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A B S T R A C T

Power system restoration is a critical process for any power system. As synchronous generators are being
replaced by power electronic converters used in renewable energy generation, the contribution of renewable
energy power plants to power system restoration (PSR) after a black-out is becoming more relevant, the so-
called black start capability. Existing solutions for providing black start capability to photovoltaic (PV) power
plants rely on the use of energy storage systems (ESS) in a hybrid PV plant. In contrast, this paper proposes
a solution for the contribution of PV power plants to the PSR that allows a completely autonomous black
start process. Reactive power synchronization is used for controlling the PV inverters as virtual synchronous
generators (VSG), providing grid-forming control and ensuring synchronism. During the black start process, the
PV power is regulated to match the demand using a decentralized solution to share the load between multiple
PV inverters. The solution has been validated to handle the most critical situations during the black start
process such as the variation on the power source, i.e. irradiance, or on the supplied load and the connection
to the main grid.
1. Introduction

Power system restoration (PSR) has been traditionally carried out
by high power generators connected to the transmission system [1].
However, the paradigm of power systems is changing as the share of
renewable energy increases. This background leads to an increasing
interest of power system operators in the role that renewable energy
will have to play on the system operation. In the US, the National
Renewable Energy Laboratory (NREL) has highlighted PSR as one of
the main challenges of future power systems [2].

The contribution of photovoltaic (PV) plants to the PSR is receiving
growing interest in the literature. In contrast to wind power, the
vailability of PV generation can be more easily predicted for planning
he PSR at a system level. However, most studies have focused on
he coordination between PV and conventional generators or energy
torage systems (ESSs) [3–7]. Specifically, ESSs can provide the power
and energy reserve that allow the hybrid PV plant to perform the load
following [8,9].

In contrast, this paper proposes a control system that allows PV
plants to contribute to the PSR autonomously, without relying on any
additional generator or ESS. This could allow for a significant cost sav-
ing in the provision of PSR when there is enough PV resource available.
The proposed solution to avoid the use of ESSs during the PSR is based
on applying grid-forming control (GFC) to the PV inverters.
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GFC can be used to operate PV inverters as voltage sources, instead
of constant power sources. As a voltage source, an inverter is able to
maintain constant voltage and frequency during islanded operation and
also to follow active and reactive power commands when connected to
the grid. By maintaining constant voltage and frequency, it is ensured
that the GFC supplies the demanded load. In a PV inverter, this demand
has to be supplied by the PV generator. However, previous works
on GFC rely on the assumption that an ideal dc source is used [10–
14]. In [15] it is discussed how a more accurate model of the source
connected to the dc side of the inverter could have a significant impact
on the GFC operation.

The electrical operation of a PV generator can be represented by
its power–voltage, P(V), characteristic curve. P(V) characteristics have
been extensively considered in the development of maximum power
point tracking (MPPT) strategies such as the incremental conduc-
tance [16–18], perturbation and observation [19–21] and other based
on fuzzy logic and neural networks [22]. A MPPT strategy regulates the
PV generator voltage in order to work at the maximum power for the
current irradiance and temperature conditions.

When following a MPPT strategy in grid-connected mode, PV plants
can use a GFC. However, since they are operating at their maximum
possible power, they will not be able to supply the demanded load.
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In order to be able to supply the demanded load, either increasing
or decreasing the output power, the dc voltage at the PV inverters
has to be above the maximum power point voltage. This results in a
tradeoff between energy generation and the contribution of PV plants
to power regulation. Note that although a voltage below the maximum
power value is also possible, it would require a higher current for the
same power level, resulting in a lower efficiency, and therefore it is not
recommended [23].

