of the
injected current. During voltage sags, complementary services
can be required by the GCs to increase the grid quality and
reliability. Wind GCs require LVRT capabilities and support the
grid with some amount of reactive current injection. This amoun
varies depending on the regulations of each country; in extre
cases, it can arrive to 100%. Furthermore, depending on t
proﬁle GCs also require active and reactive power inje

have set the foundation of the propos¢
and the objectives that can be reached.
algorithm that leads to its practical implem

A. Power Injection During Voltage Sags
According to the power theory [23], [24], the i

active and reactive powers injected to the grid by a three-phase
VSI depends on the injected currents and the voltage vectors (i,
v) at the PCC. Thus, the instantaneous power can be defined as

(6)

a (v(), 7:(), + Vs Zﬁ)

p:2

q= §(Uﬂia - ’Uuiﬂ)- (7)

Additionally, the VSI current references can be decomposed
in active and reactive components as

o = in(p) +1i%(q) (®)
iy = ig(p) +i5(q) 9)

In compliance with present GCs, the PV systems must only
inject the active power into the grid. To achieve this requirement,
the following set of reference currents in the SRF can be used

.

[25] 221
* 2 /U(J{ *
io(p) = 3 V) P (10
i5(p) = = 2 + p* (11)
g\P) = (V +) .

In this scheme, the reference currents follow the positive- 222
sequence voltage. Thus, the resulting currents are balanced and 223
free of harmonics. However, during unbalanced voltage sags, 224
this strategy introduces an oscillation in the injected active 225
power at twice the grid frequency which affects negatively the 226
dc-link voltage and may cause dc overvoltage problems [25]. 227

During the sag, the amplitude of the positive sequence V* 228
will be reduced. Consequently, according to (10) and (11), the 229
injected currents will increase to maintain the same amount of 230
injected pgyver previous to the sag. However, this conventional 231

y lead to tripping or damage of the converter be- 232
eference currents might surpass the inverter maximum 233

is situation, the source is unable to inject the 234

ower. Thus, safety mechanisms must be acti- 235

of active power production that may 236

237

ower curtallment 238

ccogding to specific 239

eans of auxiliary sys 240

its or by detuning the 241

242

243

244

245

e power injection could be d 246
rated current and maximize t er capability. 247
tage sags (i.e., 248

i 249

due to over current, a reactive power when is 250
possible), a new ¢ gy that maximizes the 251
252

253

254

255

256

— 12
Bhy (V)2 +ky (V)2 (12)
3 kj(V*)2 + Icp*(V*)2

in(q) = 2 by v Ky v (14)

3k (V)2 4k, (V)2

) 9 kfod + kv, .

i5(q) = — 2 Q (15)

3ky (V¥ 4k (V)2

where k'; Ky, kq+ and & are the control parameters to bal- 257

ance appropriately the positive and negative sequences. These 258
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Fig. 2.  Flux diagram of the proposed control strategy.

parameters can take any values in the range 0 to 1, which give
rise to multiple injection strategies. For instance, the simple
injection strategy represented by (10) and (11) can be imple-
mented with the proposed reference currents by selecting th
control parameter as k7 =k, =landk, =k, =Q* =0

Thus, based on (12)—(15), a control strategy that deter

extractor which let to determine the sa
[29]. Next, the maximum allowable actj

the VSI can provide (Ijateq) and
compared with P to determinate

ment to avoid exceeding Iy ,toq. Conseq
the active power reference has to be set as
reactive power reference is maintained as Q*

hand, if Py is lower than Py.y, then, the inve maximum

rated current is not surpassed and, therefore, some amount of

the reactive power can be injected up to reach Ig,ieq. In this
case, the reactive power reference Q* is calculated considering
IRateq and the generated power Py . Finally, the reference cur-
rents are computed with the corresponding values of active and
reactive power references. The selection of the control param-
eter and the development of the mathematical expressions that
allows the online determination of Py, and Q* will be shown
in Section IV.

