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Abstract—Fault ride through (FRT) capability is one of the
challenges faced in the medium to high voltage grid-tied
large-scale photovoltaic (PV) power plants. This paper
proposes a novel control strategy to enhance the FRT
capability of a two-stage multi-string PV plant which
consists of DC/DC converters and NPC inverter. The
proposed control is implemented to the DC/DC converter to
maintain the DC-link voltage under any grid fault
conditions by adjusting the extracted PV power to the
inverter output power. This is achieved by changing the PV
string reference voltage from its maximum power point
voltage to a new voltage point with less power. On top of
that, a novel voltage-oriented control (VOC) control
structure using proportional-resonant (PR) controller is
proposed for the NPC inverter. Additionally, the DC-link
capacitor voltages are remained balanced at all times due to
the adaptive space vector modulation (ASVM) scheme. The
evaluation results have verified the feasibility and the FRT
capability of a 14kW PV plant using the proposed control
scheme under different grid fault conditions.

Index Terms—Photovoltaic systems, adaptive space vector
modulation, voltage oriented control, proportional resonant
control, Fault Ride-Through capability, NPC inverter.

. INTRODUCTION

Large-scale photovoltaic (PV) power plants are one of the
most promising renewable sources for electricity generation
nowadays which have gained significant growth over the recent
years. Such rapid pace for the total installed PV capacity growth
is initiated due to the drastic decrease of the PV panel production
cost and is expected to remain high in the upcoming years. Since
these large-scale PV power plants are typically connected to the
medium voltage (MV) or high voltage (HV) systems, the grid-
connected power converters in the renewable systems often pose
new challenges for the power system operators (PSOs).
Therefore, certain regulations and grid codes are imposed by
PSOs to deliver excellent power quality as well as maintain high
grid reliability [1], [2]. One of the challenges is fault ride-
through (FRT) capability of these renewable power plants.
Hence, it is important to investigate the FRT capability of the

large-scale PV grid-connected power plants under any grid
faults.

Several research studies on the FRT capability of the single-
stage PV power plants have been reported and
investigated [3]-[5]. For the single-stage PV power plants
configuration, the PV strings are directly connected to the DC-
link of the grid-tied inverter without any DC/DC conversion
stage. In this case, the maximum DC-link voltage (V) will be
the open-circuit voltage of the PV strings. Thus, no additional
DC voltage control is needed when any fault condition occurs.

On the other hand, the two-stage PV plants (which consist of
DC/DC converters and multilevel inverters) are popularly
known as the state of the art today, due to their perceived
advantages in achieving higher energy conversion efficiency,
modularity and power density [6], [7]. However, there are
several problems faced in this two-stage structure when grid
fault conditions are identified.

In the event of the grid voltage sag condition, the decreased
in the grid voltage will cause an increase in the inverter output
current due to the power balanced principles. As a result, the
semiconductor switches may be overheated or damaged. If the
grid-tied inverter of the two-stage PV power plants decreases the
amount of active power injected to the grid (Po.n) While the
DC/DC converters continue to extract the maximum power
(PstTotat) from the PV strings, the excessive energy which is the
difference power (Psttowl - Po.nv) between the extracted PV
power and the injected grid power will be stored in the DC-link
capacitors. This will lead to an increase in the Vg and may
unbalance the DC-link capacitor voltages. The output voltages
total harmonic distortion (THD) and the system reliability are
both greatly affected as well.

In this study, the two-stage multi-string PV power plant
consisting of simple DC/DC boost converters and a neutral
point-clamped inverter (NPC) is considered. This paper
proposes a DC-link voltage control strategy for the DC/DC
boost converter which addresses the aforementioned challenges
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Fig. 1: Multi-string PV power plant with FRT capability.

by reducing the amount of Pstom to match with the
instantaneous Poun. On top of that, a novel voltage-oriented
control (VOC) consists of proportional-resonant controller (PR)
and adaptive space vector modulation (ASVM) is proposed for
this system. The proposed VOC controls the injected active and
reactive power to the grid when fault conditions are experienced,
meanwhile the DC-link capacitor voltages are balanced at all
times. The evaluation results have verified the FRT capability of
the system using the proposed control strategy under various
grid faults. On top of that, the behaviour of the PV system is
examined in the open loop to highlight the improvements made
from the proposed control structure.

Il.  PROPOSED SYSTEM STRUCTURE

A comprehensive structure of the proposed multi-string PV
system with FRT capability depicted in Fig. 1 consists of
multiple PV strings, DC/DC converters and NPC inverter. Since
each PV string is working independently, different types of PV
panels or DC/DC converter topologies can be utilized as well for
the proposed configuration. Hence, a simple DC/DC boost
converter is connected to each PV string in this study.

