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Abstract—Grid faults are one of the most severe perturba-
tions in power systems. During these extreme disturbances, the
reliability of the grid is compromised and the risk of a power
outage is increased. To prevent this issue, distributed generation
inverters can help the grid by supporting the grid voltages.
Voltage support mainly depends on two constraints: the amount
of injected current and the grid impedance. This paper proposes
a voltage support control scheme that joins these two features.
Hence, the control strategy injects the maximum rated current of
the inverter. Thus, the inverter takes advantage of the distributed
capacities and operates safely during voltage sags. Also, the
controller selects the appropriate power references depending
on the resistive-inductive grid impedance. Therefore the grid can
be better supported since the voltage at the point of common
coupling is improved. Several voltage objectives, which cannot be
achieved together, are developed and discussed in detail. These
objectives are three-fold: a) to maximize the positive sequence
voltage, b) to minimize the negative sequence voltage, and c) to
maximize the difference between positive and negative sequence
voltages. A mathematical optimal solution is obtained for each
objective function. This solution is characterized by a safe peak
current injection, and by the optimization of the voltage profile
in any type of grid connection. Therefore, the proposed control
scheme includes advanced features for voltage support during
voltage sags, that are applicable to different power facilities in
different types of networks. Due to system limitations, a sub-
optimal solution is also considered, analyzed and discussed for
each of the optimization problems. Experimental results are
presented to validate the theoretical solutions.

Index Terms—Voltage support, Voltage sag, Positive sequence
voltage maximization, Negative sequence voltage minimization,
Voltage imbalance

I. INTRODUCTION

ONE of the stringent requirements in grid codes is the

voltage ride-through, needed to avoid sudden tripping of

power generation due to grid faults. These severe grid pertur-

bations can be the starting point to deteriorate the grid and can

led to a blackout if the mitigation activities are not properly

implemented. In order to increase the immunity against voltage
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sags, grid codes have evolved from the disconnection to the

ride-through, and nowadays to the voltage support strategy.

Actual grid codes include some reactive current injection to

support the grid voltage so that the risk of disconnection

during sags could be minimized to smaller zones close to the

fault location. Next generation of grid codes [1]–[3] is being

developed to achieve advanced objectives.

These advanced objectives are nowadays possible because

power electronics converters are a flexible interface between

the generation source and the grid. It is worth mentioning that

this flexibility is mainly related to the control implementation.

Although the implementation of advanced grid fault control

schemes has been improved in recent works for laboratory

prototypes, its applicability to real grid conditions is still under

development. Nevertheless, most of the control proposals for

advanced voltage support during sags are based on symmetric

sequences [4]–[16]. The basis of these controllers are the

decomposition of the unbalanced grid voltages into the posi-

tive and negative sequence voltages. Based on this sequence

extraction, the controller computes the power references for

positive and negative, active and reactive powers separately.

These references are selected based on the control objective

and then pass through a stationary reference frame algorithm

to build the reference currents. This reference current generator

has been widely explained in the literature [10]–[15] and will

not be discussed along the work. Instead, the present work

focuses on the appropriate selection of the active and reactive,

positive and negative power references, so as to optimize the

voltage at the terminals of the power inverter. The selection

of these power references constitute the main contribution of

the work.

It should be noticed that the selection of the voltage support

control objective is still an open research topic. Most of the

state-of-the-art controllers during grid faults [11]–[14], are ap-

plicable for mainly inductive grids, which limits this service to

high power systems. However, few works have been proposed

for medium and low voltage networks which is one of the

main contributions of this work. In [15], a reference generator

dealing with the grid impedance is proposed although no

voltage objective is formulated. In [16], positive sequence

voltage is maximized although only simulation results are

reported. The present work extends the results in [16] to a

more generic scenario, dealing with positive, negative and both

symmetric sequences simultaneously. Also, an optimal and a

sub-optimal test case is included to deal with different power

capabilities of the inverter. Moreover, experimental results are
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provided to validate the theoretical contributions.

The proposed policies developed along this work are formu-

lated as: a) the maximization of the positive sequence voltage,

b) the minimization of the negative sequence voltage, and

c) the maximization of the difference between positive and

negative sequence voltages. These three objectives have been

selected according to different scenarios that include: firstly,

the conventional strategy during voltage sags that only injects

positive sequence currents. This strategy prioritizes the support

of the positive sequence voltage. Secondly, the complementary

strategy that tries to minimize as much as possible the voltage

imbalance. This strategy is well suited for sags located far

from the connection point and for sags with un-faulted phases,

since the mitigation of voltage imbalances can help to reduce

the risk of disconnection by overvoltage in the phases that

do not suffer the sag [17] and improve the transient behavior

and immunity against voltage sags for sensitive machines and

loads. Finally, the last strategy combines the two previous

ones into a more generic and complex problem. This advanced

strategy tends to restore the voltage profile as if no sag has

occurred, although there exists a physical limitation related

to the amount of injected current and the weakness of the

grid. All three strategies are formulated for any type of grid

impedance, resistive, inductive or a combination of both. Thus,

the proposal covers different types of networks.

