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A Low-Voltage Ride-Through Strategy Using Mixed Potential Function for Three-
Phase Grid-Connected PV Systems
Hao Wen, Meghdad Fazeli

Electrical and Electronic Engineering Department, Swansea University, UK

Abstract

This paper presents a new control strategy for low-voltage ride-through for 3-phase grid-
connected photovoltaic systems. The proposed fault ride through control algorithm, which
is designed based on mixed potential function, can protect the inverter from overcurrent
failure under both symmetric and asymmetric faults, reduce the double frequency oscilla-
tion and provides reactive power support by applying a voltage compensation unit. With
the proposed method, the inverter can also inject sinusoidal current during asymmetric
faults. The method does not require a hard switch to switch from the Maximum Power
Point Tracking (MPPT) to a non-MPPT algorithm, which ensures a smooth transition.
Keywords: Current Control, fault-ride-through, photovoltaic, micro-grids, large-signal

analysis.

1. Introduction

During the last decades, the use of distributed energy resources (DERS) has increased
due to economic, technical and environmental concerns [1], [2]. With the rapid increase

of grid-connected photovoltaic (PV) generation, PV systems should be more reliable and
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provide high quality services, beyond the basic power delivery during grid voltage sags
[3]-[8]. Power quality and current curtailment are the most important aspects of the grid-
connected power converters under grid faults. Power quality issues include: injection of
non-sinusoidal inverter current during unbalanced grid faults, and the existence of dou-
ble grid frequency oscillation in inverter output active power and DC-link voltage. It is
also crucial to prevent the activation of the inverter’s overcurrent protection during both
symmetric and asymmetric faults. According to the recently revised grid codes, PV sys-
tems are supposed to stay connected during grid faults [7]. Thus, when a fault occurs, the
control strategy must be capable to protect the inverter from overcurrent failure for a short
period of time. This is known as low-voltage ride-through (LVRT). The exact LVRT
requirements (e.g. voltage sag vs time characteristic, and the required reactive power sup-
port vs voltage sag) may differ from one country to the other. For example, Fig.1 illus-
trates the Chinese regulation of voltage sag vs its duration [9]. As it can be seen, even
when voltage drops to 0 pu, the PV system must remain connected for 0.15s. Furthermore,
a certain amount of reactive power needs to be injected to support the grid when the fault

occurs [8], which will be discussed later.
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Figure 1: LVRT requirements in China [9].

Another issue is that during asymmetric faults, active power and DC-link voltage con-

tain double grid frequency oscillation. This phenomenon has a negative impact on the life



cycle of the DC-link capacitor [7]. Also, during asymmetric faults, the inverter may inject
non-sinusoidal current to the grid. Therefore, an LVRT control method (for a grid-con-
nected PV system under different types of faults) should:

1) prevent overcurrent failure (current curtailment);

2) reduce the double grid frequency oscillation for both active power and DC-link voltage;
3) control the DC-link voltage;

4) control the inverter current properly (i.e. injecting sinusoidal current) during faults;

5) inject a certain amount of reactive power.

Different methods have been considered in the literature. E.g., in [8] a control strategy
for limiting the inverter current in islanded mode is studied. However, the inverter in [8]
Is connected to a constant DC-voltage source which is not a precise representation of a
renewable system. Obviously, the dynamics of the PV system, including the Maximum
Power Point Tracking (MPPT) algorithm, the DC-link voltage control and the current loop
controller can affect the operation of the entire system. E.g. while the LVRT must not
disturb the MPPT during normal operation, it should limit the input power during faults
and provide a smooth transition between the two modes. Moreover, in [8], the current is
limited to double rated value during both symmetric and asymmetric faults, which seems
to be too high, especially for asymmetric faults where voltage sags are relatively smaller.
Similarly, [10] proposes an LVRT control scheme using symmetrical components in the
synchronous frame for grid-connected inverter without considering a renewable energy
source, neither a PV nor a wind turbine. In [11], an instantaneous active power controller
is presented, which results in non-sinusoidal inverter currents under asymmetric faults.
Thus, the load will consume more power (both active and reactive) during faults. Conse-

quently, the consumer will have to pay more for the electricity. In [12], a control strategy



