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Abstract

Low voltage ride-trough (LVRT) feature is compulsory for each grid-connected inverter to
support the grid by injecting reactive power in low voltage conditions. It is well known that
the operation of an inverter in a normal grid condition is different from its operation in a
faulty one. One of the detrimental effects of working in a faulty grid is ripples in the DC
bus voltage due to the active power oscillation caused by unbalance voltages. Here, a new
control system based on unbalance current injection is proposed to eliminate these ripples.
For the analysis, a four-leg inverter is considered in a transformerless microgrid. Then,
instantaneous power constraints, which are imposed by the capacity of the inverter, and
low voltage ride-through necessities are considered to achieve the required reference cur-
rents. In addition, constant power strategy is used as a power control method and essential
reference currents for this condition are presented. Moreover, the required reference cur-
rents are achieved to eliminate the ripples in the DC bus voltage when the constant power
strategy cannot be performed because of current limitation restriction. Finally, simulation
results are presented to prove the effectiveness of the proposed controller in different
conditions.

1 INTRODUCTION

Nowadays, grid-connected inverters must have a low voltage
ride-through (LVRT) feature which means they have to be con-
nected to the network and support it in low voltage conditions
by injecting reactive power according to the standard diagrams
[1–5]. Implementing this feature for an inverter requires some
considerations to avoid potential problems. For instance, a
grid-connected current source inverter accompanied by a pho-
tovoltaic generating system may lose its stability when a voltage
sag occurs; therefore, authors in [6] addressed this problem
and used a buck converter in the input side of the inverter to
decrease the DC voltage and avoid the instability. In addition,
injecting reactive power means increasing the amplitude of the
injected currents which may exceed the nominal current of
the inverter. Consequently, different power control strategies
can be used for an inverter. Among them, constant active
power injection, the constant active component of the injected
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current, and constant current amplitude are used to manage the
injected active and reactive powers depending on the capacity of
the inverter and the required reactive current [7, 8]. Moreover,
the modulation index of the inverter increases when the grid
experiences a voltage sag, and as a result, the amplitude of high-
order frequency components in injected currents increases, so
the power quality of the grid decreases [9]. Voltage sags and
especially unbalance voltage sags have adverse effects on the
DC bus voltage, injected current and power, and operating volt-
age and generating power of photovoltaic panels. For example,
unbalanced voltage sag causes unbalanced DC bus voltage in
multilevel cascade H-bridge converters [10, 11] which deterio-
rates their performance. In unbalance conditions, the DC bus
voltage has ripples due to the oscillations of the injected power
to the grid; therefore, dissipation in the electrolytic capacitor of
the DC bus increases and its failure is more likely. In addition,
a larger capacitor is required to restrict the ripples in a bounded
range which means increasing the price and dissipation.
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Therefore, devising methods are essential to eliminate these rip-
ples and beneficial to improve the reliability and performance of
the inverter. Active filtering topologies are an effective method
to eliminate DC voltage ripples. A bidirectional DC–DC con-
verter is used in this method and the ripples of the DC bus are
transferred to the DC bus of the bidirectional converter [12].
Although using this method results in smooth DC voltage of
the inverter, it does not solve the problem of decreasing the reli-
ability because another large capacitor must be used at DC bus
of the bidirectional inverter. As mentioned above, active power
oscillations cause the DC voltage ripples; therefore, the ripples
can be eliminated by cancelling out these oscillations. A method
was introduced in [13] to eliminate the active power oscillations
by solving an objective function. However, it was assumed that
unbalanced load is the reason for the unbalanced voltage, and
injecting its negative sequence current components balances
the grid. In addition, the injected currents minimize the active
power oscillations and do not guarantee zero oscillations. A
dynamic power decoupling was introduced in [14] in which the
DC bus oscillations transferred to the PV side of the power
optimizer converter. Although using this method cancels out all
oscillations from the main DC bus, it causes fluctuations in the
generating power. Actually, if the active power oscillations are
not in the maximum power tracking boundary, the performance
of generation deteriorates. Authors in [15] used reactive power
oscillation to eliminate the oscillations of the active power
and the ripples of DC voltage. But the extra capacity of the
inverter was not used as a beneficial potential to inject active
power besides reactive power in the faulty grid. In addition,
DC ripple cancellation in the current limitation condition was
not introduced. On the other hand, four-leg inverters are more
suitable in PV generating systems [16]. Also, these types of
inverters neither require large capacitors used in mid-point
topologies nor the high number of switches required in three
H-bridge inverter topologies [17]. Besides that, they can be used
to inject the zero sequence currents. Zero sequence current
injection and extra capacity of grid-connected inverter prepare
a suitable potential to eliminate the DC bus voltage ripples. In
other words, unbalance current can be injected in voltage sag
conditions in a way that DC voltage ripples are mitigated.