Each one of the control objectives is developed with the

premise that the injected phase currents must be safely con-

trolled to a maximum predefined value. Therefore, the inverter

capabilities can be fully exploited because the higher phase

current will be safely limited to the maximum rated current

of the power converter.

Under some system limitations that will be discussed in de-

tail, the optimal solutions proposed in this paper are unreach-

able. The limitations for the optimal solutions are related to the

amount of active power needed. Although full power inverters

are flexible devices to interconnect the power sources and

the grid, mainly for reactive power, this flexibility is not yet

guaranteed for the active power. This limitation could be over-

passed by the proliferation of grid-connected converters with

energy storage capacity (such as uninterruptible power sources,

or battery-connected static synchronous compensators) that

could change quickly the amount of active power needed, or

by using the spinning reserves of grid connected power plants.

For this reason, each control strategy is being reworked in

order to workaround the unfeasible objective. As a result, a

suboptimal control policy is proposed and discussed in each

optimization problem.

This paper is organized as follows. Section II presents the

main concepts involved in the control proposal. Section III,

IV and V develop the first, second and third control objectives

respectively. Each objective is formulated, the optimal solution

is found, the results are analyzed and a suboptimal solution

is also proposed, then the experimental results are discussed.

Section VI presents the conclusions and future work.

II. CONTROLLER TOOLS

This section revisits the basic controller tools that will be

needed to develop the proposal. The tools under revision are
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Fig. 1. Simplified scheme of a three-phase grid-connected inverter.
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Fig. 2. Control diagram of three-phase inverter under grid fault.

the plant model, the controller architecture, the peak current

limitation and the voltage support concept. The overview of the

controller parts will help to understand the method to develop

the power references that will be the optimal solutions to the

above mentioned voltage objectives.

A. Plant Model

The scheme of a three-phase grid-connecter inverter is

shown in Fig. 1. In the scheme, the power source is connected

into the grid through a full-power inverter. The inverter uses

a LCL-filter to reduce noise and switching harmonics. The

power plant is connected at the point of common coupling

(PCC), which corresponds to the main focus of the proposal,

since this is the point where the different strategies must

be compared. The grid is modeled by a variable profile

grid source that emulates the voltage sag, and an equivalent

grid impedance R and L. Along this work, it is assumed

that the equivalent grid impedance is known. To this end,

a basic knowledge of the connection elements close to the

PCC must be known, or a method to compute the grid

impedance need to be implemented [18]–[22]. In fact, only the

inductance{resistance pL{Rq ratio is enough for implementing

the optimal solutions.

B. Controller Architecture

The main parts within the voltage support controller during

voltage sags are presented in Fig. 2. The controller measures

the dc-link voltage vdc, the PCC voltages v and the currents i.

The dc-link voltage control is needed to maintain a proper

active power balance. The grid voltages and currents are

transformed into the α-β frame. These voltages are decom-

posed into symmetric sequences. For doing so, a voltage

sequence extractor is needed to obtain the sag voltages v�α ,

v�α , v�β and v�β at run time. For a complete review about the

sequence extraction, see [23] and the references therein. Based

on the sequence voltages, the amplitudes of the positive and



negative sequences are derived. This will serve as a metric for

comparing the control proposals
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Also, the sag angle ϕ between the positive and negative

sequence voltage is needed for developing the proposals. This

angle is obtained as
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where atan2 is the two argument arctangent function. Once

the voltage sag has been characterized, the reference current

generator builds the current references based on the power

references and the voltage sequences
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where P�, P�, Q� and Q� are the power references for

positive and negative, active and reactive power respectively.

For a detailed discussion about the derivation of these power

references see [24] and the references therein. The total current

references in the α-β channels are obtained by adding the

active and reactive components as

i�α � i�α(p) � i�α(q) (10)

i�β � i�β(p) � i�β(q). (11)

Once the reference currents are obtained, a proportional-

resonant current controller compares the references i�α and i�β
and the measured current values iα and iβ to obtain the duty

cycles dα and dβ . This information passes through a space

vector modulator (SVM) to drive the inverter switches s1-s6.

The main objective of the proposed work is to find the power

references P�, P�, Q� and Q� that complies two constraints

at the same time, maximize a voltage objective function and

inject a safely controlled phase current. Thus, the inverter

operates in a safe mode and the voltage support is improved

because the distributed generation power converter exploits

better its own capabilities. Next subsections are focused on

the details regarding these objectives.

C. Peak Current

The procedure to develop the power references that ensure

that the currents will be equal to a maximum rated value Imax

is attained based on the inverse Clarke transformation of (6)-

(9). Assuming that the injected currents follow the references

(i.e. i�α � iα and i�β � iβ), then the phase current amplitudes

can be formulated based on the following relations
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where I�p and I�p are the amplitude of the positive and negative

sequences active currents respectively, and I�q and I�q are

the reactive counterparts. Due to the properties of symmetric

sequences, positive active and reactive currents are delayed

90°, and the same happens with the negative sequence currents.

