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Abstract: This paper proposes an analytical expression for the calculation of active and reactive

power references of a grid-tied inverter, which limits the peak current of the inverter during volt-

age sags. The key novelty is that the active/reactive power references are analytically calculated

based on the dc-link voltage and grid codes, while they do not depend on the implemented current

reference calculation algorithm and, as a general formulation, can be implemented in combination

with various current reference calculation algorithms. Furthermore, based on the inverter nominal

current and the injected reactive power to the grid during voltage sags, an analytical algorithm

is introduced for the calculation of the active power reference, which can be extracted from PV

strings. The proposed algorithm ensures that the maximum current capability of the inverter is

used for the enhancement of the grid voltages during voltage sags, while it always complies with

the reactive power injection requirement of grid codes and avoids increasing the dc-link voltage ex-

cessively. An unbalanced current injection algorithm is also applied for the grid-tied inverter which

results in zero active power oscillation. Experimental results of a grid-connected 3.3-kVA, three-

level, neutral-point-clamped inverter laboratory prototype under several voltage sag conditions are

presented to demonstrate the effectiveness of the proposed controller.

1. Introduction

High penetration of distributed generation (DG) units in the power system has resulted in new elec-

tricity regulation requirements, particularly during grid voltage sags. Initially, low-voltage ride-

through (LVRT) capability was introduced by power system operators in order to withstand voltage

sags and maintain the connection to the grid and avoid loss of power generation [1,2]. Later, reac-

tive power injection was added in grid codes with the intention of supporting the grid voltage and

reducing the possibility of voltage collapse during network faults. Furthermore, negative-sequence

current injection appears to be a new important requirement of next generation of grid codes for

enhancing the DG capabilities in supporting unbalanced voltage sags [3].

Among various DG units, grid-connected photovoltaic power plants (GCPVPPs) have recently

achieved a drastic increase in the installed capacity due to the decreased module prices and fa-

vorable incentive policies [4]. As a result, LVRT became a necessary requirement for medium-
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and large-scale GCPVPPs. Several studies have been performed on LVRT capability of single-

and two-stage GCPVPPs considering the injection of balanced active/reactive currents to the grid

during voltage sags [5–7].

Unbalanced voltage sags are more common in power systems, causing several adverse effects

including overloading of distribution transformers, higher losses and lower stability of the power

system. The negative-sequence component of the voltage results in double fundamental frequency

oscillation of the injected active or reactive power to the grid. On the other hand, injection of bal-

anced reactive currents during unbalanced grid voltage sags, may result in overvoltage of nonfaulty

phases [8–10]. Therefore, the design of the controller of the grid-connected inverter becomes more

challenging during unbalanced grid voltage sags.

Various flexible active power injection algorithms have been implemented in [11, 12] with the

ability to minimize oscillations of either active or reactive power during unbalanced voltage sags.

However, injection of reactive power during voltage sags can be more beneficial in voltage en-

hancement of point of common coupling (PCC) [8]. A number of studies have been carried out

on flexible active/reactive power injection to the grid during unbalanced voltage sags with vari-

ous control aims such as oscillating power control [10, 13], grid voltage support [8], maximizing

inverter power capability [14] and in-phase current compensation [15].

The peak current limitation during voltage sags is taken into consideration in few studies [3,

16–21]. The active power injection is considered in [16], while the reactive power injection is

studied in [18]. Several control strategies are also introduced in [20], however few of them satisfy

the peak current limitation. The active and reactive power injection with peak current limitation

is investigated in [21], however only positive sequence current injection is applied. Finally, an

active/reactive positive/negative sequence power injection method with peak current limitation is

investigated in [3], where the amount of injected reactive power is calculated based on the injected

active power and nominal current of the inverter. The injection of the active power is given priority

to the reactive power in [3], although based on the grid codes and standards [2], during voltage

sags, the injection of the reactive power should be given priority to the active power.