A solution to operate PV inverters as grid-forming converters is
o use a virtual synchronous generator (VSG) control. VSG solutions
ave demonstrated their capability to provide GFC [10–14]. Specif-
cally, a VSG is applied for PV generators performing a black-start
n [24]. However, VSG implementations use the relationship between
ower and frequency as synchronizing mechanism [25,26]. Therefore,
t is not possible to maintain synchronism if the power required by
he synchronizing mechanism cannot be controlled since the power–
requency droop demands a power sharing that cannot be achieved.
his is the case in PV plants, where active power depends on available
olar irradiance. In contrast to VSG solutions, this paper proposes to use
Reactive Power Synchronization (RPS) method for grid-connected PV
nverters. This avoids the dependency of the synchronization on the
ctive power and thus on the resource availability [27,28].
The proposed solution allows PV plants to perform a black-start

process and then, after energizing the islanded system, being connected
to the main grid to contribute to the PSR. In contrast with previous
works, this paper does not assume an ideal power source connected at
the dc side of the converter. Instead, a comprehensive model of a PV
plant is used to demonstrate the operation of the proposed solution.
By using this model, dc voltage variations are obtained as a result
of the changes in the demanded power. Provided that enough solar
resource is available, it is also demonstrated that the dc voltage is
automatically adjusted to the value required for supplying the power
demanded by the load. Moreover, the proposed solution allows for the
parallel operation of multiple PV inverters, as it is the case on a PV
plant. The use of the RPS allows also for the PV inverters synchroniza-
tion, regulating the terminal voltage and frequency while sharing the
demanded load as per the available power. Moreover, it also allows
a soft transition to grid-connected mode through the synchronization
with another power system. Once the PV plant is connected to the
grid, it is possible to modify the active and reactive power, for instance
to follow a MPPT strategy or modifying active and reactive power
following frequency and voltage deviations, respectively. The control
systems required for setting these active and reactive power references
would operate on top of the proposed solution. The definition of such
control systems is out of the scope of the paper and already covered
in previous publications [29], as this paper is focused on the islanded
operation required for the contribution to a black-start process.

Next section presents a comprehensive model of two PV inverters
connected in parallel in a PV plant that can operate both isolated
and connected to the grid. The two inverters case is used to demon-
strate how the decentralize nature of the proposed control system
allows for the parallel operation of multiple generators. Eigenvalue
analysis is used to demonstrate the stability of the controlled system.
Then, the capabilities of the proposed solution are validated though a
comprehensive simulation to show the operation during a black start
process that includes variations in the load and irradiance and also the
synchronization to the grid.

2. PV plant model and analysis

This section presents the state-space model of a PV plant composed
by two PV generators, as seen in Fig. 1. The model is presented in per-
unit (pu) using the base values given in Table 1. Variables in pu are
represented in lowercase. The dc base voltage is selected as twice the
peak ac phase voltage to simplify the PV inverter model as proposed
2

in [30].
Fig. 1. Schematic representation of the PV power plant case study.

Fig. 2. PV generator equivalent circuit.

Table 1
Base values for per unit transformations.
Label Value Units Description

𝑈𝑏 400 ∗
√

2∕3 V Base ac voltage (peak phase voltage)
𝑈𝑑𝑐,𝑏 2𝑈𝑏 V Base dc voltage
𝑆𝑏 2 MVA Base power
𝑓𝑏 50 Hz Base frequency
𝛺𝑏 2𝜋𝑓𝑏 rad/s Base angular frequency

Following, the model of a PV generator is provided to demonstrate
how the proposed solution balances generation and demand in iso-
lated mode. Then, the PV inverters operation in both islanded and
grid-connected modes is discussed.

2.1. PV generator

The PV generator model is given by its Norton equivalent, as
depicted in Fig. 2. The Norton equivalent current, 𝑖𝑃𝑉 , and internal
resistance, 𝑟𝑔 , are defined, following [23], as

𝑖𝑃𝑉 = 𝑁𝑝𝑖𝑖

( 𝑟𝑝
𝑟𝑠 + 𝑟𝑝

)

(1)

𝑟𝑔 =
𝑁𝑠
𝑁𝑝

(𝑟𝑠 + 𝑟𝑝) (2)

where 𝑟𝑠 and 𝑟𝑝 are the series and parallel resistances of the PV module,
respectively. 𝑁𝑠 and 𝑁𝑝 are the number of modules connected in series
forming a string and the number of strings connected in parallel. This
allows to extend the model of a single module for the full PV generator,
assuming all modules are of the same type and subjected to the same
meteorological conditions. Thus, 𝑖𝑖 can be defined as the current at a
single ideal module terminals by

𝑖𝑖 = 𝑖𝑝ℎ − 𝑖0
⎡

⎢

⎢

⎣

𝑒

((

𝑟𝑝
𝑟𝑠+𝑟𝑝

)