The grid-tied NPC inverter consists of two pairs of IGBT
switches (Sa and Sa2) including their complementary (Sar and
Sa2) in each phase-leg. There are filter inductors connected in
between the inverter and the grid to provide low current THD
performance at all times to comply with both grid codes and
IEEE standards [8].

There are different operating modes (on/off) for the switches
FSar and FSs in Fig. 1 to stimulate different grid fault
conditions. Under a normal operation, the load is directly
connected to the voltage source with the FSa switched on and
FSa2 switched off. To create a voltage sag in the phase A, both
FSa1 and FSa2 will be switched off and on respectively. Hence,
the values of the resistors Ra1 and Ra2 are selected accordingly
to generate the desired voltage sag level.

I1l.  PROPOSED CONTROL STRATEGY

Based on the grid condition (normal operation or fault
occurrence), suitable control strategy should be designed
appropriately for the multi-string PV power plant. Therefore, a
fast and precise sag detection strategy is required in the
controller. In this proposed system, the voltage sag is detected
by monitoring the peak value of the grid voltages which can be
calculated based on the T/4 delay orthogonal method [9], [10].
The system is operating under two independent control
strategies which are the DC/DC converter controller and the
NPC inverter controller. These controllers as well as grid
requirements under fault condition are presented in the
following subsections.

A. Grid requirements under fault condition

The grid reactive current requirements for a distributed
generator (DG) under various grid faults are depicted in Fig. 2.
The amplitude of the voltage between 0.9 p.u. and 1.1 p.u is
defined as normal grid condition. When there is no grid fault
condition, the DG injects only the active power to the grid with
unity power factor. According to this regulation, the DG should
support/limit the grid voltage during voltage sag/swell by
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Fig. 3: Proposed DC/DC boost converter control structure under grid faults.

injecting/consuming the reactive power. Therefore, the DG
cannot inject its maximum power to the grid due to restricted
current capability of the inverter.

According to the regulated grid codes (Fig. 2), the amount
of the reactive current that should be injected to the grid during
voltage sag is defined in the following:

deadband 0.9p.u.<V<1llp.u.
I, =<k V¥ g+l 05p.u.<V<0.9p.u. (1)
N
g+l V <0.5p.u.

where V, Vg and Vy are the amplitude values of the grid
instantaneous voltage, the initial voltage before the fault, and the
nominal grid voltage respectively. In and lg are the nominal
current and the initial reactive current before the grid failure
respectively while k = (Alg/1n)/( AV/Vy) [11].

The amount of d-axis current can be calculated using (2)
assuming that the PV system is operating at its nominal power.

1y = 11,2 @)

B. Proposed DC/DC converter controller under grid faults

Under normal grid operation, the MPPT controller adjusts
the output voltage of each PV string (V) to its maximum power
point voltage (Fig. 1) to extract the maximum power from the
PV strings. In this situation, the Vqc is maintained only by the
rear-end NPC inverter at its desired value by adjusting the
reference d-axis current (Ig") which is related to the output active
power (Pounw) [12]. The reference g-axis current (l4") which
relates to the output reactive power is set to be zero in order to
achieve the unity power factor operation under normal
operation [13].

However, during the grid fault condition, the NPC inverter
is responsible for controlling its output active and reactive power
according to (1) and (2). Thus, the Vg cannot be maintained and
controlled solely by the inverter under any grid faults. Thus, this
paper proposes a DC-link control strategy (Fig. 3) for the
DC/DC boost converter. This proposed control will decrease the
Pst1otal 10 the instantaneous Po.ny in the event of grid faults. The
AV, is computed based on the difference between the square of
the reference (Vac*?) and the instantaneous DC-link voltage
(Vaed). The obtained AV, is then added to the Vmee When there
is any occurrence of grid faults. The PV string reference voltage
will increase to its open circuit voltage and decrease the Ps:total.
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Fig. 4: Proposed VOC-PR control structure under grid faults.

The well-known Perturb and Observe (P&O) algorithm [14]
is applied in this study. The calculated reference voltage, after
adding AVpy and Vwpp, is compared with the instantaneous
voltage of the PV string while the difference goes through the PI
controller which will generate the reference capacitor current
(Icst). The inductor current can be written as:

=ly— ICst @)

Subsequently, by controlling the inductor current via a Pl
controller, the reference inductor voltage (V.") is obtained.
Lastly, the switching signals of the IGBT BSW1 are generated
by comparing V" with a triangular high frequency signal.