Is proposed using symmetrical components, however, the injected active power contains
significant double frequency oscillation. Ref. [7] proposes an LVRT algorithm for a two-
stage 3-phase grid-connected PV system, where a hard switch is needed to move from
MPPT mode to non-MPPT mode after detecting the fault. This can lead to a non-smooth
transition between the two modes. Moreover, [7] only investigates asymmetric faults. In
summary, unlike previous arts, this paper proposes a comprehensive LVRT algorithm,
which can be used for both symmetric and asymmetric faults in a low voltage distribution
network with PV system directly connected to the grid. Furthermore, the proposed
method does not require a hard switch to switch from MPPT to a non-MPPT algorithm,
which ensures a smooth transition. Also, a reactive power injection block is proposed to
support the grid under faults. Considering the above, the proposed LVRT control strategy
can:
1) operate for both symmetric and asymmetric faults;
2) prevent activation of overcurrent protection through limiting the inverter current to 1.5

pu during symmetric faults and 1 pu during asymmetric faults;
3) provide high quality sinusoidal inverter voltage and current during faults;
4) reduce the double grid frequency oscillation;
5) eliminate the need to switch from MPPT mode to non-MPPT mode;
6) support voltage through reactive power injection.

To achieve the above objectives, a voltage compensation unit (VCU) is proposed, which
uses the mixed potential function to determine how much PV power should reduce for a
voltage drop in order to comply with the Lyapunov criterion. This method will be validated

through simulations.
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Figure 2: The system understudy plus the proposed control scheme for grid-connected PV.

The paper is structured as follow: in Section I, the proposed LVRT control scheme is
presented, including the method to estimate the positive sequence and negative sequence
components for voltage and current in the synchronous frame, voltage loop design with
the proposed current limiting strategy, reactive power injection and current loop design.
The proposed control strategy is verified by MATLAB/Simulink simulations in Section
I11. Finally, conclusions are drowned at the end to summarize the advantage of the pro-
posed method in Section 1V.

2. Proposed Control Strategy
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Figure 3: Structure of the proposed voltage compensation unit.



The understudy system with the proposed LVRT strategy is illustrated in Fig. 2. A con-
ventional P&O MPPT algorithm is used. The Delayed Signal Cancellation (DSC)
method, explained in [13], [14], is used to separate the symmetrical components for both
inverter-/grid-side voltage and current. A DSC-based PLL, which is explained in [15],
synchronizes the PV system with the grid. The proposed control strategy, which uses the
classic cascaded voltage and current loops in dg-frame, includes a VCU unit (detailed in
Fig. 3). The current loop consists of four PI controllers for dg-currents in positive (ldp,
Igp) and negative (lan, Ign) Sequences. A reactive power injection block is proposed, which
determines how much reactive power should be injected during faults according to the
Chinese regulation. The proposed scheme is detailed below:

2.1 Symmetrical Components Generation
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Figure 4: The diagram of the DSC method.

In this paper, the well-known method of DSC is used for sequence component separation.

As shown in Fig. 4, the DSC method can be written as [14]:
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where V,«, g and V., p are the estimations of the positive and negative sequence signals
in stationary frame, and T is the signal period, which is the same as the grid period. The
symmetrical components for current can be estimated using (1) as well. Then both voltage
and current signals are converted to the synchronous (dqg) frame using the standard Park
Transform. Obviously, during normal operation and under symmetric faults, there are no
negative sequence components. However, during asymmetric faults, the negative se-
guence components appear in both voltage and current, which leads to the voltage and
current oscillation. As a result, the classic two-channel dq current loops are not reliable.
By separating the negative sequence components from the positive consequence compo-
nents, a four-channel current loop structure (see Fig. 8) can be used to alleviate the issue.
From the basic theory of symmetrical sequence components, (v=vp+Vva+Vo), it is possible
to claim that all the voltage and current signals used in the next section are the sum of the

positive and negative sequence components.