𝑢𝑑𝑐+𝑟𝑠𝑖𝑖
𝛼𝑣𝑡ℎ

)

− 1
⎤

⎥

⎥

⎦

(3)

Therefore, the current at the module terminals will depend on 𝑖0, 𝑖𝑝ℎ,
𝑢𝑑𝑐 , 𝛼 and 𝑣𝑡ℎ on top of the internal resistances. The current 𝑖0, which
is approximately equal to the short-circuit current of the PV module,
the ideality factor, 𝛼, and the thermal voltage, 𝑣 , are characteristic
𝑡ℎ
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Fig. 3. 𝐼(𝑉 ) and 𝑃 (𝑉 ) characteristics curves of a PV generator.

Table 2
PV generator parameters.
Label Value Units Description

𝑃𝑑𝑐,𝑚𝑎𝑥 2000 kW Maximum power
𝑉𝑑𝑐,𝑚𝑎𝑥 700 V Maximum power–voltage
𝑉𝑜𝑐 872 V Open circuit voltage
𝐼𝑠𝑐 3098 A Short-circuit current
𝑅𝑠 5.88 Ω Series resistance
𝑅𝑝 11 kΩ Parallel resistance
𝑅𝑔 29.75 Ω Norton impedance
𝐶𝑑𝑐 150 mF Total dc capacitance
𝑁𝑠 27 Number of modules in series
𝑁𝑝 370 Number of modules in parallel

parameters of the PV module while 𝑖𝑝ℎ is the light-generated or photo-
voltaic current, and is defined as a function of the irradiance, G(W∕m2),
and temperature, T(◦ C), at the PV module.

The PV generator parameters shown in Table 2 have been used in
this paper. Based on these parameters, Fig. 3 shows the 𝐼(𝑉 ) and 𝑃 (𝑉 )
haracteristics of the PV generator. It can be seen that maximum power,
𝑑𝑐,𝑚𝑎𝑥 = 2 MW, is obtained at a voltage of 𝑉𝑑𝑐,𝑚𝑎𝑥 = 700 V (point A).

.2. Parallel connected PV inverters model

This section presents the state-space model of two PV inverters
perating in parallel, following the scheme shown in Fig. 1. Two cases
ill be analysed: isolated operation and grid-tied operation, depending
n the state of the switch 𝑆𝑊𝑔 in Fig. 1.
The ac side of each inverter is modelled as a controllable voltage

ource 𝑢 which is represented by its direct and quadrature (dq) com-
onents in a rotating reference frame [30]. The rotational frequency
s set as an internal value, 𝜔, calculated by the inverter control. The
alculation of this internal frequency will be discussed later in the
aper. Based on the above, the current at the inverter terminals, 𝑖, can
e obtained as
𝑙𝑓
𝛺𝑏

𝑑𝑖𝑑
𝑑𝑡

= 𝑢𝑑 − 𝑢𝑑𝐿 − 𝑟𝑓 𝑖𝑑 + 𝜔𝑙𝑓 𝑖𝑞 (4)

𝑙𝑓
𝛺𝑏

𝑑𝑖𝑞
𝑑𝑡

= 𝑢𝑞 − 𝑢𝑞𝐿 − 𝑟𝑓 𝑖𝑞 − 𝜔𝑙𝑓 𝑖𝑑 (5)

where 𝑢𝐿 is the voltage at the point of common coupling (PCC) and
𝑟𝑓 and 𝑙𝑓 are the resistive and inductive components of the filter
impedance 𝑧𝑓 . These equations are the basis of the control of the
inverter current, 𝑖 using the terminal voltage, 𝑢.