In these conditions, the voltage and frequency of the grid can
be supported by injecting the reactive and active power, respec-
tively. As mentioned before, active filtering requires a bidirec-
tional DC–DC converter. Here, it is proposed to use the bidirec-
tional converter as a fourth leg of the three-leg inverter. In this
way, all advantages of the four-leg inverter can be achieved, and
also, the capacitor of the bidirectional inverter can be eliminated.
Achieving this goal requires a new control system to inject the
proper injecting currents. On the whole, the contributions of
the paper are:

1. Introducing and formulating the required current to cancel
out the DC bus voltage ripples.

2. Eliminating the capacitor of the bidirectional DC–DC con-
verter and increasing the reliability of the inverter.

3. Devising a new control method for the four-leg inverter
according to the calculated reference currents.

FIGURE 1 Connecting time of an inverter to the faulty grid in LVRT
operation

LVRT requirements and active filtering method are in Sec-
tion 2 to explain and prepare all requirements for the pro-
posed method. The proposed method and the new control sys-
tem are discussed thoroughly in Section 3, and the simulation
results are brought in Section 4 to prove the effectiveness of
the proposed method. Finally, conclusions are drawn in the last
section.

2 LVRT REQUIREMENTS AND
TRADITIONAL METHOD

LVRT is the ability of an inverter to be connected to the grid
at least for a predefined time in voltage sag occurrences and
supporting the grid by injecting a certain amount of the reactive
power. Two quantities must be known to implement this feature.
The first quantity is how long the inverter must be connected
to the grid, and the second one is how much reactive power
must be injected into the faulty phases. The answers are stan-
dardized by introducing required diagrams. An inverter must be
connected to the grid at least for a minimum amount of time
shown in Figure 1. As seen, the requiring time depends on the
grid voltage value. For example, this value is one second when
the grid voltage drops to 0.2 p.u. According to this curve, the
inverter can be disconnected from the grid when its voltage is
less than 0.2 p.u. On the other hand, it cannot be disconnected
from the grid when the voltage is more than 0.9 p.u. In addi-
tion, Figure 2 shows a typical curve for the amount of injecting
reactive current as a function of voltage drop. This reactive cur-
rent (Ir) is injected to support the grid and helps to restore its
voltage level (Vg) to the normal value (Vn). Some countries have
their standardized curve, but in general, the amount of reactive
current can be calculated using a (1).

Ir

In
=

⎧⎪⎨⎪⎩
0 Vg ≥ 0.9Vn

k
(

1 −
Vg

Vn

)
0.2Vn ≤ Vg < 0.9Vn

(1)
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FIGURE 2 A typical injected reactive current of the inverter in LVRT
operation (in China) [11]

FIGURE 3 Three types of voltage sag in the transformerless PV
generation system

where k is a coefficient that indicates the proportion of reac-
tive current to the nominal current of power generation (In) as a
function of voltage drop. Seven types of voltage sags may occur
when a short circuit fault exists in a power system. The type
of voltage sag depends on the connection of transformers and
loads, and the point of fault occurrence [18]. Among them, how-
ever, types A, B, and E happen in a transformerless PV genera-
tion system which are shown in Figure 3.