This paper derives an analytical expression for calculating active/reactive power references (P ∗

and Q∗) which limits the inverter peak current during voltage sags. Unlike the current studies in

the literature [3, 16–18, 20, 21], the proposed analytical expression for P ∗ and Q∗ does not depend

on the current reference calculation method and, as a general formulation, can be implemented

in combination with various such methods. Additionally, an analytical expression is introduced

which calculates the required active power from PV strings during voltage sags. This method

ensures that the inverter current remains within its nominal operation range and also keeps the

dc-link voltage at its nominal value. The proposed power references are used to define improved

current references, which result in zero active power oscillation. In order to obtain a constant dc-

link voltage and maintain the active and reactive power injection during voltage sags, a coordinated

maximum power point tracking (MPPT) algorithm is also implemented for the dc-dc converters

of the multi-string GCPVPP, which reduces the extracted power from PV strings to the amount

of active power that can be injected to the grid according to the inverter nominal current and the

injected reactive current.

The rest of the paper is organized as follows. Section 2 provides an overview of the GCPVPP

structure, while principles of unbalanced active/reactive power theory are discussed in Section

3. The detailed implementations of the voltage sag detector, proposed active/reactive power and

current reference calculation algorithm, current controller and dc-dc converter controller during

voltage sags are described in Section 4. Experimental results of the proposed controller on a
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Fig. 1. Grid-connected PV power plant structure.

3.3-kVA laboratory three-level neutral-point-clamped (3L-NPC) inverter are illustrated in Section

5 and the conclusions of the work are summarized in Section 6.

2. Multi-String PV Power Plant Configuration

The multi-string two-stage GCPVPP structure, depicted in Fig. 1, is among state-of-the-art con-

figurations for medium- and large-scale GCPVPPs, because of its several advantages [22–24]:

• The extraction of maximum power from all of the PV strings during partial shading and

mismatch between PV panels.

• Ability to extract power from PV strings during sunrise/sunset or cloudy sky with low irradi-

ation.

• Higher modularity compared to the single-stage power conversion with a central inverter.

• Elimination of low frequency bulky transformer when isolated dc-dc converters with high

frequency transformer are used.

• Simpler structure and control algorithms compared to the single-stage power conversion

structure with micro-inverters.

It consists of multiple PV strings, dc-dc converters and a central grid-connected inverter. In this

study, a dc-dc boost converter is used in each PV string and a 3L-NPC inverter is utilized for the

connection of the GCPVPP to the grid. The Y∆ transformer steps up the output voltage of the in-

verter to the grid voltage. It also provides electrical isolation between the grid and GCPVPP, which

eliminates possible earth leakage currents in the grid and ensures standard safety requirements. The

LCL filter, connected between the inverter and grid, aids in improving the total harmonic distortion

performance in order to comply with grid codes and standards, e.g. IEEE standard 1547 [25].

3. Principles of Unbalanced Active/Reactive Power Theory

According to the instantaneous power theory, the injected active power (p) to the grid for GCPVPP,

shown in Fig.1, is:

p = vpcciabc = vpcc-aia + vpcc-bib + vpcc-cic, (1)

where vpcc = [vpcc-a vpcc-b vpcc-c] are the phase-neutral voltages of PCC and iabc = [ia ib ic]
T are

the output currents of the grid-connected 3L-NPC inverter, shown in Fig. 1.
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The instantaneous active power can be calculated using the symmetric sequence transformation

as follows:

p = (v+pcc + v−pcc).(i
+

abc + i−abc)

=

( P+

︷ ︸︸ ︷

v+pcci
+

abc +

P−

︷ ︸︸ ︷

v−pcci
−
abc

)

+

( p̃
︷ ︸︸ ︷

v+pcci
−
abc + v−pcci

+

abc

)

= P + p̃, (2)

where v+pcc and v−pcc are the three-phase PCC positive- and negative-sequence voltage vectors, while

i+abc and i−abc are the inverter positive- and negative-sequence current vectors. P is the average

active power and p̃ is its oscillatory term. Accordingly, P+ and P− are the positive- and negative-

sequences of the average active power, respectively.