In the two inverter system of Fig. 1, considering the filter capacitors,
𝑐1 and 𝑐2, the voltage at the PCC can be calculated as a function of the
inverter currents, 𝑖1 and 𝑖2, as
(

𝑐1 + 𝑐2
𝛺𝑏

)

𝑑𝑢𝑑𝐿
𝑑𝑡

= 𝑖𝑑1 + 𝑖𝑑2 − 𝑖𝑑𝑔 − 𝑖𝑑𝐿 + 𝜔(𝑐1 + 𝑐2)𝑢𝑞𝐿 (6)
(

𝑐1 + 𝑐2
𝛺𝑏

) 𝑑𝑢𝑞𝐿
𝑑𝑡

= 𝑖𝑞1 + 𝑖𝑞2 − 𝑖𝑞𝑔 − 𝑖𝑞𝐿 − 𝜔(𝑐1 + 𝑐2)𝑢𝑑𝐿 (7)

where 𝑖 is the grid current and 𝑖 is the load current.
3

𝑔 𝐿
Fig. 4. Voltage Source Converter (VSC) control for parallel operation. RPS: Reac-
tive Power Synchronization, APS: Active Power Sharing, VCC: Voltage and Current
Controllers.

From Eq. (6) it follows that the balance of active currents (𝑖𝑑1+𝑖𝑑2 =
𝑖𝑑𝑔 + 𝑖𝑑𝐿) will be ensured when the voltage magnitude at the PCC is
constant ( 𝑑𝑢𝑑𝐿𝑑𝑡 = 0). For the black-start process, where 𝑖𝑑𝑔 = 0 (see
Fig. 1), this means that if the control is able to regulate a constant
voltage magnitude, the PV generators will be supplying the load active
power.

A similar reasoning for Eq. (7) leads to ensure that if the control
is able to regulate a constant angle between the grid voltage and the
internal control reference frame ( 𝑑𝑢𝑞𝐿𝑑𝑡 = 0), the PV generators will be
supplying the load reactive power during the black-start.

In [27] it is demonstrated how it is possible to regulate the phase
displacement between the PCC voltage, 𝑢𝐿, and the inverter voltage, 𝑢,
using the exchanged reactive power. In this paper, the relationship be-
tween reactive power and phase displacement will be used to regulate
the phase displacement between both PV inverters.

Considering this PV inverter model, if the control is able to ensure
a constant voltage magnitude and angle, the PV generators will be able
to operate in synchronism with each other while supplying the power
demanded by the loads. Moreover, they will also be able to synchronize
with the grid.

3. Control system for black-start

Based on the model presented in the previous section, the control
system for the black-start of the PV generators is proposed in this
section. The main objective of this control system is that the PV
generators are able to operate in an isolated system, providing the
active and reactive power demanded by the loads.

An important constraint to consider is that in a power converter it is
not possible to control the dc voltage and ac voltage at the same time.
For the isolated operation during the PSR, the PV inverters have to
generate the grid voltage, by controlling the magnitude and frequency
of the ac voltage. But, as stated before, during the isolated operation of
the PV plant, dc voltage is automatically regulated to the value required
to achieve the power balance.

The proposed control system is presented in Fig. 4. It is divided in
three blocks, that are explained the following sections, the Voltage and
Current Controllers (VCC), the Reactive Power Synchronization (RPS)
and the Active Power Sharing (APS).

3.1. Voltage and current controllers

The Voltage and Current Controllers (VCC) are depicted in Fig. 5.
This VCC is a common solution for inverter control due to its ability to
regulate the inverter current during faults [27].

Using the VCC as given in Fig. 4, by controlling the quadrature
omponent of the generated voltage to zero, it is ensured that the
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Fig. 5. Voltage and current control loops.

voltage vector is aligned along the internal reference frame, while the
control of the voltage magnitude is achieved through the direct axis
current that in turn is controlled through the current control loop
shown in Fig. 5.

Then, neglecting the losses in the PV inverter, when the voltage
ector is oriented along the d axis of the reference system (𝑢𝐿𝑞 = 0),
the following relationship is met between the dc current and direct axis
current component:

𝑖𝑑𝑐 =
3
4
𝑚𝑎𝑖𝑑 (8)

here 𝑖𝑑 is the direct component of the current vector and 𝑚𝑎 is the
mplitude modulation index. This means that the 𝑖𝑑 current control
utlined in Fig. 5 will demand the required dc current from the PV
enerator to maintain constant current at the ac side.
The effect of the voltage controller can be illustrated looking at the

elation between current and voltage at the ac terminals of a single PV
nverter which can be written as

𝑑 − 𝑖𝑑𝑔 = 𝑐
𝛺𝑏

𝑑𝑢𝑑
𝑑𝑡

− 𝑐𝑢𝑞 (9)