IV. THEORETICAL APPROACH TO THE CONTROL STRATEGY

The purpose of this section is to develop the mathematical
expressions that support the statements of the proposed control
strategy. Furthermore, the effects that the proposed reference
currents and control parameters cause in the instantaneous active
and reactive power are presented.
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A. Determining Maximum Injected Current

To fulfill the control objective of avoiding active power oscil-

lations, the control parameters are selected as
+
—k, (16)

a7

k, =

+ _ —
ki = k,.
The achievement of this objective will be validated theoret-
ically in Section IV-C and experimentally in Section V. Addi-
tionally, thanks to (16) and (17), the proposed reference currents

(12)—(15) become simplified and normalized as follows:

* 2 ng— - va_ *
ia(p) = gmp (18)
. 2 v+ — V4 y
i5z(p) = gmp (19)
B 2 v}r + UE .
(q) = gm@ (20)
2 wtw on

3V (V)

, (18)—(21), the g
rrents can be easi

amplitude of the
alculated by applying
). The resulting
nd the active and

can be clearly seen that the phase with
related with the minimum value of the
ion

cos(d —2/3m), cos(d +2/3m) }.
(26)

Lyax = g\/((V*')2 — 2Vt V=cosmin + (V7)) A (27)

where Iy, is the maximum output current that the VSI will
provide.

To avoid inverter damage or disconnection by the overcurrent,
Iyax must be limited to the VSI-maximum-rated current by
means of the following condition:

IMax < IRated- (28)
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B. Determining Maximum Active and Reactive Power

The maximum power that the VSI can deliver during the
sag must be determined considering (28). Also, variations in
the generated power due to different environmental conditions
must be considered. Therefore, high- and low-power production
scenarios can be studied during the occurrence of grid faults.

Scenario 1(High power generation): In this case, IR ateq could
be surpassed due to the generated power Pg. In this situation,
the source is unable to inject the whole generated power, and ac-
tive power curtailment is necessary. Then, the maximum active
power that can be injected into the grid during the sag can be
determined by using I\jax = IRated; P* = Puax, and @* =0
in (27), and solving the resulting expression for Pyrax

Pytax = %I%d (V)2 = (v7)?) (29)
where
B=(V")? -2V V cospin + (V)2 (30)
In this case, the active and reactive power references are
P* = Pyrax and Q* = 0.

Scenario 2(Low power generation): In this case, the gener:
power P is lower than Py, and the inverter maximum,
current cannot be reached, then, some amount of the
power can be injected to increase the VSI output curren

for Q*

* 2'25112{3‘[6(1
o=y 20

In this case, the active power refere
It is worth mentioning that (29) and (3

pressions have not been reported previously in
thus, together with the flux diagram shown in the Fig. 2, these
constitute the two main theoretical contributions of this paper.

C. Determining Power Oscillations Components

During voltage sag, the instantaneous active and reactive pow-
ers injected by the VSI can be decomposed in the following
expressions:

p= P " +P +P

g= Q" +Q +Q
where Pt,Q*,P~,Q ", P, and Q represents the positive and
negative components and the oscillating terms of the active and
reactive power, respectively.

By inserting (1)—(2) and (12)—(15) into (6) and (7), (32) and
(33) can be developed as a function of V*, V~, ¢, and the

(32)
(33)

I

Vv PG ‘Rated
! ! )
Sequence | Vg Vy| Control | p* Reference l'/}(p)
Extractor Strategy - Generator —»
[29][30] vﬂ" | (Fig.2) | O (18)-(21) i(q)
i@
Fig. 3. Block diagram of the proposed control scheme.
control parameters as
kH (V)2
Pt = ) P* (34)
kp (V)2 + K, (V7)?
ky (V)2
P = P P* 35
ky (V)2 +k, (V)2 (53)
(ky + K, )V*TV~cos (2wt —0)
ky (V)2 +ky (V)2
&=k )VTV sin (2wt —0) |
— Q (36)

kg (V)2 + kg (V)2

(V*)?

2+ ki (V)2 7
Q VR ) (38)
ky (V)2 +k (V)2
(kf +k,)V*TV™ coa
KV
- (39)

Parameters (k, =
resulting instantaneous

(40)

(41)

injec
efits to

D. Proposed Control Scheme

A simplified diagram of the control proposal is shown in
Fig. 3. The inputs of the controller are the measured phase
voltages v at the PCC, and the generated power P provided by
the dc-link voltage controller. Voltage vector v is converted into
SRF values by means of Clarke transformation. Then, voltages
v, and vg are decomposed into symmetric components using
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Fig. 4. Diagram of the experimental setup.
TABLE I
SYSTEM PARAMETERS
Nominal rated power (base power) Sy 2.3 kVA
Generated active power Pg 300, 900, and 1300 W
Nominal grid voltage Vy 110 Vrms
Rated current amplitude IR ated 10 A
Nominal grid frequency fo 60 Hz
DC-link voltage Vie 350V
DC-link capacitor Cqe 1.5 mF
LCL inverter-side inductances L; 5mH
LCL filter capacitors C, 1.5 uF
LCL damping resistors Ry 68 Q
LCL output-side inductances L, 2 mH
Sampling/Switching frequency fs 10 kHz

the inputs, Py and IR.teq, to calculate the
necessary to implement the proposed refere

behavior is emulated using an AMREL-SP dc source.
The utility grid is emulated by means of a progralgfiable three-
phase Pacific AMX-360 ac source connected to the PCC. The
sequence extractor is implemented with generalized integra-
tors [28], [29]. The current controller consists of proportional-
resonant controllers [30]. Table I lists the parameter values for
both the inverter and the controller.