The general equation of phase voltage for these voltage sags
can be written as (2):

va (t ) = kaVm sin (𝜔t )

vb (t ) = kmVm sin (𝜔t − 120)

vc (t ) = kmVm sin (𝜔t + 120)

ka = 1, 0.1 ≤ km < 1 Type E

km = 1, 0.1 ≤ ka < 1 Type B

ka = km, 0.1 ≤ km < 1 Type A (2)

where Vm and 𝜔 are nominal magnitudes of grid voltage and
radian frequency, respectively. Furthermore, ka and km are coef-
ficients to define the proportion of voltage magnitude in the
sag condition to its value in normal condition. Instantaneous
power must be considered to investigate the ripples of the DC

FIGURE 4 Active filtering to eliminate the voltage ripples in DC bus

bus voltage. It is obvious that Type A does not cause any ripples
in DC bus voltage because in this case, the three-phase volt-
ages are symmetrical and the instantaneous power does not have
the second order frequency if the output current is symmetrical.
The injected three-phase currents of the inverter can be written
as:

ia (t ) = kiaIm sin (𝜔t − 𝜑ia )

ib (t ) = kibIm sin (𝜔t − 120 − 𝜑ib )

ic (t ) = kic Im sin (𝜔t + 120 − 𝜑ic )

(3)

where Im is magnitude of the injected current to the power sys-
tem. In addition, kia, kib, kic, 𝜑ia, 𝜑ib, and 𝜑ic are coefficients of
magnitude, and phase angle for each phase which all of them
depend on how much active and reactive current component
are required to be injected to the grid. The instantaneous power
(p(t)) has a constant part (P̄) and an oscillating part (P̃) which
can be written in (4) using (2) and (3):

p(t ) = va (t )ia (t ) + vb(t )ib(t ) + vc (t )ic (t ) = P̄ + P̃

P̄ =
VmIm

2

⎛⎜⎜⎜⎜⎝
kakia cos(𝜑ia )

+ kbkib cos(𝜑ib )

+ kckic cos(𝜑ic )

⎞⎟⎟⎟⎟⎠

P̃ = −
VmIm

2

⎛⎜⎜⎜⎜⎝
kakia cos(2𝜔t−𝜑ia )

+ kbkib cos(2𝜔t − 240−𝜑ib )

+ kckic cos(2𝜔t + 240−𝜑ic )

⎞⎟⎟⎟⎟⎠
(4)

As seen in (4), the instantaneous power has second order fre-
quency components in voltage sag condition. According to the
power balance and assuming lossless inverter, the instantaneous
power of input and output of the inverter are equal. There-
fore, the DC bus voltage has the second order frequency ripples.
Active filtering topology is used to mitigate and eliminate these
ripples, which is shown in Figure 4. As seen, a bidirectional DC–
DC converter is used in the main DC bus of the inverter. This
converter is controlled in a way that the ripples of the main DC
bus voltage are transferred to the DC bus of the bidirectional
converter. Although this method eliminates the ripples of volt-
age in the main DC bus, it requires a massive electrolytic capac-
itor (Cb) in the DC bus of the bidirectional converter. However,
its capacitance is lower than the main DC bus capacitor because
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its voltage can oscillate. These oscillations cause dissipation and
increasing the temperature of the capacitor and consequently,
its lifespan decreases. Therefore, this method is not an efficient
and reliable solution to eliminate the ripples because electrolytic
capacitors are highly liable to fail.

3 PROPOSED METHOD

There are several power injection strategies in LVRT condi-
tion for an inverter namely constant power, constant active
current component, and constant current magnitude. The best
method is injecting the power using a constant power strat-
egy. This method has its advantages and drawbacks. Support-
ing the frequency and voltage of the grid at the same time
is the main benefit of using this method, and on the down-
side, the capacity of the inverter increases to implement this
method.

In practice, the capacity of the inverter is designed as three
times as the nominal generating power (Pn) [7]. Achieving con-
stant DC bus voltage means having constant power and accord-
ing to the constant power strategy, this amount of power must
be equal to the generating power (Pg).

P̄ = Pn

P̃ = 0
(5)

Therefore, according to (4) and (5), the overall equation
required to have constant injected power can be achieved using
(6) and (7).