𝑖𝑞 − 𝑖𝑞𝑔 = 𝑐
𝛺𝑏

𝑑𝑢𝑞
𝑑𝑡

− 𝑐𝑢𝑑 (10)

As discussed in the system model in Section 2.2, by maintaining
constant voltage, that is 𝑑𝑢𝑑

𝑑𝑡 = 0, (note that in steady-state 𝑢𝑞 = 0 and
𝑑 = 𝑢), the active power supplied by the inverter is equal to the active
ower demanded by load. In the same manner, Eq. (10) states that by
aintaining constant frequency (which is achieved by maintaining 𝑢𝑞
onstant or 𝑑𝑢𝑞

𝑑𝑡 = 0), the reactive power supplied by the inverter is
equal to the reactive power demanded by the load plus the reactive
power supplied by the capacitive filter of the inverter.

On the other hand, at the PV generator, for the dc current drawn by
the inverter, the PV generator will impose a certain dc voltage, follow-
ing the I(V) characteristics of Fig. 3, i.e., for the dc current demanded
by the inverter, the dc voltage will vary between the open-circuit
voltage (at no-load) and the maximum power–voltage.

It has to be remarked that this voltage variation range is within the
voltage variation admitted by the inverters (872 V and 700 V, respec-
tively for the generator used in this paper). Therefore, the PV generator
can supply any load up to the maximum power for the actual irradiance
and temperature. The maximum power point represents the stability
limit. When this point is reached a further dc current increase will
reduce the PV generator power, as shown in Fig. 3. Consequently, the
ac voltage controller of Fig. 4 will demand even more current, reducing
even more the dc voltage and power. Eventually, the inverter will stop
when the minimum operative dc voltage is reached. Obviously, the
PV generator cannot supply any load over the maximum power for a
given irradiance and temperature. To avoid this during the PSR after
the black-out, the maximum power that the PV plant can supply can be
estimated for the current irradiance and temperature and this constrain
4

must be considered during the subsequent loading of the PV plant. c
Fig. 6. Reactive Power Synchronization (RPS) loop.

Fig. 7. Active Power Sharing (APS) control.

3.2. Reactive power synchronization

The Reactive Power Synchronization (RPS) block obtains the inter-
nal frequency, 𝜔, for the control system as

𝜔 = 𝜔∗ − (𝑞∗ − 𝑞)𝑘𝑠 (11)

where 𝜔∗ is the frequency set-point, 𝑞∗ is the reactive power set-point
and 𝑘𝑠 is the droop gain. This relation is represented in the block
diagram of Fig. 6.

In contrast with conventional solutions in which frequency is pro-
portional to active power, here the internal frequency 𝜔 changes pro-
ortionally to the reactive power supplied by the PV inverter. There-
ore, the synchronism does not depend on the variations in active
ower due to variations in the available PV power (e.g. irradiance or
emperature variations) or in the load power.
Also, the use of a Phased-Locked Loop (PLL) is avoided. The refer-

nce angle for the calculation of the dq components is obtained from
he integration of the internal frequency 𝜔 given by (11) while the VCC
nsures that 𝑢𝐿𝑞 = 0 and thus that the voltage vector is aligned with
he reference axis.

.3. Active power sharing

As shown in Eq. (9), the balance between generation and load active
owers is obtained through the regulation of the voltage magnitude.
In a single PV generator case, the active power needed to supply

he demanded load can be obtained by controlling the ac voltage
agnitude by means of a PI controller. However, in the two PV
enerators case operating in parallel, the load demand must be shared
etween them. For this purpose, an Active Power Sharing (APS) control
s implemented as given in Fig. 7. Thus, the active current reference 𝑖𝑑∗
s obtained from the power–voltage droop control law where 𝑢𝑑∗ is the
oltage set-point, 𝑝∗ is the active power set-point and 𝑘𝑝 is the droop
ain.

𝑑 ⋅𝑖𝑑
∗ = 𝑝∗ − (𝑢𝑑∗ − 𝑢𝑑 )𝑘𝑝 (12)

Given this control law, each inverter supplies the same load, pro-
ided that they are connected to the same bus, with a given voltage
eviation that depends on the inverters loading. Note that if by any
eason, equally sharing of the load is not desired, a different control
ain 𝑘𝑝 can be used in each inverter.
If 𝑖𝑑∗ cannot be achieved at one generator, voltage will decrease

nd the other generator 𝑖𝑑 will increase automatically. A new stable
perating point will be reached at a different voltage. Therefore, two
enerators can operate in parallel even if the 𝑖𝑑∗ provided by (12)

annot be achieved by one of them.
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Fig. 8. Representation of droop gain tuning effect.