Joining the positive and negative sequence currents leads to
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where I� is the amplitude of the positive sequence active

and reactive current, and I� is the negative sequence current.

Finally, the phase currents amplitudes can be expressed as [24]
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Eq. (12)-(19) show the relation between the power references

P�, P�, Q� and Q�, and the phase currents Ia, Ib and Ic.

By conveniently selecting these references, the phase currents

can be safely controlled to any predefined value Imax.

D. Voltage Support

Regarding the voltage support concept, some works have

been developed in the literature [13], [25], [26]. The basics

for developing the voltage support start from Fig. 1 where the

instantaneous PCC voltages can be expressed as

vα � vgα �Riα � L
diα

dt
(20)

vβ � vgβ �Riβ � L
diβ

dt
(21)

where vα and vβ are the voltages at the PCC in the α-β

channels, vgα and vgβ are the sag voltages at the grid side,

and R and L are the resistive and inductive grid impedance.

By the decomposition of the voltages and currents in (20) and

(21) into the symmetric components, and by using (6)-(9), the

amplitudes of the involved magnitudes can be derived. The

following relations hold for the amplitudes of the positive and

negative sequence at the PCC side
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The main idea of this paper can be understood from (22)

and (23). Assuming some constant value for V �

g , which

strategy will be preferred to raise as much as possible V �,

or equivalently, what the references for positive active and

reactive currents should be, provided that they must be kept

within a limited safety value. Similarly one can develop

the negative references to minimize the negative sequence

voltage. Finally the complex problem arises when dealing with

both sequences simultaneously. These three objectives will be

developed separately within Sections III, IV and V.

From these equations, it can be concluded that the optimal

solution is closely linked to the equivalent grid impedance.

Therefore, a well known grid model or an on-line method to

estimate the impedance value is required [18]–[22]. In case of

a wrong grid estimation, then the solution will not be optimal.

Even so, the solution will help to support the grid voltage and

to exploit the inverter capabilities by injecting the maximum

rated current during the sag.

To sum up, the control proposal formulates three different

objective functions related to V �, V � and the difference V �

�

V � which depend on the variables P�, P�, Q� and Q�, the

plant parameters R, and L and the safety restriction for the

maximum admissible current Imax.

III. STRATEGY A: MAXIMIZATION OF THE POSITIVE

SEQUENCE VOLTAGE

The first strategy proposed in this work maximizes the

positive sequence voltage at the PCC by appropriately select-

ing the positive active and reactive powers. This strategy has

some inherent benefits since only positive sequence powers

are injected.

A. Problem Formulation

The problem relays in the mathematical computation of

the positive sequence active and reactive powers that comply

simultaneously the two control premises:

 safely inject the maximum rated current of the inverter,

 maximize the positive sequence voltage at the PCC.

The objective of the control strategy is formulated as

max V �

�

P�, Q�

�

subject to: maxtIa, Ib, Icu � Imax.
(24)

B. Optimal Solution

The optimal solution is found by using Lagrange multipli-

ers. The problem consists in building the Lagrange function

L based on the objective function f and the restriction g so

that

L px, y, λq � f px, yq � λg px, yq (25)

where the objective function is derived by substituing (12)-(13)

in (22),
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Fig. 3. Graphical solution for the maximization of the positive sequence
voltage.

λ is the Lagrange multiplier, and the restriction is arranged

based on (12)-(13) taking into account that I�p � I�q � 0.
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Once the Lagrange multiplier is formulated, the gradient with

respect to the involved variables P�, Q� and λ is obtained.

Then the solution is obtained equaling the gradient to 0
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Solving (28), the pair of points px, yq� that represent the

optimal solution to (24) is

�
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The solution to the problem indicates that there exist an

optimal point pP�, Q�

q

�

where both objectives in (24) are

accomplished: the positive sequence voltage is maximized and

the injected currents equal the rated current of the inverter.

This point depends on the impedance values R and L as

expected. The above solution represents the optimal solution

for any grid impedance. Therefore, the voltage support can

be improved by using these references. Following the analysis

of these expressions, two extreme cases should be discussed.

It is clear that the solution for purely inductive grids is

I�p � 0 and I�q � Imax, or equivalently P�

� 0 and

Q�

�

3
{2ImaxV

�. In the other extreme case for purely resistive

grids, the complementary solution to optimize the voltage

support is I�p � Imax and I�q � 0, or P�

�

3
{2ImaxV

� and

Q�

� 0.

The solution in (29) and (30) is graphically presented in

Fig. 3. In order to better analyze the graph, the axes of

the plot are the active current I�p and the reactive one I�q
instead of the power references P� and Q�. In the z-axis, the

resulting voltage support for these variables is shown. Two



planes are drawn, the horizontal one representing a constant

value V �

g for the perturbed grid voltage, and the tilted one

that shows the voltage support effects as the value for V � in

different current combinations I�p and I�q . The peak current

limitation is shown as a circle when projected over the I�p -I�q
plane, and as an ellipse over the V � surface. These values

correspond to the points that comply with the Imax restriction

in (27). Among all the possible solutions, the higher point is

marked as the optimal solution pI�p , I�q q
�, which represents

the local maximum of the objective function subject to the

current constraint. The figure has been composed based on

some arbitrary plant parameters ωL ¡ R. For other types

of grid impedance, the voltage support effects will change,

depending on the stiffness or weakness of the grid, and the

L{R ratio.