VmIm

2

⎛⎜⎜⎜⎜⎝
kakia cos(𝜑ia )

+ kbkib cos(𝜑ib )

+ kckic cos(𝜑ic )

⎞⎟⎟⎟⎟⎠
= Pg (6)

⎛⎜⎜⎜⎜⎝
kakia cos(2𝜔t − 𝜑ia )

+ kmkib cos(2𝜔t − 240 − 𝜑ib )

+ kmkic cos(2𝜔t − 240 − 𝜑ic )

⎞⎟⎟⎟⎟⎠
= 0 (7)

So, (7) yields the second order frequency vectors equation
which is shown in (8) and is illustrated in Figure 5.

⎛⎜⎜⎜⎜⎝
kakia∠(−𝜑ia )

+ kmkib∠(−240 − 𝜑ib)

+ kmkic∠(240 − 𝜑ic )

⎞⎟⎟⎟⎟⎠
= 0 (8)

According to (2), phases b and c have the same condition;
consequently, the required active and reactive power compo-
nents of their current are equal. According to this fact, the phase
angle and the coefficients of the injected current for phase b and

FIGURE 5 General vector required to have zero power oscillation

FIGURE 6 Vectors to have zero power oscillation in voltage sag of type B
and E

c are equal.

kib = kic = kim

𝜑ib = 𝜑ic = 𝜑im

(9)

Therefore, (8) and (9) yield (10). These vectors are shown in
Figure 6.

⎛⎜⎜⎜⎜⎝
kakia∠(−𝜑ia )

+ kmkim∠(−240 − 𝜑im )

+ kmkim∠(240 − 𝜑im )

⎞⎟⎟⎟⎟⎠
= 0 (10)

Equation (10) can be solved to find the relation between
phase angles, voltage and current coefficients. Equation (11)
shows the required equations to satisfy (10).

kakia∠(−𝜑ia ) = −

(
kmkim∠(−240 − 𝜑im )

+ kmkim∠(240 − 𝜑im )

)
= kmkim∠(−𝜑im )

(11)

Therefore, the required values can be achieved to have zero
ripples in the generated power by solving (11). Equation (12)
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FIGURE 7 Required vectors to eliminate the power oscillation in voltage
sag type E

shows these values.

kakia = kmkim

𝜑ia = 𝜑im

(12)

Also, constant power constraint can be achieved using (6) and
(9):

VmIm

2

(
kakia cos(𝜑ia ) + 2kmkim cos(𝜑im )

)
= Pg (13)

Capacity of the inverter (Pinv) is higher than nominal power
(Pn) generated by solar panels in constant power strategy. On the
other hand, four-leg inverter has the ability to inject the unbal-
anced current. These extra capacities besides injection unbal-
anced current provide great potential for eliminating the ripples
in instantaneous power. As a result, DC bus voltage becomes
smooth. Therefore, a new control system is required to cal-
culate the reference currents in a way that the DC bus volt-
age becomes ripple-free. Equations (12) and (13) must be sat-
isfied simultaneously to have constant power and ripple-free
instantaneous power. There are five variables, namely kia, kim,
𝜑ia, 𝜑im , and Im which must be calculated by solving (12) and
(13). In addition, there is another constraint by LVRT feature
which must be accomplished. Regarding (1), the reactive cur-
rent component (Ir) must be written as a function of voltage
magnitude. In this view, two types of voltage sag are investigated
separately.

3.1 Voltage sag type E

Phase a works in normal condition in this type (ka = 1); there-
fore, magnitude and phase angle of currents for this phase
can be achieved using (12) and Figure 7 shows the required
current.

kia = kmkim

𝜑ia = 𝜑im

(14)

On the other hand, (13) and (14) can be used to calculate the
active component of current.

VmIm

2

(
3kmkim cos(𝜑im )

)
= Pg = MpPn

= Mp
3VmIm

2

(15)

Solving (15) gives the active current component of the
injected current.

Im cos(𝜑im ) =
Mp

kmkim
In (16)

where MP, and In are the proportion of generating power to
the nominal generating power, and the nominal current of the
generation, respectively. The reactive component of the current
can be achieved using grid code (Equation (1)). Phase b and
c have voltage drop; therefore, their reactive current compo-
nent is a function of their voltage drop according to the grid
code.