Note that if a conventional P/f droop was used for synchronization
and active power sharing, if one of the generators cannot fulfil a given
𝑖𝑑∗ value, due to a lower irradiance, that unit would lose the synchro-
nism. In contrast, this paper uses reactive power for synchronization
which does not depend on resource availability.

The droop gains 𝑘𝑠 and 𝑘𝑝 should be selected considering the
esired operation range. In steady state, the frequency and voltage vary
ollowing changes in the load demand. So, if the load demand is equal
o the settings (i.e: 𝑞∗ and 𝑝∗), the system will be operating at nominal
requency and voltage. Only when load demand deviates from settings,
change in voltage and frequency is produced, proportional to the
ctive and reactive power variation respectively. This is represented
raphically on Fig. 8 for 𝑘𝑝 = 5 and 𝑘𝑠 = 0.1. Voltage and frequency
are kept within admissible ranges, considering that the expected load
variations are within ±0.3 pu for reactive power (which represents a 0.9
power factor at full load) and ±0.5 pu for active power variation around
0.5 pu power setting (which covers the full operation range from 0 to
1 pu).

Therefore, 𝑘𝑠 and 𝑘𝑝 are parameters that have to be tuned according
o the expected load variation and maximum allowable voltage and
requency variations so different values could be selected depending
n the islanded system. Note that secondary regulation loops could also
e included as in traditional power systems [31] or hierarchical micro-
rids [32], to maintain nominal voltage and frequency by modifying
he reference settings.

. Stability analysis

This section demonstrates the stability of the proposed solution.
or this purpose, the small-signal analysis of the linearized model,
resented in previous sections, is performed. The system parameters
re given in Table 3.
The model states include the converter current and PCC voltage dq

omponents (defined in Eqs. (4)–(7)) as well as the internal states of
he VCC of Fig. 5 and the phase displacement between the converter
oltage 𝑢 and the PCC voltage 𝑢𝐿, also known as power angle.
The power angle 𝛿 is obtained from the difference between the

nternal frequency given by Eq. (11), 𝜔, and the grid frequency, 𝜔𝑔 ,
s
1
𝛺𝑏

𝑑𝛿
𝑑𝑡

= 𝜔 − 𝜔𝑔 (13)

Regarding the internal states of the VCC, from Fig. 5 the modulating
voltage reference 𝑢∗ is calculated as

𝑢𝑑
∗ = 𝑘𝑝𝑐(𝑖∗𝑑 − 𝑖𝑑 ) + 𝑘𝑖𝑐𝑥𝑑𝑐 − 𝜔0𝑙𝑓 𝑖𝑞 (14)

𝑢𝑞
∗ = 𝑘𝑝𝑐(𝑖∗𝑞 − 𝑖𝑞) + 𝑘𝑖𝑐𝑥𝑞𝑐 + 𝜔0𝑙𝑓 𝑖𝑑 , (15)

where 𝑥𝑑𝑐 and 𝑥𝑞𝑐 are the d-q current error states and 𝑘𝑝𝑐 and 𝑘𝑖𝑐 are the
proportional and integral gains of the current controllers, respectively.
The current controllers error states are defined as
1 𝑑𝑥𝑑𝑐 = 𝑖∗ − 𝑖𝑑 (16)
5

𝛺𝑏 𝑑𝑡 𝑑 e
Table 3
Base case system parameters in pu.
Label Value Units Description