This figure clearly shows the contributions of this paper.

The voltage support optimization depends on the equivalent

grid impedance. Therefore, the proposed advanced controller

can help to better support the grid voltage by taking into

account the L{R ratio. By maximizing the voltage support,

the voltage ride through is improved and the disconnection of

the power facility can be reduced to smaller regions close to

the location where the grid fault occurs. Whenever the grid

impedance is wrongly estimated, the solution is no longer

optimal. However, even in this case, the solution will be

helpful in terms of voltage support since the inverter will inject

its maximum available current and the balance between active

and reactive power references will feed and support the grid

simultaneously.

C. Sub-optimal Solution

A close inspection to (29) shows that the optimal active

power injection P� could be less than the generated power.

Therefore, active power curtailment strategies need to be

implemented to accomplish with the proposed optimal solution

for the maximization of the positive sequence voltage. Active

crowbars, detuning controllers or battery storage systems can

be needed to achieve this objective. Similarly, (29) shows that

the optimal solution can lead to an unreachable active power

reference P�. This issue can be due to a low production

scenario where the active power production is lower than the

optimal requirement. In such a case, the optimal solution can

not be implemented without spinning reserves [27] or energy

storage elements that can supply the extra power needed.

In such a case, then the proposed references need to be

modified accordingly by limiting the injected active power

and increasing the reactive one till the maximum rated current

of the inverter is reached. Therefore the sub-optimal solution

is a workaround for the unreachable optimal solution that

can be suited for the operation of any power converter in

any situation. Thus, improving the voltage support under any

circumstance.

In order to deal with the unfeasible active power production,

the optimal solutions (29) and (30) when an arbitrary active

power P is injected or when the active power reference can
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Fig. 4. Sag characterization for the experimental scenario.

not be reached are modified to be
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The solution, although is not optimal in terms of maximizing

the positive sequence voltage, improves the behavior of the

inverter during grid faults by safely injecting the maximum

rated current. Note that the grid impedance should not be

known in this case.

D. Experimental Results

In order to validate the proposed control scheme, a lab-

oratory prototype has been built according to Fig. 1. The

experimental setup is composed by an Amrel DC power

source, a Guasch three phase inverter and a Pacific AC power

source to get repetitive voltage sags. A complete description of

the setup is included at the end of the paper, in the Appendix.

The system parameters are collected in Table I. The con-

troller is implemented on a F28M36 Texas Instruments digital

signal processor. The main parts of the control algorithm are

the second order generalized integrators [28] used to extract

the voltage sequences at run-time, and the reference generator

that set the reference powers P�, P�, Q� and Q� since this

is the main contribution of the paper and the kernel for the

implementation of the proposal. Also, a proportional-resonant

controller and a SVM are implemented in the current loop. To

highlight the voltage support effects, a weak grid is considered

with impedance values R � 0.06 p.u. and L � 0.12 p.u.

A complex sag has been programmed in the grid emulator

to analyze the behavior of the proposed control scheme. This

voltage sag will be used along all the experiments to test the

performance of the proposal under the same grid fault. The

sag is presented in Fig. 4. The top of the figure shows the

instantaneous phase voltages. The middle of the plot presents

the root mean square (RMS) voltage values. And the bottom

part is related to the positive V �

g and negative V �

g sequence
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voltages at the grid side, therefore this will be the graph where

the objective functions are compared. The sag starts at t � 0,

and has two transition segments to better emulate complex grid

faults. Once the sag has been detected, the control proposal

is launched and the results are discussed below. The sag

detector is based on the comparison of the rms phase voltages

with a threshold of 0.80 p.u. Below this threshold, the grid

is considered in fault-mode. This detection method helps to

fastly react to the perturbance. Similarly, the fault is cleared

whenever the three-phase rms voltages are above 0.85 p.u.

The experimental results for the problem stated in (24) are

presented in Fig. 5. Before the sag, the inverter operates in

normal mode and set the active power to P � 1000W, and

Q � 0VAr. Upon the sag detection, the controller computes

the reference powers P� and Q� according to (29) and

(30). Once the sag is cleared, the controller turns back to

the normal operation mode. The first objective is to take

advantage of the maximum rated current of the inverter when

supporting the grid voltage during the fault (Imax � 10A

along the experiments). As it can be seen in the top of the

figure, the peak value of the injected currents during the sag

is Imax, therefore the first objective of the control proposal

is accomplished. The second objective is to maximize the

positive sequence voltage V �, as can be seen in the bottom of

the figure, where the amplitudes of the positive and negative

sequences at the grid and at the PCC side are compared.