Ir = kimIm sin(𝜑im ) = k
(

1 −
kmVm

Vm

)
In

= k (1 − km ) In

(17)

Solving (17) gives the active current component of the
injected current:

Im sin(𝜑im ) =
k (1 − km )

kim
In (18)

The magnitude of three-phase currents can be achieved using
(16) and (18):

( Mp

kmkim
In

)2

+

(
k (1 − km )

kim
In

)2

= I 2
m (19)

Solving this equation gives the amplitude of the injected cur-
rent.

kimIm = MEIn

ME=

√(
MP

km

)2
+ (k (1 − km ))2

(20)

where ME is an auxiliary variable which shows the proportion of
the current amplitude of faulty phases to the nominal generating
current. Equation (21) shows the phase angle of currents which
can be calculated using (18) and (20).

sin(𝜑im ) =
k (1 − km )√(

MP

km

)2
+ (k (1 − km ))2

(21)
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FIGURE 8 Required vectors to eliminate the power oscillation in voltage
sag type B

Equation (22) indicates the magnitude of current for phase a,
which can be achieved using (14) and (20).

kiaIm = kmkimIm = kmMEIn

=

√
M2

p + (kkm (1 − km ))2
In

(22)

3.2 Voltage sag type B

Phase b and c work in normal condition in this type (km = 1);
therefore, (23) shows the magnitude and phase angle of current
for phase a which can be achieved using (12) and Figure 8 shows
the current required in type B:

kia =
1

ka

kim

𝜑ia = 𝜑im

(23)

The other parameters can be calculated using the same proce-
dure mentioned in the previous subsection. Equations (24–26)
are used to calculate the amplitude of the injected current for
phase a, the phase angle of all currents, and the amplitude of the
injected current for normal phases (phase b and c), respectively.

kimIm = MBIn

MB=

√(
MP

ka

)2
+ (k (1 − ka ))2

(24)

sin(𝜑ia ) =
k (1 − ka )√(

MP

ka

)2
+ (k (1 − ka ))2

(25)

kimIm = kakiaIm = kmMBIn

=

√
M2

p + (kka (1 − ka ))2
In

(26)

where MB is an auxiliary variable that shows the proportion of
the current amplitude of faulty phase (phase a) to the nominal
generating current.

3.3 Current amplitude limitation

When the voltage sag increases, the required reactive current
component goes up, and as a result, the magnitude of the
injected current for the faulty phase rises. Finally, the magni-
tude of the injected current may reach the maximum nomi-
nal current of the inverter. Consequently, the amplitude of the
injected currents must be constant at this point. In this condi-
tion, the required currents to have zero voltage ripples must be
changed. Voltage sag type E is regarded to analyse and modify
the achieved equations for eliminating the power oscillations.
The same procedure can be used for voltage sag type B. Dashed
lines in Figure 9 shows the proportion of injected current mag-
nitude (kimIm) to the nominal current (In) for faulty and normal
phases, and phase angle of injected current achieved by (20),
(21), and (22) as a function of voltage drop (km). k is regarded
as 1.25 for these figures and the current is not limited. As seen in
Figure 9a, ME is equal to 3 for km equals 0.365. It means, when
the voltage drop is less than 36.5%, the injected current ampli-
tude reaches its maximum value, and constant power injection
cannot be continued afterward.

In other words, both injecting constant power strategy and
LVRT cannot be implemented at this point; therefore, one of
them must be superiorized. It is known that LVRT is compul-
sory in sag conditions, consequently, while (18) must be sat-
isfied to implement the LVRT feature, (16) cannot be imple-
mented. As a result, the amplitude of the injected current
for faulty phases (phase b and c) must be constant at 3In

(kim = 3) as shown in (27), and the injected current cannot be
increased afterward to have constant injected active power. The
solid line in Figure 9a shows this limitation. After this point, the
injected active power decreases as the voltage drop increases.

kimIm = MEIm = 3In (27)

In addition, (18) and (27) can be used to achieve the phase
angle of the current. Equation (28) shows the required phase
angle of injected currents, and the solid line in Figure 9(b) shows
this value.

sin(𝜑im ) =
k (1 − km )

3
(28)