𝑙𝑓1, 𝑙𝑓2 0.2 pu Filter inductance
𝑟𝑓1, 𝑟𝑓2 0.004 pu Filter resistance
𝑐1, 𝑐2 0.05 pu Total ac capacitance
𝑙𝑔 0.1 pu Grid inductance
𝑟𝑔 0.002 pu Grid resistance
𝑐𝑑𝑐 0.35 pu Total dc capacitance
𝑘𝑝𝑐1, 𝑘𝑝𝑐2 2 pu VCC current proportional gain
𝑘𝑖𝑐1, 𝑘𝑖𝑐2 0.637 pu VCC current integral gain
𝑘𝑝𝑣1, 𝑘𝑝𝑣2 2.5 pu VCC voltage proportional gain
𝑘𝑖𝑣1, 𝑘𝑖𝑣2 0.127 pu VCC voltage integral gain
𝑘𝑠1, 𝑘𝑠2 0.1 pu RPS loop gain
𝑘𝑝1, 𝑘𝑝2 2.5 pu APS loop gain
𝜔0 1 pu Frequency parameter for VCC cross-coupling
𝑇 𝑠, 𝑐𝑜𝑛𝑡 200 μs Control sampling time
𝑇 𝑠, 𝑝𝑜𝑤𝑒𝑟 10 μs Power circuit sampling time

Table 4
Base-case eigenvalue analysis.
𝜆𝑖 Eigenvalues

[rad∕s]
Frequency
[Hz]

Damping
ratio [pu]

Dominant
states

1 − 2 −490.6 ± 10 870.8i 1730.1 0.045 𝑢𝐿𝑞 , 𝑖𝑞
3 − 4 −6.1 ± 4433.0i 705.5 0.001 𝑢𝐿𝑑 , 𝑖𝑑
5 −1348.8 0 1 𝑖𝑑
6 −459.1 0 1 𝑥𝑣𝑞 , 𝑖𝑞
7 − 8 −70.3 ± 208.4i 33.16 0.32 𝛿, 𝑖𝑞
9 −10.5 0 1 𝑥𝑣𝑞 , 𝑥𝑐𝑞
10 −233.7 0 1 𝑥𝑐𝑑

1
𝛺𝑏

𝑑𝑥𝑞𝑐
𝑑𝑡

= 𝑖∗𝑞 − 𝑖𝑞 (17)

The quadrature component of the current reference, 𝑖∗𝑞 , is obtained
from the regulation of the quadrature component of the voltage, 𝑢𝐿𝑞 ,
as

𝑖∗𝑞 = −𝑘𝑝𝑣𝑢𝐿𝑞 + 𝑘𝑖𝑣𝑥𝑞𝑣, (18)

where 𝑘𝑝𝑣 and 𝑘𝑝𝑣 are the proportional and integral gains of the voltage
controller, respectively. As in the current controller, 𝑥𝑞𝑣 is the q voltage
error state, given by:

1
𝛺𝑏

𝑑𝑥𝑞𝑣
𝑑𝑡

= −𝑢𝐿𝑞 (19)

The set of Eqs. (4)–(7), (13), (16), (17) and (19) define the modelled
tate space system. The resulting eigenvalues are given in Table 4,
ncluding their frequency and damping ratio. The participation of the
tates in each mode is given by the participation factors. Dominant
tates in each mode are also given in Table 4. The stability of the system
s demonstrated since all the eigenvalues have negative real parts.

. Results and discussions

In this section the proposed control system is validated using the
ase study shown in Fig. 1. The results presented here have been
btained using a detailed switching model of the system in a co-
imulation between MATLAB/Simulink and PSIM, implementing the
ontrol system and the system power components, respectively. Loads
re modelled as constant impedances. The parameters used in the
imulation are given in Table 1, Tables 2 and 3. The results have also
een validated with a reduced scale experimental set-up.
Results have been obtained in a single run in which different testing

vents are applied sequentially. For the sake of clarity, the test results
ave been divided into multiple figures that highlight the different
vents. Tests are intended to represent the complete black-start process
sing a PV plant, from the starting point in which an isolated system is
nergized to the connection to the main grid to contribute to the PSR.
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Fig. 9. Results for the black-start start-up of 𝑃𝑉1 (t=0.2 s).

The first event is the connection of one of the PV generators (𝑃𝑉1) as
hown in Fig. 9. The connection is managed by enabling the PV inverter
ontrol. Before the converter is enabled, the PV generator is operating
n open circuit with a dc voltage determined by the P(V) characteristics
t the given irradiance and temperature (𝑉𝑑𝑐 = 872 V at 1000 W∕m2,
0 ◦C).
Once the VSC is enabled (t=0.2 s), the converter starts generating

he ac voltage, supplying the active and reactive demanded by the local
oads, established at a value of 𝑝1 = 0.5 pu and 𝑞1 = −0.1 pu. This in
urn leads to a variation in the PV generator dc voltage and current
o the required level to maintain power balance. The proposed control
ystem ensures the balance between the 𝑃𝑉1 generation and the load,
by automatically increasing dc current and reducing dc voltage.