Throughout this paper, two power production scenarios have
been considered: high and low. However, an additional medium
production scenario has been also included in this section, in or-
der to highlight the flexible characteristic of the proposed control
scheme. Then, three different power production tests have been
considered to obtain experimental results: low-, medium-, and
high-production scenarios.

A variable-profile voltage sag has been programmed in the ac
source to evaluate the behavior of the system. The programmed
sag in three different power production tests will follow the
same sequential behavior. First, during 0.1 s, the grid voltages
are roughly balanced with the following rms voltages: 1.018,
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Time (s)

Fig. 5. Experimental PCC phase voltages during the sag (top), and its rms
values (bottom).

Pg = 300W. Top:
Bottom: measured

wer, p, and maximum power
active powgk ¢, and reference reactive power Q™.

the sag proﬁle changes sl1ghtly, in
the control strategy. Final

g O its presag values.
Fig. 5 shows the PCC phase voltages during the

sag and its rms pe

e line depicted in blue). In red line,
active power Py, that could be injected without
& IRateq 1S depicted in the figure. Then, when the sag
e proposed current controller calculates on-line Pyp,x
ific fault. Observe that P, is reduced from 2.3
um value of 800 W during the sag. As it can be
seen, the power produced by the system never reaches Pyrax,
thus P* = Py during the entire test. Under this condition, the
inverter is able to provide some reactive power till the maximum-
rated current Ig,i.q Of the inverter is reached. The measured
mean value of the injected reactive power is almost 1.4 kVAr
during the sag, clearly following its reference value Q*. When
the sag takes place, the system becomes unbalanced and an
oscillation at twice the line frequency appears in the reactive
power. In the case of the active power, observe that thanks to
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Fig. 7. Experimentally measured line currents for low injection scenario,
Pg =300 W.

Fig. 8. Experimental results for high injection scenario, Pz = 13
measured active power, p, and maximum power Pyj,x. Bottom:
reactive power, ¢, and reference reactive power Q*.

the selection of the control parameters (16), (
have been avoided as desired.
Fig. 7 shows the injected currents duri

the variable profile of the voltage sag
maximum-rated current.

B. High Active Power Injection Scenario

Fig. 8 shows the instantaneous active and reactive powers
during the fault considering P; = 1300 W, i.e., a high-
production scenario. The mean value of the injected active
power is 1300 W before and after of the sag, P* = Fg. On the
other hand, as it can be observed, the maximum active power
Pyrax is surpassed by the produced power during the sag. Un-
der this condition, the power production must be curtailed to
avoid overcurrent and disconnection. During the sag, the active
power reference is limited to Pyjax, i.€., P* = Pyax. Thus, in
this test, no reactive power can be provided since the maximum
output current of the inverter Iy,t0q has been reached. It is im-
portant to note that the voltage sequences detector has a one
grid-cycle settling-time response, which introduces a delay in
the reactive power reference QQ* calculation. This effect can be
observed at the beginning of the sag, when the reactive power
injection is not zero and reaches 500 VAr during one grid cy-
cle. However, after this small time interval, the reactive power

Fig. 9.

Time (s)

Experimentally measured line currents for high injection scenario,

Pg = 1300 W.

Time (s)

al results for medium injectio
i€ power, p, and maximum power
and reference reactive power Q*.

Ictive and reactive power
¢ = 900 W, i.e., a medium-
mean value of the injected active power
he sag, P* = Pg. A combination of

ervals, Pyrax 1S surpassed and the power production
Med (P* = Pyrax) to avoid overcurrents. Fig. 11
Wted currents during this test. This test reveals the
excellent dynamic properties of the proposed control strategy
which provide smooth transitions between the operation modes
(i.e., active power curtailment and reactive power injection).