Despite decreasing the injected power, (14) can be satisfied
to have the zero ripples in the DC bus voltage; therefore, the
amplitude and phase angle of current for phase a can be calcu-
lated using (14) and (27) which is shown in (29):

kiaIm = kmkimIm = 3kmIn

𝜑ia = 𝜑im

(29)
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FIGURE 9 Amplitude of currents and phase angle in voltage sag type E
to eliminate the voltage ripples (a) coefficient of current for the faulty phases
(phase b and c). (b) Phase angle of all currents. (c) Coefficient of current for
phase a

FIGURE 10 Changes of current vector in voltage sag type E in current
limitation condition

FIGURE 11 The injected active power to the system

As seen from (29), while amplitudes of current for phase
b and c are constant at three times of nominal current, the
amplitude of current for phase a decreases as the voltage drop
increases to eliminated the DC bus ripples. Figure 10 illustrates
the three-phase currents by decreasing km in these conditions.
Trend of three-phase currents is shown by arrows in this figure.
As seen, both phase angle and amplitude of phase a change
while just phase angle of current for phase b and c adjusts as
km reduces when their current reaches the maximum current of
the inverter.

Figure 11 depicts the injected active power to the system.
As seen, the injected power decreases when the km is less than
0.365.

As mentioned before, the same procedure can be used to cal-
culate the amplitude and phase angle of the normal and faulty
phases in sag type B. Equations (30)–(32) show the required
equations:

kiaIm = MBIm = 3In (30)

sin(𝜑ia ) =
k (1 − ka )

3
(31)

kimIm = kakiaIm = 3kaIn

𝜑ia = 𝜑im

(32)
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FIGURE 12 A typical three-phase current and its zero-sequence
component

The required currents to avoid injecting oscillated power to
the grid and having constant DC voltage were explained in Sub-
sections 3.1 and 3.2, but injecting these currents requires some
considerations. For example, Figure 12 shows typical required
currents to have zero ripples in the DC bus voltage in voltage
sag type E which is achieved in Subsection 3.1. As seen from
Figure 12, there is a zero-sequence current (I0) in implementing
the new controller; therefore, one solution to eliminate the rip-
ples is using four-leg inverter which is shown in Figure 13. Flow
of three-phase currents is shown in the figure. Positive and neg-
ative sequence currents (I+ and I –) can be flown in the three-
leg inverter, but the fourth leg is necessary to flow the zero-
sequence current. This inverter requires a new control system to
implement the introduced method which is shown in Figure 13.
As can be seen, the injected power to the grid is adjusted using a
DC bus voltage controller because the DC voltage level depends
on the generated power. If the generated power is more than the
injected power, the DC voltage level increases, and vice versa.
In addition, the proportion of the generated power to the nom-
inal generating power (MP) is calculated to use in (20)–(22), or
their equivalents indicated by parentheses depend on the type
of voltage sag. Also, a block namely OB checks the amplitude
of the reference currents, and if their values exceed the maxi-
mum nominal current of the inverter, the current limitation will
occur and suitable equations will be implemented. In addition,
the type of voltage sag and the value of voltage drop are cal-
culated using a specialized block whose inputs are three-phase
voltages. Besides, a phase-lock-loop (PLL) block is used to track
the phase angle of three-phase voltages. The calculated phase
angle using (21) in sag type E, or (25) in sag type B, is subtracted
from the voltage phase angle to achieve the phase angle of three-
phase currents. Three-phase reference currents are calculated by
multiplying the magnitude of currents achieved by (20) and (22)
in sag type E, or their equivalents in sag type B, by sine function
of the phase angle of currents. Finally, a current controller block
is used to control the output current to follow the reference
currents.

In addition, it is possible to add harmonic components such
as the third order harmonic component to improve the voltage
profile of the grid voltage. Therefore, as seen in Figure 13, in
the final stage, these components can be added to the reference
current.