2.2 Voltage Compensation Unit

Resembling the PV system to a synchronous generator, one can argue that the PV array
input power Ppy resembles the input mechanical power. In a synchronous generator, the
mechanical power is assumed constant after a fault since it cannot be changed very
quickly. This divides the power vs power angle characteristic (see Fig. 5) into accelerating

(red shadow A1) and maximum decelerating (red shadow A>) areas.
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Figure 5: Inverter Power vs power angle characteristic.

According to equal area criteria [16], the system remains stable if A1< A». As illustrated
in Fig. 5, in a PV system, reducing Ppy after a fault (i.e. from Ppv-mppT t0 Ppyvvcu) reduces
the accelerating area (purple shadow As) and increases the maximum decelerating area
(purple shadow Agz), which in turns increases the stability margin. Therefore, the proposed

VCU, shown in Figs. 2 and 3, is designed to reduce the generated power after a fault.

MPP =l
frmmmm e mmm - - > ="
\
\
\
s \
o
FOP
0 Vi Voo

Figure 6: Pp-Vpv & lp-Vpy Characteristic curves.

As it can be seen from the Pp-Vpy characteristic in Fig. 6, it is possible to reduce Ppy
through either adding the compensation voltage Vcom (from the VCU) to the optimum
voltage Vopt (from the MPPT algorithm) or subtracting Vcom from Vop. However, consid-
ering the lp-Vpyv curve (the dashed blue line), it can be found that only when the PV is

operating at the right-hand side of the MPP (e.g. the fault operation point (FOP)), the



output current of the PV can be reduced. Thus, as illustrated in Fig. 2, the VCU determines
the reference DC-link voltage Vac~ through adding Veom to Vopt. By doing this, both the
inverter current and power will be reduced under symmetric and asymmetric faults and
there is also no need to switch the PV system from MPPT mode to a non-MPPT mode.
Obviously, as the voltage sag increases, Vcom Should also increase to reduce the PV output
current. Thus, this paper proposes to increase Vcom as Vgda reduces where Vgq is the d-
component of the grid voltage. As illustrated in Fig. 3, when Vgq becomes less than 0.95
pu (0.95, which is chosen to avoid disturbing normal operation, can change according to
different standards), Vcom gradually increases. Moreover, the VCU is designed to reduce
the active power and DC-link voltage double grid frequency oscillation and to keep the
inverter current sinusoidal during asymmetric faults. To do this, this paper uses the mixed
potential function to define the variation of Vcom VS Vga. The mixed potential function,
which first stated in Brayton-Moser’s mixed potential theory [17], [18], can be used to
describe the dynamics of a large class of nonlinear RLC network with two-terminal ele-
ments to investigate the stability of the network’s equilibrium point, and to describe the
noise of the network (here the noise is the double grid frequency oscillation of the active
power and the DC-link voltage, and the non-sinusoidal inverter current) [17]-[19].

The mixed potential function P is constructed from the resistors, capacitors and induc-
tors in the nonlinear network. According to the mixed-potential theory, if v, and i, denote
the voltage and current of all the non-energy storage elements of the system and v, and i,
denote the voltage and current of all capacitors of the system, the potential function P can

be written as (2):

P(i,v):ZIvﬂdiﬂ+Ziava (2)



where the first term on the right-hand side of the equal mark represents the current poten-
tial of all the non-energy storage elements, and the second term is the sum of the capaci-
tors’ energy [20]. Since the proposed system is a nonlinear dynamic model under fault

conditions, the mixed-potential function can be used to describe the system [21].
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Figure 7: The simplified model of the proposed PV system.