A traditional algorithm to compute the current references is to define values k1 and k2 as the

ratio of the positive-sequence active or reactive power to the total active or reactive power (k1 =
P+

P
and k2 =

Q+

Q
), where Q is the average reactive power and Q+ is its positive-sequence [15].

Hence, the current references can be calculated as follows:

i∗abc =

i+
abc-p

︷ ︸︸ ︷

k1P
∗

| v+pcc |2
v+pcc +

i−
abc-p

︷ ︸︸ ︷

(1− k1)P
∗

| v−pcc |2
v−pcc

+

i+
abc-q

︷ ︸︸ ︷

k2Q
∗

| v+pcc |2
v+pcc⊥ +

i−
abc-q

︷ ︸︸ ︷

(1− k2)Q
∗

| v−pcc |2
v−pcc⊥, (3)

with

vpcc⊥ =
1√
3





0 1 −1
−1 0 1
1 −1 0



vpcc,

where P ∗ and Q∗ are the average active and reactive power references. Thus, the positive- and

negative-sequences of the current reference can be computed according to (3) as:

i+
∗

abc =
k1P

∗ − jk2Q
∗

| v+pcc |2
v+pcc (4)

i−
∗

abc =
(1− k1)P

∗ + j(1− k2)Q
∗

| v−pcc |2
v−pcc. (5)

It is shown that the positive- and negative-sequences of the current reference depend on k1 and

k2. Therefore, as will be explained later in detail, these values can be instantaneously calculated

based on the purpose of the controller during unbalanced voltage sags.
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4. Proposed Active/Reactive Power Controller during Unbalanced Voltage Sags

Two separate controllers for the grid-connected 3L-NPC inverter and the dc-dc converters are

required to operate the GCPVPP system. These controllers along with the proposed algorithms for

calculation of the active/reactive power references and current references are presented in detail in

the following subsections. Each of these controllers require separate control strategies, which are

specific for a GCPVPP operation mode. Therefore, a fast and precise voltage disturbance detection

algorithm is required to determine the operating mode of the GCPVPP. The voltage sag detection

algorithm, used in this work, is presented in the following subsection.

4.1. Voltage Sag Detector

Fast detection of the voltage sag is important for quick operation of the controller at the beginning

of the voltage sag. In this study, second order generalized integrator (SOGI) based orthogonal

system is applied for the calculation of the amplitude of phase voltages, as illustrated in Fig. 2.

Since the phase voltage amplitudes are required to detect the single- or two-phase voltage sags,

the orthogonal voltages (vx-α and vx-β , where x is referred to phase a, b or c) are calculated by

independent SOGI blocks for each phase. In this figure, ωn denotes the fundamental angular

frequency of the grid voltage. The amplitude of the phase voltage (V̂x) is calculated as:

V̂x =
√

v2x-α + v2x-β. (6)

Subsequently, the minimum voltage amplitude (V̂min) is determined dynamically by the con-

troller, which is utilized for the detection of the voltage sag and operation mode.

The requirement of grid codes for the reactive current injection of medium- and large-scale

GCPVPPs is [2]:

I∗q =







0, 0.9 pu ≤ V̂min < 1.1 pu

k
∆V

V̂N

INdq
+ Iq0, 0.5 pu ≤ V̂min < 0.9 pu

−INdq
+ Iq0, V̂min < 0.5 pu,

(7)
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where V̂N is the nominal amplitude of the PCC phase voltage and ∆V = V̂min − V̂N . It should be

noted that V̂min is calculated dynamically by the controller. INdq
denotes the transformed inverter

nominal current to the dq-coordinate (INdq
=

√
3IN , where IN is the nominal rms current of the

inverter), based on the implemented transformation coefficients. Iq0 is the initial reactive current

of the inverter before the voltage sag. k is a constant value defined according to the agreement

between power system operator and power producer and is usually larger or equal to 2 [2]. In this

study, k is considered to be 2.