According to these optimal solutions, this is the maximum

positive sequence voltage that can be reached at the PCC

taking into account the current limitation Imax. Other strategies

will result in a lower value for V �, or in a tripping of the

inverter by overcurrent. To achieve the above objectives, the

middle part of the figure shows the power references that are

being computed during the sag according to (29) and (30). It

should be mentioned that these references evolve according

to the dynamic voltage measured at the PCC side for the

programmed voltage sag.

Once the optimal solution has been presented, a discussion

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

P (kW)

135

140

145

150

P
os
it
iv
e
se
q
.

vo
lt
ag
e
(V

)

Sub-optimal

Optimal

Fitted

Fig. 6. Sub-optimal results for Strategy A. Voltage support for different active
power at time t � 0.2s.

should be included to compare the optimal and sub-optimal

solutions. To this end, a collection of results have been

experimentally obtained. The results are presented in Fig. 6.

The values plotted correspond to a snapshot of the voltage

support effects gathered at time t � 0.2s (this value in chosen

arbitrarily inside the sag interval). The tests are performed by

selecting different values of the active power reference P in

(31) and (32).

The red mark corresponds to the optimal solution, while

the blue ones belong to the suboptimal values. Also a fitting

curve is included in the graph. These results show that

the maximum positive voltage increment is obtained at the

optimal point computed as in (29)-(30), while less voltage

support is obtained when the active power reference moves

away from this point. The reason for these results rely on

the discrepancy between the optimal and sub-optimal power

references, as could be seen from Fig. 3 when the references

move away from the optimal solution, or from (22) where it

can be understood the different voltage support obtained when

injecting different active and reactive powers, where only one

of the solutions is optimal.

Comparing the experimental results for the proposed control

strategy and other control schemes presented in the literature,

the proposed solution has the capability to increase the positive

sequence voltage more than any other solution whenever the

grid has some inductive and resistive behaviour. For instance,

a 16% increment of the positive sequence voltage is obained

with the proposal compared to the 12% increment reached

with the balanced control strategy reported in [29] where only

reactive power is used to support the grid (note that a weak

grid is considered). This 33% relative increment can help to

better ride-through severe grid faults, and to support the grid

in a distributed manner. This is accomplished by taking into

account the grid impedance, and by limiting the maximum

rated current of the inverter, which is of interest during faults.

The peak current capability is attained with low computational

overhead, compared with [24]. As a drawback, it is worth men-

tioning that the instantaneous powers will exhibit oscillations

at twice the grid voltage due to the imbalance in the system,

with a maximum peak value of 700W for the worst case in the

sag under test. However, the average value of these oscillations

coincide with the power references thanks to the use of the

reference generator in (6)-(9). It should be noted that these

oscillations could affect the performance of the grid-connected

inverter.



IV. STRATEGY B: MINIMIZATION OF THE NEGATIVE

SEQUENCE VOLTAGE

Next strategy is intended to minimize the negative sequence

voltage V � which appears whenever a one or two phase

voltage sag occurs. The minimization of negative sequence

voltage during grid faults, which is the focus of this study, has

some interesting benefits specially for the un-faulted phase(s)

[17], [25] and for sags located far from the facility, since

power quality and machine operation quickly deteriorates as

the imbalance grows.

A. Problem Formulation

For this second control strategy, the problem can be formu-

lated as

min V �

�

P�, Q�

�

subject to: maxtIa, Ib, Icu � Imax

(33)

where the objective function is to reduce as much as possible

the negative sequence voltage at the PCC subject to the

injection of a current that will be fixed to a desired safety

value.

B. Optimal Solution

The same procedure as presented in previous strategy is

adopted here. The solution of the problem is obtained via

Lagrange multipliers to get the critical points. Firstly the

gradient with respect to the involved variables and the La-

grange multiplier is obtained. Once the gradient is set to zero

and solved for the involved variables, the solution to (33) is

obtained

pP�

q

�

�

�3

2

R
b

R2
� pωLq

2

ImaxV
� (34)

pQ�

q

�

�

3

2

ωL
b

R2
� pωLq

2

ImaxV
�. (35)

From (34) and (35), it is clearly shown that the optimal

solution depends on the grid impedance as expected. Also,

an important remark should be highlighted regarding the sign

of the active power, which should be negative in any case.

Therefore, this strategy has some particularities that need to

be discussed in detail. The main issue when implementing this

optimal solution is the capability of a power system to absorb

active power. This is only possible when a backup system for

energy storage is connected to the generation system, or when

a dissipative dc-link voltage controller is implemented to burn

the excess of energy.

As in the previous case, a graphical interpretation for the

optimal policy when minimizing the negative sequence voltage

is presented in Fig. 7. In this case, the optimal solution is

below the V �

g plane that represents the negative sequence

voltage at the grid side, because the effect of supporting the

grid voltages is to decrease the negative sequence voltage at

the PCC side. The figure has been plotted with ωL ¡ R, and

the optimal solution for the reactive current pI�q q
� is close

to Imax. Also, this plot clearly shows the problem with the

�Imax

0

Imax
�Imax

0

Imax

-2

V �

g

+2 V �

pI�p , I�q q�

I�p I�q

V

�

Fig. 7. Graphical solution for the minimization of the negative sequence
voltage.

negative values for the active current I�p   0 respresenting a

negative value for the active power reference.