L st

C. Proposed VOC-PR controller under grid faults

After detecting the voltage sag by monitoring the grid
voltage amplitude, the NPC controller should be changed in
order to control its output reactive current according to the
voltage sag level and (1). As depicted in Fig. 4, the minimum
amplitude of three phase grid voltages are needed to determine
the 14". The reference active current (lqc2) is then computed based
on (2).

As mentioned earlier, this reference current is obtained only
when the PV system is operating at its nominal value. However,
the PV strings may experience partial shading. As a result, the
total generated power of the PV power plant (Psttota) Will be
smaller than its nominal value. In this condition, the NPC
inverter cannot inject lqc to the grid. To solve this problem, the
total extracted power of all PV strings is calculated
simultaneously using Vs and ls.. Hence, the related active current
(lgez) is computed based on the DC-voltage. Subsequently, the
I¢" is obtained based on the minimum value of lgc; and lgce.

With the aid of inverse Park and Clarke transformations, the
respective a-f3 current errors are obtained by subtracting the
reference stationary frame currents (I~ and Ig”) with the
stationary frame currents (I, and lg). Hence, the reference



stationary frame voltages (V. and V;") which is fed into the
ASVM can be acquired directly from the proportional
resonant (PR) controller. The PR controller is proven for its
fast dynamic response and reduced steady state error. It can
eliminate the steady state reference error by having its
resonant frequency matching with the grid frequency [15].

The implementation of the ASVM in the control for the
system provides good DC-link capacitor voltages balancing
since there are several pairs of vector to generate the same
output voltage level for the NPC inverter [16]. However, each
vector pair has an opposite effect in charging or discharging
of the DC-capacitors (C; and Cy). According to the capacitor
voltages (Ve and V) and inverter current (I, lp or Ic)
direction, the ASVM selects the appropriate vector to
maintain the capacitor voltage at half DC-link voltage
(Vaef2) [17]. Since the voltage balancing operation of the
ASVM is independent of the grid voltage, it can achieve
voltage balancing in all of the grid operation conditions
including unbalanced grid faults.

IV. EVALUATION RESULTS

The proposed multi-string PV plant (14kW) in Fig. 1 is
modelled and developed using Matlab/Simulink© and PSIM.
Three parallel PV strings are connected to the DC-link of the
grid-tied NPC inverter to investigate the performance and the
FRT capability of the proposed system under different
irradiance, temperature and grid fault conditions. Each panel
is simulated following the SHARP NUU235FI parameters
with the maximum power of 235W (30V and 7.84A) at 25°C
and 1kw/m2. The detailed setting of the simulated system is
presented in table I.

Since the grid voltage is 400V .ims, the nominal dc-link
voltage can be calculated according to (4) which is equal to
770Vgc, considering a normal modulation index of 0.85 m,.
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On the other hand, based on the boost converter equations,
the maximum number of series connected PV panels in each
string can be calculated in the following:

V

I-I,rms

(4)

V.

stmax N xV,

panel,oc

<0.9xV,,

panel, max (5)
where Npanel,max IS the maximum number of PV panels which can
be series connected in one string and Npanel,oc iS the open circuit
voltage of a PV panel. According to (5), the Npanel,max Will be 23.1
but only 20 series-connected PV panels in a PV string is
considered in this paper. Different amounts of irradiance and
temperature are experienced by the PV strings where string |
(Irrad=1kw/m2, Temp=25°C), String Il (Irrad=0.5kW/m?,
Temp=25°C) and String 111 (Irrad=1.1kW/m?, Temp=35°C).
The behaviour of the multi-string PV system is examined
under three phase grid fault (Vs,g = 30%) without applying the
proposed DC/DC controller in Fig. 5. In this condition, the
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Fig. 5: Behavior of the PV system under three phase fault (Vs.g=30%) without
using proposed DC/DC controller: (a) DC-link voltage and (b) Injected
active/reactive power to the grid.

TABLE |
SIMULATION PARAMETERS
Parameter Symbol Value
Grid Voltage Vab 400 Viims

Grid Frequency f 50Hz

Line Inductor Ly 5mH
DC-link Capacitor Ci,C, 2200uF
DC-link Voltage Ve 770 Vg
NPC Switching Frequency fsinv. 7.2kHz
Boost Switching Frequency fsboost 10kHz

Boost Inductor L 1mH

inverter produces reactive power for the grid according to (1)
while the injected active power is zero as shown in Fig. 5(b). On
the other hand, the DC/DC converters continue to extract the
maximum power from the PV stings. However, the NPC
inverter is controlling its output reactive power based on the grid
requirements. Since Poun is smaller than Pgtow, the extra
energy will be stored in the DC-link capacitors. Therefore, the
DC-voltage is increased from 770V to more than 3500V as
shown in Fig. 5(a) which will trigger the DC-voltage protection
breaker. Besides that, it can be seen that both DC capacitors are
well balanced at all times due to the ASVM voltage balancing
technique implemented.