Since three different operating conditions are defined by the grid codes, the proposed controller

also is divided into three modes as shown in Fig. 2. If V̂min is between 0.9 pu and 1.1 pu, the

controller operates normally (Normal). If V̂min is between 0.5 pu and 0.9 pu, the inverter is required

to inject both active and reactive power to the grid simultaneously (Sag I). Finally, when V̂min is

smaller than 0.5 pu, the inverter should inject only reactive current to the grid (Sag II).

4.2. Proposed Active/Reactive Power Reference Calculation Algorithm

The controller of the 3L-NPC inverter is used to maintain the dc-link voltage (Vdc) by controlling

the injected active power into the grid. It is realized by manipulating the d-axis current reference

(I∗d ) through a PI controller. The q-axis current reference (I∗q ) is calculated from the grid code as

in (7). In order to achieve unity power factor operation during Normal operation mode, I∗q is set to

zero.

According to (4) and (5), the average active and reactive power references (P ∗ and Q∗) are re-

quired for the calculation of unbalanced current references. On the other hand, the dc-link voltage

controller and grid codes provide the d-axis and q-axis current references (I∗d and I∗q ). Conse-

quently, the instantaneous calculation of P ∗ and Q∗ from I∗d and I∗q is necessary for the operation

of GCPVPP during various operation modes.

In dq frame, the amount of injected active and reactive power can be calculated as:

p = vdid + vqiq (8)

q = vqid − vdiq, (9)

where vd and vq are the instantaneous d-axis and q-axis components of PCC voltage and id and iq
denote the instantaneous components of the injected current to the grid. Accordingly, the average

injected active and reactive powers can be calculated as:

P =
1

Tw

∣
∣

t

∫
t−Tw

vdiddt+
t

∫
t−Tw

vqiqdt
∣
∣ (10)

Q =
1

Tw

∣
∣

t

∫
t−Tw

vqiddt−
t

∫
t−Tw

vdiqdt
∣
∣, (11)

where P and Q are the average active and reactive powers, respectively. Tw is the window width

used for the average calculation, typically T/2 or T , T being the grid-voltage period (T = 1/f ,

where f is the grid voltage fundamental frequency). id and iq are calculated with the outer control

loop and it can be assumed that their values remain constant within one average calculation window
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width, being equal to Id and Iq, respectively. Consequently, the average active and reactive powers

can be written as:

P =
1

Tw

∣
∣Id

t

∫
t−Tw

vddt+ Iq
t

∫
t−Tw

vqdt
∣
∣ (12)

Q =
1

Tw

∣
∣Id

t

∫
t−Tw

vqdt− Iq
t

∫
t−Tw

vddt
∣
∣. (13)

The voltage vector can be represented in dq coordinates through the Park transformation using

a synchronous reference frame rotating at the fundamental frequency [26]:

[
vd
vq

]

=| v+pcc1 |
[
cos(θ0)
sin(θ0)

]

+
∞∑

n=−∞
n 6=1

| v+pccn |
[
cos[(n− 1)ωt+ θ0 + θn]
sin[(n− 1)ωt+ θ0 + θn]

]

(14)

where the angle θ0 corresponds to the initial position of the d-axis in the dq transformation and n
refers to the harmonic number. |v+pcc1 | is the amplitude of positive-sequence fundamental voltage

which in this study is referred as |v+pcc |. Assuming that d-axis is aligned with the voltage vector,

then θ0 = 0. Accordingly, the average dq-axis voltages can be calculated, by integrating from (14),

as below:

Vd =
1

Tw

t

∫
t−Tw

vddt =| v+pcc | (15)

Vq =
1

Tw

t

∫
t−Tw

vqdt = 0, (16)

where Vd and Vq are the average values of vd and vq during one average calculation window width.

The integral of harmonics in (14) over one voltage cycle equals to zero.