C. Sub-optimal Solution

To workaround the negative active power limitation, the

optimal solution presented in (34) and (35) is arranged to

the suboptimal case. For those systems that cannot implement

negative values for the active power reference, the sub-optimal

strategy is to set P�

� 0. Thus, all the injected current will

be reactive.

pP�

q

Æ

� 0 (36)

pQ�

q

Æ

�

3

2
ImaxV

�. (37)

This solution guarantees a sub-optimal solution without the

above-mentioned drawback.

D. Experimental Results

The experimental results for strategy B have been tested

against the same voltage sag as in the previous case. See

Fig. 4 for the sag characterization and the Appendix for a

complete experimental description. The experimental results

for the second strategy are shown in Fig. 8. The figure includes

the injected phase currents in the top, the power references in

the middle and the voltage support effect in the bottom. As

a constraint added in the case studies, it can be seen in the

upper part of the figure that the phase currents are perfectly

controlled to the peak current value Imax � 10A, in order

to fully exploit the inverter capacities. The power references

during the sag, corresponding to the optimal solution in (34)-

(35) are shown in the middle. As it can be appreciated, P�

and Q� evolves as the sag does in order to fix the rated current

and minimize V �. Finally, the negative sequence voltage at

the PCC V � is reduced when compared with the grid one V �

g ,

as shown below in the graph. Contrary to the previous test, it

should be mentioned that this strategy only affects the negative

sequence voltage while the positive one remains unsupported

along the sag. This strategy is the best in terms of reducing



-10

0

10

P
h
as
e

cu
rr
en
ts

(A
)

ia
ib
ic

0

0.5

A
ct
iv
e
(k
W

)
an

d
re
ac
ti
ve

(k
V
A
r)

p
ow

er

Q−

P−

0 0.1 0.2 0.3

t(s)

0

50

100

150

P
os
.
n
eg
.
se
q
.

vo
lt
ag
es

(V
)

V +

V +
g

V −

g

V −

Fig. 8. Experimental results for Strategy B. Phase currents, power references
and sequence voltages.

the negative sequence voltage taking into account the current

limitation as it can be seen from the bottom of the figure.

To further discuss the solution, the suboptimal case is also

compared. As opposed to previous strategy A, the sub-optimal

solution (36) and (37) for the minimization of the negative

sequence voltage is unique (i.e. P � 0). Therefore, only one

comparison point is discussed corresponding to the voltage

support at t � 0.2s for the optimal and sub-optimal solutions.

For the optimal case V � has been reduced from 37.7V to

18.3V. As expected, for the sub-optimal solution, less voltage

reduction is produced, from 37.7V to 20.4V. Therefore, the op-

timal solution improves a 10.8% the reduction of the negative

sequence voltage compared with the sub-optimal solution.

Comparing this strategy with other possible policies, the

proposed one minimizes the negative sequence voltage. There-

fore, no other strategy performs better when dealing with

this objective. As a drawback, the proposed strategy cannot

deal with positive sequence voltage. To improve this behavior

under any type of grid fault, next strategy is focused on both

symmetric sequences simultaneously.

V. STRATEGY C: MAXIMIZATION OF THE DIFFERENCE

BETWEEN POSITIVE AND NEGATIVE SEQUENCE VOLTAGES

Strategy A deals with the maximization of the positive

sequence voltage, while strategy B is related to the minimiza-

tion of the negative sequence. The next strategy combines

these two problem formulations into a generic optimization

problem. The objective for the strategy C is to increase as

much as possible the distance between the positive and the

negative sequence voltages. From a system point of view,

this strategy has some noticeable advantages, as for example

the combination of positive and negative sequence powers to

support both sequences. Also the optimal solution has some

active and some reactive components which is helpful when

simultaneously feeding and supporting the grid. This strategy

makes use of the whole capacities of the inverter by injecting

the rated current, and improves the voltage support as no other

strategy can perform. The outstanding results for this strategy

come from the fact that the best strategy during grid faults is

a complex decision that involves many variables. In terms of

immunity, this strategy tends to move the voltages closer to

the case when no fault occurs subject to the limitation of the

maximum current injection and the grid weakness.

A. Problem Formulation

The problem can be formulated as

max V �

�

P�, Q�

�

� V �

�

P�, Q�

�

subject to: maxtIa, Ib, Icu � Imax.
(38)

B. Optimal Solution

The solution to (38) is a 4-tuple representing the variables

for the power references P�, P�, Q� and Q�. The optimal

solution to improve the voltage support is presented below

pP�
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2

Imax
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where

z�max

!

a

1�cosppϕq,
a

1�cosppϕ�2π
{3q,
a

1�cosppϕ�2π
{3q

)

(43)

and

pϕ :�

$

&

%

ϕ , �60° ¤ ϕ   60°

ϕ� 2π
{3 , 60° ¤ ϕ   180°

ϕ� 2π
{3 , 180° ¤ ϕ   �60°

(44)

In order to ensure a safely current injection, (43) and (44) are

needed to implement the proposal during any type of voltage

sag.