Figure 7 shows the simplified model of a grid-connected PV system while the inverter
is represented by V4 on the AC-side, and by Cqc on the DC-side. As mentioned above, all
of the d-components are the sum of the positive and negative sequence components. The

mixed potential function for the proposed model can be written as (3):

oy . . e . ig . ig . . iga . .
P(i,v)= J-Op Voudip, =iV, _J.o Ve dige +I0 vy dig _.[o igR ¢ dig —J.Og Vgadigg —(Id —igg )vgd 3)

In steady state (neglecting the losses):

3
Py =5 Vaalgs =Voulow = Poy 4)

where Py is the grid active power, Vg and lgq are the voltage and current after the LC
filter. Since the capacitor voltage is constant at steady state, I, should be equal to 4.

Considering Vpy = Vdc, lpv = ldc, where I¢ is a small value. Thus, (3) can be rewritten as (5):

. . g i . . i 2Pg . 2p
P(i,v) =iV, +IO Vg dig _Io igR ¢ dig —J.Og ﬁdlgd —(Id —ﬁ]vgd (5)

where the first term on the right hand of the equal mark represents the DC-link capacitor’s

energy, the second term is the current potential of the inverter output voltage, the third

10



term is the current potential of the filter resistor, the fourth term is the current potential of
the grid side voltage, and the last term is the filter capacitor’s energy.
Since the grid side voltage Vgq is not a single-valued function of the grid side current lqq,

one can write (6):

Iigd ﬂ(ﬂ —2&|gd _J‘ng ﬁdv

0 Bigg ¢ Big 0 3y ©)
Substituting (6) into (5), gives:
. . l -2 ng 2pg . -
P(i,v)=Vyig -3 Rsig + . _dSv Vga —igVgd —icVpy (7

gd
Equation (7) is the mixed-potential function of the proposed model. To verify whether (7)

is the correct mixed-potential function, the partial derivatives of (7) must comply with (8)

[18]-[20]:

o _ W,

ov,, dt

op diﬂ (8)
oi,  dt

u
Equation (8) is the only criterion to verify the validity of the mixed-potential function.

Using (7), the following differential equations of the proposed model can be obtained:

8p - = dev
ov ~— ¢ T dc dt

pv

6p 2pg . . . dvgd
——=— iy =iy —iyg )= -C¢ —— 9
Ngg gy (1 =ios)==C1 ©
op diy

As noted, (9) is in accordance with (8), and consequently, (7) corresponds to the system
state equations and it is the correct mixed-potential function of the system. In general, the

unified form of P is given as (10) [18]-[20]:

P(i,v) = —A()+B(V) + (i, v —a) (10)

11



Thus, in this model, P(i, v) can be written as (11):

2 _ y
P(i,v)=—%Rfi§+ ng ?Nﬁdvgd (i id){( 01 OJ(V" J—{_O j] (11)

—L)\ Vgd Vd

The proposed method is to use the mixed potential function to determine for a certain
Vga drop, how much Py should be reduced (i.e. Ppv=Fcn(Vgd)) to comply with the Lya-
punov criterion. One can define x1 and w2 as the minimum eigenvalue of the matrices
L2 Aii(i) L™ and CY2 By (v)C Y2, respectively, where, Aii(i) and Bw(v) are the second-
order partial derivative of A(i) and B(v). According to the fifth theorem of the mixed-
potential theory [17] and Lyapunov criterion [22], if for all i and v:

w+ 1y >0and P(i,v) — oo,asi|+|v| > o (12)
then all the solutions of (9) approach the equilibrium point, which means the oscillation
IS minimized [21]. To calculate 1 and w2, Aii(i) and Bw(v) are calculated first:

From (11), A(i) and B(v) can be written as:

A = 3Ry
) (13)
B(v)= s 2&dvgd
0 Vg
Then from (13), Aii(i) and Bw(Vv) can be written as (14):
L O%A(i
A =T,
o°B(v)  2p, (14)
By (V): ov2 _3\/_2
gd
Thus, u1 and w2 can be derived:
Rf
S
2P, (15)
SV

12



Since the proposed model is grid-connected, Pg=Ppv (neglecting the losses). Equation (12)
can be re-written as:

R, 2P

pv
Mty =——- >0 16

Thus, the Lyapunov criterion of the proposed model is (16). From this criterion, the var-
lation of Ppy vs Vga can be derived:

3R:C
" < f™~dc ngd
2L,

(17)

where, Vg4 is the grid voltage, which will drop when a fault occurs. Equation (17) approx-
imately determines the maximum Ppy for a Vgq such that system complies with the Lya-
punov criterion. Equation (17) will be used to define the relationship between Vcom and
Vga in the proposed VCU:

Using (17) for Vgg = 0:0.1:1 pu (i.e. for 0.1 pu steps of Vgd), Ppv-limit is calculated:

3R:C
pv—limit = Jngd
2L,

(18)

Obviously, Ppy< Ppv-iimit in order to comply with Lyapunov criterion. Then, the calculated
Ppv-timit (for each Vga) is used in (the right-hand side of) the Ppy vs Vpy characteristic (see
Fig. 6) to get the desirable Vcom. Doing this for each 0.1 pu step of Vg4, and using the
MATLAB ‘polyfit’ function (for the calculated Vcom VS Vg points), (19) can be formed:

Voom = Kiy (@Vgy +bVgy +CVay +dV +eVyq + ) (19)

where, km is a safety margin coefficient (e.g. km=1.05) to make sure that the Ppy associated
with the calculated Vcom from 19) complies with (17) i.e. is less than Ppy-iimit. A hard limit
of Viimit=Voc -Vopt-max, Where Vo is the open circuit voltage of the PV array and Vopt-max IS
the optimum voltage from the MPPT at 1 pu solar irradiation, is applied to make sure that

Veom Will not become more than Voc. Note that with the solar irradiation varies, both Vo

13



and Vopt varies almost proportionally, thus Viimit can be a fixed value. The calculated Vcom
is added to Vopt to get Vg Then a classic P1 controller (Fig. 2) is used for the voltage
loop to determine Ig”, which is the reference d-component current.
2.3 Current loop

As illustrated in Fig. 8, the current loop consists of four classic P1 controllers for positive
and negative sequences of d- and g-components. The modulating signal m is calculated
through adding the positive and negative modulating signals m=mp+mn, while mp, and m,
are calculated by using the inverse Park transform. It is noted that the phase angle used in

the negative channel is —6.

Mp

= m
Compensation n
-0 —{ da/abe
o=
o

anm mqn

Ign

Figure 8: Current Loop.
The integral gain of the PI controllers is designed using the characteristic equation:

R +K K;
32+(%)S+L—:0 (20)

f f
In (20), Rf and L+ are the LC filter resistance and inductance. Assuming the bandwidth to
be wn rad/s, the integral gain Ki=Lswn?. Kp will be designed to make the controller robust
against grid disturbances. Using characteristic equation, for a critically damped system,
Kp=2Lswn-Rs. In order to improve the controller robustness, it is possible to choose a

Kp>2Lswn-Ry, provided that it does not violate the system stability [23]. To investigate the



effect of Ky on the system root locus, one can re-write the characteristic equation of (20)

as follow:
R K. K
2 f i p
$°+—s+—+——5=0 21
Ly £ Lt ( )
K
_pg
1 a. 22
- 2 Rf K| ( )
S°+—s+—
Lf f
K
P g
TR S 23
+ =
R i (23)
ST+ —S+—
L

Equation (23) is basically the characteristic equation, thus, from the definition of charac-
teristic equation, the equivalent Open-Loop Transfer Function (OLTF) for the control

plant, which contains Kp, can be written as (24):

(24)

where, Ki =Ltwn?. Using (24), the root locus chart can be drawn for K, variations. This
method will be used in the simulation section to design the current loops.

2.4 Reactive Power Injection
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Figure 9: Grid Standards for reactive power injection of each country [7].