TABLE 1 Parameters of the systems

Parameters Description Value

Pn Nominal generation power 5 kW

Pinv Nominal inverter power 15 kVA

Vphn Nominal rms phase voltage 220 V

f Nominal frequency 50 Hz

Cdc DC bus capacitor 220 µF

Lf Inductance of the inverter’s output filter 300 µH

Kpdc Proportional gain of DC voltage controller 10

Kidc Integral gain of DC voltage controller 100

4 SIMULATION RESULTS

A simulation was carried out in Simulink/MATLAB envi-
ronment to verify the effectiveness of the proposed method.
Table 1 shows the parameters of the simulated system. Two
types of voltage sage (type B and type E) are used to analyse
the performance of the proposed method. For each case, three
conditions were regarded. In the first condition, the amplitude
of phase voltage drops to 248 V in faulty phases which means
the sag percent is 20%. In the second situation, a deep sag is
regarded, and the voltage level decreased to 60% of the nominal
voltage. In these two conditions, the amplitude of the injected
current is less than three times the nominal current; therefore,
the reference current of the inverter does not exceed the lim-
ited current. Another sag condition is regarded to evaluate the
effectiveness of the proposed control system when the injected
current reaches its maximum value. In the third condition, the
amplitude of phase voltage decreases to 75 V in faulty phases
and sag is as high as 75%. The three-phase currents and volt-
ages, DC bus voltage, and injected instantaneous power are
shown for each case. In addition, it is assumed that the gen-
erating power is in its nominal value (MP = 1) in all simulations,
and the output filter of the inverter is regarded as an inductor.

4.1 Voltage sag type E

As mentioned in the previous sections, the voltage amplitude
of two phases drops in this type of voltage sag. The sag occurs
at time equals 0.07 s and the amplitudes of phase voltage for
phases b and c decrease to 248 V while phase a is normal.
Table 2 shows the rms of the required reference current of the
inverter in normal condition and faulty grid. The injected cur-
rent is a completely active component (7.58 A) in normal con-
ditions, while the reference current for these faulty phases and
phase a are achieved using (20) and (22), respectively during the
sag condition. Equation (21) is used to calculate phase angle of
all currents. In the first sag condition, the current does not reach
its maximum value which is three times the nominal current
(22.73 A). Another voltage sag occurs in time equals to 0.14 s
and the amplitude of phase voltage for faulty phases become
125 V. This condition is performed to evaluate the performance
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FIGURE 13 Four-leg inverter beside its controller to have zero ripples in DC voltage bus

TABLE 2 Reference currents in normal and sag conditions for type E (All
currents are in ampere)

Active current Reactive current Total current

A b c a b C a b c

Normal 7.58 7.58 7.58 0 0 0 7.58 7.58 7.58

Sag 20% 7.58 9.47 9.47 1.52 1.89 1.89 7.73 9.66 9.66

Sag 60% 7.58 18.79 18.79 2.28 5.65 5.65 7.91 19.62 19.62

Sag 75% 5.22 21.56 21.56 1.74 7.18 7.18 5.50 22.73 22.73

of the proposed method in deep sag situations. Finally, the third
sag occurs at time equals 0.21 s, and the amplitude of the phase
voltage becomes 75 V. According to (20), the rms of the injected
current is 32.13 A which is higher than the nominal current of
the inverter.

Therefore, the current amplitude of faulty phases is kept
at the maximum value (22.73 A) and their phase angle and

magnitude of the normal phase are calculated by (28) and
(29), respectively. On the contrary to the previous condi-
tions, the injected power decreases; consequently, the volt-
age of the DC bus increases but there are not any ripples
in this voltage. Figure 14 shows the voltage and current of
three phases, the DC bus voltage, and the injected active
power. As seen in Figure 14c, the voltage of the DC bus
is without ripples in all conditions. However, the DC volt-
age level increases in the third voltage sag condition because
the injected power decreases due to the current limitation
condition.