The above expressions constitute the major contribution of

this paper. With them, the voltage support is optimized for any

grid impedance combination (R and L) and voltage sag profile

(V �, V � and ϕ). Note that, in strategy C, the power refer-

ences depend on the sag angle between positive and negative

sequence voltage, as opposed to strategy A and B. Therefore,

the on-line measurement of this angle is fundamental in this

strategy since it determines the contribution of the resistive

and inductive grid impedances in the power references.

A close inspection of (39)-(44) reveals some interesting

properties. The following relations are derived from the op-

timal solution.

I� � I� (45)

ϕI � π. (46)



These relations imply that the solution for the optimization

problem proposed in (38) is obtained when the amplitude of

the positive and negative sequence currents coincide. More-

over, the angle between the sequence currents and the sequence

voltages is equal to 180°.

C. Sub-optimal Solution

As in the case of strategies A and B, the optimal solution

could not be feasible due to active power limitations. To

workaround this issue, a sub-optimal strategy for this case

is also proposed. The basis for the sub-optimal case should

contain positive and negative sequence powers so as to mimic

the optimal solution. However, to avoid the restrictions in the

active power, P has been selected to null during the sag. Thus,

during the sag all the injected powers will be reactive. Also,

the balance between positive and negative reactive power is

selected so as to produce a voltage increase in the positive

sequence voltage which should be similar to the decrease in

the negative sequence voltage (i.e. ∆V �

� ∆V �). To this

end, the following simplification from (22) and (23), which is

certain for purely inductive grids, is taken into account

∆V �

� V �

� V �

g � ωLI�q � ωL
2Q�

3V �

(47)

∆V �

� V �

g � V �

� ωLI�q � ωL
2Q�

3V �

. (48)

In order to ensure ∆V �

� ∆V �, from (47) and (48), the

following holds

Q�

V �

�

Q�

V �

. (49)

Taking into account that P � 0, and the relation in (49),

the sub-optimal solutions for a safe operation of the inverter

are

pP�

q

Æ

� 0 (50)

pP�

q

Æ

� 0 (51)

pQ�

q
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�

3

2

Imax
?
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ź
(52)

pQ�

q
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3

2

Imax
?

2
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(53)

where

ź�max

!

a

1�cosppϕq,
a

1�cosppϕ�2π
{3q,
a

1�cosppϕ�2π
{3q

)

(54)

and pϕ is defined as in (44).

The sub-optimal solution in (50)-(54) presents a simpli-

fied method to support both sequences with reactive power.

The combination of positive and negative powers inherently

imposes a current imbalance. To avoid the overcurrent trip-

ping, (54) ensures that the maximum injected current will be

maxtIa, Ib, Icu � Imax.

D. Experimental Results

Fig. 9 shows the experimental results for the optimal

solution presented in (39)-(42). The same voltage sag as in

the previous experiments is also tested during this strategy.
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Fig. 9. Experimental results for Strategy C. Phase currents, power references
and sequence voltages.

The upper plot presents the phase currents, where it can be

seen that the currents are unbalanced because the injection

of positive and negative sequence currents yields to different

amplitudes in each phase. However, the main objective of

safely inject a maximum current limited to the predefined

value Imax is still guaranteed. The middle plot shows the power

references where the time evolution of the optimal solution is

shown. It should be noted that each power component has

a contribution on the voltage support so as to maximize the

objective function. This contribution is shown in the bottom

part of the figure, where it can be appreciated that both the

positive and the negative sequences voltages are supported.

Therefore the objective function V �

�V � is maximized. It is

worth mentioning that the proposed strategy tends to support

the phase voltages at the PCC to the pre-fault voltages (normal

operation), since the positive sequence voltage tends to be

increased and the negative one tends to be removed from the

system.

After presenting the optimal solution for this strategy, the

sub-optimal one is also validated. For the optimal case, the

positive sequence voltage variation at t � 0.2s is ∆V �

�

9.9V, and the negative one is ∆V �

� 13.2V. However,

for the sub-optimal case, the results are ∆V �

� 9.7V and

∆V �

� 9.6V. As a result, the objective function to be

maximized V �

�V � is 108.1V in the optimal policy and a a

bit lower 105.3V for the sub-optimal strategy. The main reason

for this difference is that (39)-(42), and the relations stated in

(45) and (46) ensure a optimal leverage of the injected currents

for any R{L grid impedances, while (50)-(53) are unable to

achieve the same results.

As shown along the experiments, this last strategy presents

some advances with other voltage support strategies. The

most important is that both sequences, positive and negative,

are supported. The simultaneous voltage support could be

a promising alternative to help the grid during the fault,

combining the benefits of both solutions into one single policy.