D. Supporting Different Types of Voltages Sags

A complete set of simulations has been carried out to further
demonstrate the effectiveness of the control proposal under any
type of voltage sag. The system with parameters described in
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Fig. 11. Experimentally measured line currents for medium injection scenario,
Pg =900 W.
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Fig. 12.  Simulation waveforms for type-II sag (V' = 0.68, 1/

0 = 10°). Top: PCC rms phase voltages. Middle: generated active
maximum power P)p,x. Bottom: measured reactive power, ¢, an
reactive power Q*.

bility of the proposed strategy to react a
tion conditions.

active power is 300 W before the sag and 900 W after the sag
due to the programed active power change. As it can be seen,
the generated power never reaches Py, thus, P* = Py during
the entire simulation. Under this condition, the inverter is able
to provide some reactive power till the inverter maximum-rated
current Iy ,cq 1S reached. Note that the reactive power adapts its
profile online to the changes produced in the generated power
in order to safely maintain the inverter-rated current controlled
at its maximum value.

Fig. 13 depicts the line-to-neutral voltage at phase b and the
corresponding current during the type-II sag. Observe that the ¢,
peak current change according to the delivered power. Before the
sag, the peak current is low (approximately 1 A). During the sag,
it reaches IR ateq because vy is the most dropped phase voltage.
After the sag, the peak current decrease up to approximately 4 A
due to the increment in the active power. Note that the maximum
rated current is not surpassed at any time.
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Time (s)

Fig. 13. Phase b voltage and current during the type II sag. Top: PCC line-to-
neutral voltage. Bottom: phase current.

v (p.u.)

oo
W B 00 — i

]

" (VAN P Py (W)
WO =

Time (s)

s for type-Isag (VT = 0.68, V™ = 0.22,4 =
d active power, p, and
power, g, and reference

le: generated active power, p, and
ottom: measured reactive power, ¢, and reference

PO W. In this test, the injection of the active power is
the controller approximately at ¢ = 0.23 s, once the
gwer reaches Pyr,x. Thus, from this point till the

power increases up to 1300 W. During this test, it is verified that
the inverter provides reactive power meanwhile the generated
power is below the limit Py,

The well performance of the system during type-III sag is
similar to that obtained in previous tests, as shown in Fig. 15.
In this case, the change in the generated power has been pro-
grammed from 300 W up to 2000 W. Thus, the system is able to
deliver this maximum value of the active power once the sag is
cleared. Since the voltage droop is balanced in the three phases,
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TABLE III
COMPARISON WITH PREVIOUS STRATEGIES

Strategy Deliver Peak Injected Reduce Control
to the current current p oscil- Com-
10 " o grid limita- THD lation plexity
| AP N {l l “ .’]“ l’el%“ tion
Z S — e m—————,
= Sp----d----- ‘ l" w“ | “l”“ ‘ e ‘Q“l““ " “‘l [11] only P No High No Low
dobeees L I UANUAMARATARAM AAMMEVAMAMAMMWIMAAM [[g]] only Q Yes Low No Low
0 01 0.2 Time (s) 03 04 05 [15] Pand Q Yes Low No High
[16] Pand Q Yes Low Yes High
. . . Pand Q Yes Low Yes Low
Fig. 16.  Voltage and phase currents waveforms during the type-III sag. Top: p |
PCC phase voltages. Bottom: phase currents. roposa
TABLE IT
PEAK CURRENT VALUES DURING DIFFERENT SAGS posed strategy gives priority to the injection of active power
which matches correctly with the actual PV GCs requirements.
Sag type I i} I , under sag situation, a reactive power reference is
online puted based on the remaining VSI current capacity.
Sag Vt =068 VT =068 V=068 . . . . . .
Characteristics V- — 0.22 V- — 0.22 V-—o0 This erty permits to support the grid during contingencies
6 =280 §=10 5=0 e, it protects the inverter against overcurrent.
i (A) 7.69 551 10.00 shares important features with some previous
i, (A) 6.01 10.00 10.00 . s o .
i (A) 10,00 032 10.00 ent limitation and mitigation of active

n two compact ex-
vides outstand-

is able to handle both different types of sags,
in the generated power. Table II summarizes

inverters under
exible current injection
pchieved. First, to safely

imizes the power capabi
voltage sag. By means

e injected active power. Both

Lo . improve the grid stability and ensure an
ments, etc. The control strategy presented in this paper is based P £ y

on a flexible reference current generator that can be adjusted
by means of two control parameters to obtain different results
in terms of power quality, balance among positive and negative
sequences, active and reactive power injection characteristics,
among others. In fact, it can reproduce previous injection strate-

gies by proper selection of the control parameters. REFERENCES
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