By inserting (15) and (16) in (12) and (13), the average active and reactive power references are

calculated as:

P =| Id | . | v+pcc | (17)

Q =| Iq | . | v+pcc | . (18)

The equations (17) and (18) are applied in the proposed controller for computing the active and

reactive power reference as:

P ∗ =| I∗d | . | v+pcc | (19)
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Q∗ =| I∗q | . | v+pcc |, (20)

where I∗d and I∗q are calculated from the dc-link voltage controller and the grid code. | v+pcc | is in-

stantaneously calculated from PCC phase voltages as depicted in Fig. 3. Finally, the active/reactive

power references (19) and (20) are used in (4) and (5) in order to calculate the current references.

In the proposed algorithm, the amount of active/reactive power does not depend on the current

reference calculation algorithm, and (19) and (20) are general equations that can be implemented

in combination with various current reference calculation methods, while the peak current of the

inverter during voltage sags remains within its nominal value.

4.3. Proposed Unbalanced Current Reference Calculation Algorithm with Zero Active
Power Oscillation

After calculating the active/reactive power references, the unbalanced current references are calcu-

lated in order to obtain zero active power oscillation of GCPVPP during unbalanced voltage sags

because:

• Injecting high amount of reactive current to the nonfaulty phases during unbalanced voltage

sags, may result in over voltages. Therefore, the amount of injected reactive current to the

nonfaulty phases should be smaller than of the faulty ones. This means that the amplitude

of the injected current to each phase should be in reverse proportion to its voltage amplitude,

which as a result, the instantaneous active power remains constant over the time.

• The oscillation of the active power results in second-order harmonic oscillation of the dc-link

voltage. Therefore, the injected active power oscillation should be reduced to zero in order

to minimize the dc-link voltage oscillation while avoiding unnecessary trips on dc-voltage

protections.

The active power oscillation can be calculated by substituting the positive- and negative-sequence

currents from (4) and (5) in (2), as follows:

p̃ =

[( 1− k1
| v−pcc |2

+
k1

| v+pcc |2
)

P ∗

+ j
( 1− k2
| v−pcc |2

− k2
| v+pcc |2

)

Q∗

]

v+pcc.v
−
pcc. (21)

Since the target is to obtain positive and negative sequences of the current references while

obtaining zero active power oscillation, k1 and k2 are obtained from (21), considering p̃ equal to
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zero, as per:

k1 =
1

1−
| v−pcc |2
| v+pcc |2

(22)

k2 =
1

1 +
| v−pcc |2
| v+pcc |2

. (23)

Then, k1 and k2, which change dynamically based on the instantaneous grid positive- and

negative-sequence voltages, are used for the calculation of the current references ((4) and (5)). This

ensures zero oscillation of the injected active power of the inverter during all operation modes.

4.4. Current Control Strategy during Unbalanced Voltage Sags

A comprehensive schematic of the proposed current controller is illustrated in Fig. 3. After calcu-

lating I∗d and I∗q , the phase current references (i
∗

a, i
∗

b and i
∗

c) are calculated based on the grid volt-

ages. A detailed implementation of the proposed current reference calculation algorithm is shown

in Fig. 4. Firstly, the PCC positive- and negative-sequence voltages (v+pcc and v−pcc) are calculated.

The calculations are implemented in the abc-frame and voltage angle is calculated using the three

phase adaptive phase-locked-loop [27]. The positive-sequence voltage is assumed to be aligned

with the voltage vector of phase a. As the aim of the controller is to achieve zero active power

oscillation during unbalanced voltage sags, k1 and k2 are calculated according to (22) and (23).

These values are considered in (4) and (5) for the enumeration of positive and negative-sequence

current references.

The calculated active and reactive power references from (19) and (20) are considered in the

proposed control strategy, as shown in Fig. 4. The positive- and negative-sequence current refer-

ences are calculated from (4) and (5) and then are transformed to the abc-frame, in order to achieve

abc current references.
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The calculated current references (i∗a, i∗b and i∗c) of one or two phases may be higher than the in-

verter nominal current because the controller aims to achieve zero active power oscillation. Thus,

the current references should be limited to the inverter nominal current. On the other hand, ac-

cording to (1), the current references of all three phases should be rescaled with the same factor to

ensure the constant active power injection. Therefore, a rescaling factor (Krs) is defined based on

the maximum rms value of current references as below:

Krs =







Irms

i∗rms-max

, if i∗rms-max > Irms

1, if i∗rms-max ≤ Irms,
(24)

where Irms is the rms value of the nominal current of the inverter and i∗rms-max is the maximum

rms value of the three phase current references (Fig. 4). The final current references are calculated

as follows:




i
∗

a

i
∗

b

i
∗

c



 = Krs





i∗a
i∗b
i∗c



. (25)

The errors between the calculated current references and instantaneous phase currents are fed

into the proportional resonant (PR) with anti-windup controller which is implemented in the αβ-

frame. Although, the implementation of the conventional PI controller for balanced current injec-

tion is simple, it requires multiple frame transformation and results in slow performance. On the

other hand, for injection of proper unbalanced currents under unbalanced voltage sags, the calcu-

lation of both positive- and negative-sequence voltages in dq frame is required which increases

the computational complexity [28]. The PR controller with anti-windup shows faster dynamic

response and zero steady-state error [29]. Finally, adaptive space vector modulation (SVM) is

applied for generating the switching signals of the 3L-NPC inverter, based on [30, 31].

4.5. dc-dc Converter Controller during Voltage Sags

During Normal operation, the dc-dc converters of the multi-string

GCPVPP (Fig. 1) extract the maximum power from PV strings. However, during Sag I or Sag

II, the extracted power from the PV strings should be reduced due to the current limitation of

the inverter. Therefore, a modification in the controller of the dc-dc converters is necessary. A

comprehensive schematic of the proposed control algorithm for the dc-dc converters is depicted in

Fig. 5. The proposed control algorithm consists of three operation modes:

Normal operation All of the dc-dc converters extract the maximum power from PV strings,

which is referred as MPPT in this paper. The PV string operates at Point A as shown in Fig.

6(a). As illustrated in Fig. 6(b), the calculated VMPP from MPPT algorithm is compared with the

instantaneous string voltage (Vst) and the error is fed into the PI controller. During this operation

mode, the reduction power signal (RP ), which will be explained later in this paper, equals zero.

Subsequently, the switching signals of the dc-dc boost converter are generated.

Sag I Both active and reactive powers are injected to the grid during this operation state. Priority

is given to the reactive power. Firstly, the required reactive current is calculated according to (7).

10



< pst1

< pst1+pst2

PsagI

No

Yes

< pst1+pst2+pst3

No

No

Yes

Yes

RP = 1 

 pst = PsagI 

Operation 

Mode 
Str1, Str2, …:  MPPT Str1, Str2, … :  O.C.

Iq U2

IN U2 +

-
sqrt

× 

× Krs

Str2, Str3, … :  O.C.

Str1:

RP = 1 

 pst = PsagI - pst1

Str3, Str4, … :  O.C.

Str2:

Str1 :  MPPT

RP = 1 

 pst = PsagI - pst1 - pst2

Str4, Str5, … :  O.C.

Str3:

Str1, Str2 :  MPPT

Sag I

Normal Sag II

|vpcc| 

Id1

PsagI

* *

*

+

*

*

* *

*

Fig. 5. Proposed PV strings control algorithm.

Afterwards, the possible injected active current is calculated based on the nominal current of the

inverter as follows:

Id1 =
√

I2Ndq
− I∗2q . (26)

Subsequently, the maximum possible active power is calculated by (17) based on the maximum

possible active current and the amplitude of positive-sequence voltage:

P ∗
sagI =| V +

pcc | Id1. (27)

In order to ensure that the grid code requirement is fulfilled by prioritizing the injected reactive

power, the rescaling factor (Krs), is multiplied by the calculated active power reference from (27):

P
∗

sagI = KrsP
∗
sagI . (28)

As a result, if the calculated current reference of the 3L-NPC inverter is larger than its nominal

current, the controller reduces the active power to give the priority to the reactive power require-

ment. The active power reference (P
∗

sagI) is then compared with extracted power from individual

PV strings as depicted in Fig. 5. If P
∗

sagI is smaller than the extracted power of String 1 (pst1),

then all other PV strings are open-circuited (O.C.) and pst1 is reduced to P
∗

sagI . This means that

the operation point of PV String 1, which is referred as Str1 in Fig. 5, should be moved to Point

B in Fig. 6. The movement of the operation point from Point A to Point B during voltage sags is

implemented based on the proposed method in [32].