VI. CONCLUSIONS AND FUTURE WORK

This paper has presented a voltage support control strategy

during grid faults with two objectives: inject the maximum

rated current of the inverter and maximize a voltage support

objective function. The achieved objectives enhance the ride

through protocols for voltage sags because can make a bet-

ter utilization of the distributed capacities of grid-connected

inverters. The experimental results have demonstrated the

applicability of the proposal even in complex sags with a time-

varying voltage profile.

Among the inherent benefits of the control proposals, three

main aspects should be highlighted: i) the inverter operates

safely during the grid fault, ii) the whole current capacity is

used to support the grid voltage, and iii) the voltage support

is optimized for different grid impedances. The proposed

strategies present a wide range of applications, depending on

what is preferred during the sag, either increase the positive

sequence voltage, or decrease the negative sequence, or a

combination of both. Therefore the control policies can be

flexibly implemented according to the needs of the power

system where the power source is located.

The mathematical solution to the optimization problems en-

sures that the proposed strategies can help the grid to avoid the

unwanted trip-off effects, and therefore contribute to increase

the grid reliability during this kind of extreme perturbations,

preventing the risk of a grid outage in a distributed manner.

It should be noticed that this control scheme includes, but it

is not limited to high power facilities, since smaller power

sources or any inverter-based device with flexible operation

can help to support the grid voltage with the proposed strategy

even in weak or stiff, resistive or inductive grids.

Although the proposed strategies depend on the impedance

estimation, it should be noticed that a perfect knowledge of

the L and R values is not really needed, since the strategies

produce small voltage differences in a wide range around the

optimal impedance. Therefore, the proposed strategies can help

to support the grid even when some uncertainty exists between

the real and the estimated impedances.

Future work will be focused on the selection of the ap-

propriate objective function under different scenarios, and the

smart implementation of the optimal or sub-optimal strategy.

APPENDIX

This appendix deals with the experimental setup used for

testing the proposed control strategies. The test platform con-

sists on a laboratory prototype based on the scheme presented

in Fig.1. The main parts of the system are a 6kVA Pacific

Power AC voltage source, a 5kW Amrel DC power source and

a 2.3kVA Guasch three-phase inverter. The system parameters

are listed in Table I. Custom hardware has been developed

for sensing the inverter voltages and currents, and driving the

inverter’s switches.

The controller has been implemented on a F28M36 control

card from Texas Instruments. The code is fully written in C-

language. The firmware being programmed into the controller

can be divided into two different parts: supervision and con-

trol. For supervision, several configurable buffers are capable

TABLE I
SYSTEM PARAMETERS

Symbol Nominal value p.u. value

base power Se 2.3 kVA 1

rated current Imax 10 A(peak) 1

grid voltage vg 155 V(l-n, peak) 1

grid frequency ω 2π60 rad/s 1

grid inductance L 5 mH 0.12

grid resistance R 1 Ω 0.06

dc-link voltage vdc 350 V -

inverter inductance Li 5 mH 0.12

filter capacitor C 1.4 µF 0.008

output inductance Lo 2 mH 0.05

switching frequency fs 10 kHz -

to export the relevant data from the controller to the host PC,

where the data is directly plotted without additional filtering.

For control, the main task provides interrupt service routines,

ADC conversion, safety protections, state-machine operation

mode, symmetric sequence extraction, power reference com-

putation, current reference generation, current loop and space

vector switching time computation, among others.

Regarding the control parts, it is important to notice that

the sampling and switching frequency has been selected as

10kHz. The sequence extractor has been adapted from the

second order generalized integrator in [28], with a damping

factor ξ � 0.7. The current loop is being implemented as a

proportional-resonant compensator tuned at the grid frequency,

with gains equal to kp � 30V/A, kres � 300V/(As). Also, the

grid voltage is used as a feed-forward term [30] to improve

the dynamic performance of the current loop.

The Pacific Power AC emulator allows to generate repeat-

able voltage sags. In fact, it can be configured to emulate

short-time grid faults with time-varying dynamic profiles. This

capability is used to present a test-case where the three-phase

voltages evolve with time (as shown in Fig.4), and to evaluate

the performance of the proposal under complex grid faults.

The rated current of the inverter is Imax � 10A, which has

been selected as the maximum current that the inverter can

inject without damage, even during the voltage sag.

Between the AC emulator and the inverter, an inductive-

resistive impedance has been included. The inductance value

is 5mH, and the resistance is 1Ω. These values correspond

to a weak grid with per unit values equal to 0.12 and

0.06 p.u. respectively. It should be noticed that these weak

values has been selected so as to highlight the effects of the

voltage support. However, as previously stated, the merit of

the proposed control scheme does not rely on the weakness

or stiffness of the grid, but in the L{R ratio.

The exact value for this ratio can be difficult to obtain at

run-time, since the grid impedance varies with time and the

network state. To solve this inconvenient, online impedance

estimators can be implemented, at the expense of increasing

the controller complexity. In case that only an approximate

impedance estimation is needed, other mechanisms should be

implemented, as for example the knowledge of the transform-

ers, feeders and wire material and length for the part of the



network where the facility is connected. This second method to

estimate the impedance will be less precise and the results will

be less than optimal. However, the controller implementation

becomes less complex.
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