In order to investigate the FRT capability, there are two
different grid fault conditions modelled as shown in Fig. 6. The
first grid fault condition (Cond. 1) shown in the Fig. 6(a)
occurred between 5s to 6s where the three phase voltages sag
level of 87%. The second condition (Cond. I1) in Fig. 6(b) will
be the unbalanced two-phase to ground fault (AB-G) during 7s
to 8s with phases A and B voltages sag level of 40%.
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Under normal grid operation in Fig. 6(a), the NPC inverter
delivers only the active power (unity power factor operation) to
the grid. However, there is phase difference between the voltage
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Fig. 8: FRT capability under complete shading of PV panels and Single phase
voltage sag (54%): (a) Inverter active and reactive power and (b) Extracted
power from strings.

and current for Cond. I. According to (1), the NPC inverter will
deliver both active and reactive powers to the grid since the
phase difference is less than z/2 rad. While the voltage
magnitude of phases A and B is less than 0.5p.u for Cond. Il in
Fig. 6(b), the NPC inverter only injects reactive power to the
grid. The amount of injected active and reactive power to the
grid from the NPC inverter is shown in Fig. 7(a).

The dynamic performance of each PV string is also
presented in Fig. 7(b). Since the PV strings experienced
different irradiance and temperatures, they have different
maximum power values. It should be noted that the total
extracted PV power is decreased to zero in order to deliver pure
reactive power to the grid for Cond. Il. Besides that, the
proposed control method maintained the Vg during all fault
conditions as shown in Fig. 7(c). The DC-link capacitor
voltages are also remained balanced at all times. Moreover, the
grid currents THD are less than 5% despite of any conditions.

In addition to that, the dynamic performance of the proposed
control structure is also examined under total shading of PV
panels as shown in Fig. 8. Before t = 4s, the grid is under normal
operation where same amount of irradiance and temperature are
received by the PV panels like those in Fig. 7. It can be observed
that the amount of injected reactive power is zero in this
condition. A single phase fault (phase B) experienced a 54%
voltage sag during t = 4s at the point of the PV inverter
connection. Hence, the controller of the NPC inverter must be
changed in order to produce the adequate amount of reactive
power to the grid. The inverter has injected both active and
reactive power to the grid between t = 4s to 6s. However, the
amount of injected active power is reduced according to the
inverter current capability. Besides that, the extracted power of
the PV strings is also decreased using the proposed DC/DC
controller. At t = 6s, there is complete shading across all the PV



panels. Thus, there is zero power extracted as shown in Fig. 8(b).
Nevertheless, the reactive power is still injected to the grid from
the inverter despite of experiencing full PV shading. Thus, the
results have proven the feasibility of the proposed controller
which has also enhanced the quality of grid voltage by injecting
reactive power in the event of any grid faults as well as complete
PV shading.

Thus, the evaluation results have evidently proven that
excellent FRT performance and dynamic response are achieved
for the proposed multi-string PV plant in Fig. 1 under both
balanced and unbalanced grid fault conditions. The proposed
controller allows the PV power plant to stay connected to the
grid even when the PV panels experienced full shading while
improving the grid voltage quality during all fault conditions.

V. CONCLUSION

In this paper, the DC-link voltage control strategy is
proposed for the DC/DC converter in the two-stage multi-string
PV plant. The proposed control maintained the Vgc under any
grid fault conditions by reducing the extracted PV power to
match with the inverter output power. Meanwhile, the proposed
VOC-PR controller injects the adequate amount of active and
reactive power to the grid in order to improve the grid power
quality under any grid fault conditions. On top of that, the
ASVM method balanced well the DC-link capacitor voltages at
all times.

Hence, the implementation of the proposed control has
successfully overcome the issues of excessive DC-link voltage,
increased grid currents and unbalanced capacitor voltages under
any grid fault conditions. The evaluation results have also
proven its feasibility. The precise and fast dynamic response of
the proposed system with its enhanced FRT capability makes it
attractive for large-scale PV plants. On top of that, the proposed
controller even allows the PV power plant to remain connected
to the grid at night.
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