If P
∗

SagI is larger than pst1 and is smaller than pst1+pst2, the PV String 1 is set to MPPT, String

2 operates at power reduction mode (RP = 1) and all other PV strings are open circuited. The

power reduction algorithm can be implemented in the same manner for other power references

(larger than pst1+pst2) as well. It should be noted at each moment, only one of PV strings operates

at power reduction mode and other PV strings are operating at MPPT or O.C.. This algorithm

results in fast performance of the controller at the beginning of the voltage sag as well as after the

clearance of the voltage sag.
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Fig. 7. Simulation results of multi-string GCPVPP with three PV string during various operation

modes: (a) PCC voltages, (b) injected active and reactive power to the grid and (c) extracted

power from PV stings.

Sag II Based on the grid codes, the injected active power to the grid is zero. Therefore, all PV

strings are O.C. to reduce the extracted power from all PV strings to zero. The dc-link voltage

controller, shown in Fig. 3, continues its operation during this operation mode in order to regulate

the dc–link voltage to its reference. It should be mentioned that the amount of I∗d is near zero

during Sag II, because the extracted power for PV strings is zero. The operation point of the PV

sting is moved to point C in Fig. 6(a), which results in zero power extraction from the PV string.

The performance of the dc-dc control algorithm is illustrated in Fig. 7. During Normal opera-

tion, all PV strings operate in MPPT mode. The injected active power is 1 pu and accordingly the

extracted power from each one the three PV strings is 0.33 pu. During Sag I, the injected active

power is reduced to 0.5 pu. Therefore, String 1 remains at MPPT, String 3 is O.C. and the extracted

power of String 2 is reduced to adjust the required active power (p∗st2 = P
∗

sagI − pst1). During Sag
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Fig. 8. Experimental setup of the grid-connected 3L-NPC inverter: (a) Hardware setup and (b)

circuit diagram.

II, the injected active power is zero and, as a result, the extracted powers from all PV strings are

zero.

5. Experimental Validation

A three-phase 3L-NPC converter setup (Fig. 8) has been utilized in order to experimentally val-

idate the effectiveness of the proposed controller under unbalanced voltage sags. The 3L-NPC

setup consists of Semikron SKM145GB176D 1700V IGBT modules. The grid is simulated using

TopCon TC.ACS 4-quadrant grid simulator while the PV side is emulated using an ETS600/8 Terra

SAS photovoltaic simulator and its characteristics are given in Table 1. A dc-dc boost converter is

connected between the PV panel and dc-link, which extracts the maximum power for the PV panel

during normal operation mode. The proposed controller and protection functions of the converter

are implemented in a dSPACE 1006 platform. The parameters of the converter are given in Table

1. The proposed controller has been evaluated under two different cases corresponding to Sag I

and Sag II of Section 4.
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Table 1 Experimental Parameters

Parameter Symbol Value

PV panel and dc-dc converter parameters

PV panel maximum power pmpp 3.3 kW

PV panel maximum power point voltage vmpp 480V

PV panel maximum power point current impp 7A

PV panel filling factor FF 0.8

PV panel capacitor Cpv 200µF

dc-dc converter switching frequency fsw 10 kHz

3L-NPC inverter parameters

Apparent power S 3.3 kVA

PCC line-to-line voltage vpcc 320Vrms

dc-link voltage Vdc 560Vdc

dc-link capacitor Cu , Cl 4.9mF

Fundamental frequency f0 50Hz

3L-NPC switching frequency fs 1.5 kHz

Inductor filter Lf 4mH

Sag I It includes 36% two-phase voltage sag for a duration of 150ms. The three phase grid

voltages (vpcc) and injected currents (iabc) are depicted in Fig. 9(a). The amplitude of positive-

sequence voltage (| v+pcc |) during Normal operation is 270V (1 pu), however it is reduced to 205V
(0.77 pu) during Sag I mode, as depicted in Fig. 9(b). As a result, k1 and k2 changed according to