15



Figure 9 illustrates how much reactive power should be injected with respect to the volt-
age sags in different countries [7]. According to [24], a PV plant must be capable of con-
trolling the reactive power supplied by the PV power plant. Since the DSC-PLL keeps the
positive sequence of Vin q-component Vgp=0 (at steady state) and the negative sequence
Van is too small when the fault appears, this paper proposes using 4Vgd (4Vga=1-Vga) for
reactive power regulation. This paper uses the Chinese standard (the dashed blue curve in
Fig. 9) such that for 4Vg<0.1 pu; lg"=0, for AVgq >0.8 pu; lg'=1.05 pu, and for 0.1< AV
<0.8 pu; lg" varies linearly.

3. Simulation Results

3.1 System Parameters

In this section, the system shown in Fig. 2 (which includes the proposed control strategy)
is simulated in MATLAB/SIMULINK environment. The grid frequency is f=50Hz. The
rest of the parameters are shown in the table 1. Note that all results are presented in per

unit (pu) value.

Table 1. System’s parameters

Variable Value
Line to Line voltage V.. 650 V
DC link capacitor Cgc 210 uF
LC filter parameters Ri=0.2 Q Ly =3 mH
Line Impedance Ri=0.38 Q L,=0.15 mH
Current Loop PI controller Kp=24 Ki=1598.7

Using the data provided in Table 1, (17) for the simulated system is:

P, <0.021V

Considering km=1.05, (19) for the simulated system is:

Voom =—3.6771Vg; +7.0730V —4.6767V 3 +1.5089V 5 —0.5786V,y +0.3496

16



Choosing wn= 730 rad/s (f-=116 Hz), the integral gain Ki=Ltwn?= 1598.7. As it can be
seen from Fig. 10, which depicts the current loop root locus for the simulated system

using (24), by choosing Ky=24 the system remains stable and provides a good robustness.
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Figure 10: Root locus diagram of the proposed current loop.

The following test scenarios are simulated:
3.2 Double Line Fault and Double Line to Ground Fault

During normal operation, Ppy, which is the power generates by the PV array, is 1pu. It
Is assumed that the PV system does not contribute any reactive power during normal
operation. It is known that the double grid frequency oscillation only appears under asym-
metric faults. To verify the effectiveness of the proposed VCU, a double line (DL) fault
will occur (see Fig. 2) at t=1 s and last for 0.2 s. The following two scenarios are being
compared: First, the system will be simulated with no LVRT strategy (Fig. 11). Second,
the system will be simulated with the proposed LVRT strategy (Fig. 12).

When there is no LVRT strategy (Fig.11), the double grid frequency oscillation exists
in both grid active power Pin and DC-link voltage Vqc. In addition, the inverter current
linv IS not sinusoidal during the fault. However, when the LVRT strategy is applied (Fig.
12), Pinv and Vqc fluctuations are significantly reduced. Meanwhile, liny becomes sinusoi-
dal during the fault. Moreover, the peak value of lin, without the LVRT strategy (Fig. 11)

hits the 2 pu hard limit during the whole fault period. However, liny is curtailed to less

17



than 1pu with the proposed LVRT strategy (Fig. 12), which ensures that the inverter over-
current protection will not be activated during the fault (note that lin hits the hard limit
for less than a cycle, which will not activate the overcurrent protection). It should be
noticed that the reactive power is injected (in accordance with the Chinese Code) during

the fault to support the grid.
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Figure 11: Simulation results under DL fault without LVRT (all in pu): (a) inverter voltage, (b) inverter

current, (c) DC-link voltage, (d) inverter side active power, (e) PV power, (f) reactive power.
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Figure 12: Simulation results under DL fault with the proposed LVRT (all in pu): (a) inverter voltage, (b)

inverter current, (¢) DC-link voltage, (d) inverter side active power, (e) PV power, (f) reactive power.
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Since double line to ground (DLG) fault and single line to ground (SLG) fault are also
asymmetric faults, the performances of the double grid frequency oscillation and inverter
current without the proposed LVRT is similar to those of the DL fault. Therefore, in the
following results, only the simulation with the proposed LVRT is presented.

Similarly, during DLG fault, which is shown in Fig. 13, the double grid frequency os-
cillation is reduced, and the inverter current is sinusoidal and limited to less than 1 pu.
Since the voltage sag is deeper than a DL fault, more reactive power is injected to support

the grid compared to Fig. 12.