4.2 Voltage sag type B

The voltage amplitude of one phase drops in this type of volt-
age sag. Similar to the previous case, the first sag occurs at time
equals 0.07 s and the amplitude of phase voltage for phase a
decreases to 248 V while phases b and c are normal. Table 3
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FIGURE 14 Three-phase voltage, injected current and power, and DC
bus voltage of the inverter in voltage sag type E. (a) Three-phase voltages. (b)
Three-phase injected currents. (c) DC bus voltage. (d) Injected power

TABLE 3 Reference currents in normal and sag conditions for type B (All
currents are in ampere)

Active current Reactive current Total current

A b c a b C a b c

Normal 7.58 7.58 7.58 0 0 0 7.58 7.58 7.58

Sag 20% 9.47 7.58 7.58 1.89 1.52 1.52 9.66 7.73 7.73

Sag 60% 18.79 7.58 7.58 5.65 2.28 2.28 19.62 7.91 7.91

Sag 75% 21.56 5.22 5.22 7.18 1.74 1.74 22.73 5.50 5.50

shows the rms of the required reference current of the inverter
in normal condition and faulty grid. The injected reference cur-
rent for faulty phase (phase a) and phase b and c are achieved
using (24), and (26), respectively. In voltage sag type B phase
angle of all currents is calculated using (25). In the first case,
the rms value of current for phase a is 9.66 A; therefore, it does
not exceed the nominal value of the inverter current which is
equal to 22.73 A. Moreover, the results of two deeper voltage
sags are shown in the table. The amplitude of current for the
faulty phase does not exceed the nominal value of the inverter
in the second voltage sag; therefore, (24)–(26) can be used to
calculate the amplitude and phase of three-phase current sim-
ilar to the first sag condition. But the amplitude of the cur-
rent in the faulty phase is higher than the nominal current of
the inverter in the third voltage sag condition, consequently
(30), (31), and (32) must be used to calculate the amplitude
and phase angle of three-phase currents. Results of the simu-
lation are shown in Figure 15. The DC bus voltage does not
have significant ripples in all sag conditions even when the
current limitation occurs in the third voltage sag condition.
However, similar to the voltage sag type E, the DC voltage
level increases due to the decreasing the injected power to the
network.

Also, Figure 16 shows the fast Fourier transform (FFT) of
the output current for phase a, which proves the quality of
injected current in voltage sag condition. For analysis, a deep
voltage sag is regarded as a worse case (voltage sag is 60%).
As seen, the main current component is in the main frequency
of the system and other harmonic components have a low
amplitude.

4.3 Comparison of the proposed method
with the traditional methods

There were some traditional methods to cancel out the ripples
of the DC bus of the PV inverters. Table 4 shows the advantages
of the proposed method in comparison to the traditional ones.
As seen, the proposed method guarantees zero oscillation, does
not cause oscillation in PV generation power, does not depend
on the operation point of PV generation, uses the extra capacity
of the inverter, and can work in the current limitation of the PV
inverter.
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FIGURE 15 Three-phase voltage, injected current and power, and DC
bus voltage of the inverter in voltage sag type B. (a) Three-phase voltages.
(b)Three-phase injected currents. (c) DC bus voltage. (d) Injected power

FIGURE 16 FFT analysis of the output current for phase a in voltage sag
type B

TABLE 4 Comparison of the proposed method with the traditional ones
to cancel out ripples of DC bus in LVRT operation

Index Ref. [13] Ref. [14] Ref. [15]

The

proposed

Method

Zero oscillation of DC
bus voltage

Does not
guarantee

Guarantee Guarantee Guarantee

Oscillation in PV
power generation

No Yes No No

Depending on P–V

operating point
No Yes No No

Using the extra
capacity of the
inverter

Yes Yes No Yes

Operation in current
limitation of the
inverter

Yes Yes No Yes

5 CONCLUSIONS

A new method is proposed based on unbalanced current injec-
tion to eliminate the ripples of voltage in DC bus voltage. There-
fore, smaller size of the electrolytic capacitor of DC bus can be
used which is cheaper, more reliable, and has less series resis-
tance. In addition, its power dissipation decreases, and it can
work at lower temperature and as a result, the failure of the
capacitor, which is one of the main reasons for breaking down
of the inverter, decreases. Moreover, the capacitor of active fil-
tering which is inclined to failure is eliminated, and its switches
are used beside the inverter and change to four-leg inverter. All
required formulas for all conditions either the current limita-
tion occurred or not are presented to calculate the reference
currents. Simulation results are presented and proved the effec-
tiveness of the proposed method in all sag conditions.
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