(22) and (23). The value of k1 increases to 1.02 during the voltage sag, which means P+ is larger

than P or the amount of negative-sequence active power (P−) is negative, which results in higher

injected current (ic) into the phase with lower voltage (vpcc-c). The dc-link voltage and capacitor

voltages are depicted in Fig. 9(b). The dc-link voltage during Normal operation is 560 Vdc and is

remained constant during Sag I. Additionally, dc-link capacitors are remained balanced during all

operation modes. The PV voltage (Vst) is equal to 480 Vdc during Normal mode which shows the

operation of the PV string at MPPT. During Sag I, Vst is increased to 555 Vdc through the proposed

controller in Fig. 6 in order to decrease the extracted power. The extracted power from PV string

(Pst) and output current of the PV string (Ist) are reduced during Sag I.

The quantities of the injected active and reactive powers (p and q) during Sag I are illustrated

in Fig. 9(c). During Normal operation, the 3L-NPC inverter injects purely active power to the

grid equal to 3.1 kW. The active power is reduced to 1.3 kW for the duration of Sag I. As expected

from the controller, the active power oscillation is zero during Sag I. On the other hand, the average

of reactive power Q is increased to 2 kVAR. Consequently, the average injected apparent power

(S =
√
1.32 + 22) is equal to 2.4 kVA which is 77% of the apparent power during Normal operation

(SN = 3.1KV A). It can be seen that the current of the inverter remains within its nominal current.

Sag II It consists of a three-phase voltage sag of 70% as shown in Fig. 10(a). Phase a experiences

the smallest voltage amplitude of 30% of the nominal one. Due to the implementation of the

proposed controller, the current of phase a is larger than phases b and c during the voltage sag.

The dc-link voltage, shown in Fig. 10(b) is remained at its nominal value during Sag II while Vst

is increased to 165 Vdc, which is equal to the open-circuit voltage of the PV panel. Accordingly
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Fig. 9. Experimental results: Sag I: (a) Three-phase voltage and currents, (b) dc-link voltage,

PV string voltage, current and power and (c) positive- and negative-sequence voltages, k1, k2 and

injected active/reactive power.
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Pst and Ist are reduced to zero during this condition. The injected active and reactive powers are

depicted in Fig. 10(c). It can be seen that p is reduced to zero. The average reactive power (Q) is

increased to 1.3 kVAR during the voltage sag that is 45% of SN . It should be noted that | v+pcc |
is also reduced to approximately 45% of its nominal value. Therefore, under this condition, the

injected reactive power is also reduced to 45% of the nominal apparent power according to (20),

which results in remaining the inverter current within its nominal value.

6. Conclusion

A comprehensive control algorithm to limit the inverter peak current and achieve zero active power

oscillation for the grid-connected PV power plant (GCPVPP) during unbalanced voltage sags has

been introduced and investigated in this paper. The main contribution of this study is to calculate

P ∗ and Q∗ as a general equation that can be implemented in combination with various current

reference calculation algorithms, while ensures that the inverter peak current remains within its

nominal value. Since, the amplitudes of the phase current references depend the voltage positive-

and negative-sequences, a rescaling factor (Krs) has been applied in order to ensure the operation

of the inverter within its nominal range.

The extracted power from PV strings has been reduced during voltage sags through the imple-

mentation of the control algorithm for dc-dc converters of the multi-string GCPVPP. Therefore, the

GCPVPP complies with the reactive current requirements of the grid codes and current limitation

of the inverter. A detailed implementation of the proposed control scheme has been presented, an

its effectiveness has been proved in a 3.3-kVA three-phase grid-connected 3L-NPC inverter pro-

totype. The experimental results verify the theoretical analysis and demonstrate the satisfactory

performance of the proposed control algorithm during various voltage sags.
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