8 e el A

inv

g m@c%mmc%mmmm%ﬂxWW&W@QM
) (b)

;:1.7
N

0
2
2
1
0.8
(©
1
5
0

inv

D~O'

pv

Q‘O,

0.

1
5
0 ©
1
5
0

Qinv

0.95 1 1.05 1.1 1.15 1.2 1.25 13 1.35
Figure 13: Simulation results under DLG fault (all in pu): (a) inverter voltage, (b) inverter current, (¢c) DC-
link voltage, (d) inverter side active power, (€) PV power, (f) reactive power.

3.3 Single Line to Ground Fault
Figure 14 shows the simulation results for a SLG fault using the proposed LVVRT strat-

egy. Since the voltage sag is smaller than DL fault, the proposed method reduces Ppy less
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than DL fault which results to liny limited to less than 1 pu. The normal operation is re-
stored as soon as the fault is being cleared. Compared to the DL fault, the injected reactive
power is smaller, which follows the grid standard shown in Fig. 9.
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Figure 14: Simulation results under SLG fault (all in pu): (a) inverter voltage, (b) inverter current, (c) DC-

link voltage, (d) inverter side active power, (€) PV power, (f) reactive power.

3.4 Three-phase fault

Figure_15 shows the result of a 3-phase fault using the proposed LVRT method. Since
it is a symmetric fault, there is no double grid frequency oscillation for the inverter active
power and DC-link voltage. Although liny remains pure sinusoidal even without a LVRT
strategy, it will increase significantly because a 3-phase fault has the most severe voltage
drop (here Vinv drops to less than 0.2 pu). As it can be seen from the results, to overcome
the significant voltage sag, Vac increases to almost Voc =1.2 pu. This leads to Ppy and Piny
reduce to almost 0 pu. Thus, liny is limited to less than 1.5 pu during the fault. It should
be noticed that when voltage drops to 0.2 pu, 1.05 pu reactive power is injected to the
grid (in accordance with the Chinese Code), which leads to I4” increase. Consequently,

the inverter current during 3-phase fault is more than that in other types of faults.
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Figure 15: Simulation results under 3-phase fault (all in pu): (a) inverter voltage, (b) inverter current, (c)

DC-link voltage, (d) inverter side active power, (e) PV power, (f) reactive power.

4, CONCLUSION

This paper proposes a LVRT control strategy for low voltage distribution networks
with PV system directly connected to the grid. The method is based on the classic cas-
caded voltage and current loops in dg-frame, while the positive and negative sequence
components are used to modify the reference DC-link voltage to limit the inverter current
during the grid faults. The mixed-potential function is used to regulate the compensation
term of the DC-link voltage. Through applying this regulation, the double grid frequency
oscillation, which is appeared in inverter active power and DC-link voltage following an
asymmetric fault, can be reduced. The method also generates sinusoidal inverter current
during faults. The reactive power injection is used to supply the required reactive power
to restore the voltage. In choosing the DC-link capacitor this should be taken into account
that the proposed method increases the DC-link voltage during faults. However, since the
protection systems must operate within a fracture of a second, this should not be a huge

burden on an appropriate power capacitor.
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The proposed method is validated in MATLAB/SIMULINK. Simulation results show
the proposed LVRT control strategy can be used for both symmetric and asymmetric
faults. The simulation results also demonstrate that the proposed voltage compensation
unit, derived from the mixed potential function, reduces the double grid frequency oscil-
lation. The presented results show that for a severe voltage sag (3-phase fault), the pro-
posed method could reduce the fault current to 1.5 pu to protect the inverter from over-
current failure. For asymmetric voltage sags, the proposed method could limit the fault
current to almost rated value. In addition, this method does not require a hard switch to
switch from the MPPT to a non-MPPT algorithm, which ensures a smooth transition. It
is noted that the proposed method does not affect the normal operation (due to lack of
space was not shown in the results).
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