The system frequency and voltage magnitude will be established
as a result of the control law given by Eqs. (11) and (12) for the
RPS control and the APS control, respectively. Frequency results are
not measured but obtained from each RPS controls (𝜔 in Fig. 6). A
low pass filter has been used to reduce noise in the frequency signals
visualization. The RPS control is set-up to obtain nominal frequency at
q=0 pu, while the APS control is set-up to obtain nominal voltage at
p=0.5 pu. As a result, there is a frequency drop, when the converter
is connected and starts supplying reactive power to the load. On the
other hand, voltage is established at a magnitude value over nominal,
following the voltage–power characteristic of Fig. 7.

Once the 𝑃𝑉1 is enabled and supplying the load, 𝑃𝑉2 is connected.
This process has been done sequentially just to show the synchro-
nizing capability, although both converters could start independently
and then synchronized before starting to supply the load. Due to the
distributed control structure, there is not a ‘‘master’’ unit that needs to
be connected first.

The results of the connection of 𝑃𝑉2 are shown in Fig. 10. The PV
inverter is enabled at t=0.5 s. For the connection, first, it is checked that
the internal voltage angle is close to the measured PCC voltage angle.
This difference is evaluated using the value of 𝑢 .
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𝐿𝑞 0
Fig. 10. Results for the connection of 𝑃𝑉2 (t=0.55 s).

Both inverters are then synchronized, operating at the same fre-
uency, given by the reactive power loading of each inverter, sharing
he reactive power demand, following the RPS control law. Moreover,
ollowing the APS control law, both inverters also share the active
ower demand, so in Fig. 10, 𝑃𝑉1 reduces its output by half, while 𝑃𝑉2
increases its output to the same value. In this case, both controllers
have been designed for the converters to contribute equally to the
load supply, although the controllers can be set for any contribution
proportion by using different gains 𝑘𝑠 and 𝑘𝑝 in each converter. So the
inal operating point of both converters leads to around 𝑝1 = 0.25 pu
nd 𝑞1 = −0.05 pu.
The change in active and reactive power leads to a change in the

requency and voltage of the system. Note that nominal frequency can
e obtained for any reactive demand if a secondary control loop is
dded. This control loop would set the required frequency reference
ignal 𝜔∗ so that the actual frequency is equal to the desired frequency
e.g. 50 Hz).
Fig. 10 also shows the response of the PV generators. As already

tated, when 𝑃𝑉2 is connected the load is shared between both gen-
rators. At the dc side, 𝑃𝑉1 reduces its load and as a result dc voltage
ncreases and dc current decreases. While 𝑃𝑉2, that was initially operat-
ng at no load, increases its load by reducing dc voltage and increasing
c current. At the final operating point, both PV generators operate
ith the same dc voltage and current.
During the energization of the islanded system, as part of the black

tart procedure, generators are subjected to load variations, as a conse-
uence of new loads being added to the system. A load variation is then
ntroduced in the test at t=0.7 s. An additional constant impedance load
s connected, increasing the total power demand. The results are shown
n Fig. 11. The control responds increasing the generation from the PV
enerators. The new demand is supplied equally by both inverters. As
consequence of the load increase, there is a voltage drop, following
he APS control law. Due to the change in voltage at the PV inverters
ilter capacitor, there is a variation of reactive power demand (around

.03 pu). Therefore, the relation between reactive power and frequency
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Fig. 11. Results for a variation in the local load (t=0.7 s).

Fig. 12. Changes in the operating point of 𝑃𝑉1 generator under load increment (A to
B) and irradiance increment (B to C).

introduced by the RPS, produces a frequency variation (around 0.003
pu or 0.15 Hz).

Moreover, due to the load change, there is a variation in the dc
voltage and current. This change in the PV generator operating point
is represented in Fig. 12, where point A represents the operating point
previous to the load increment and B represents the operating point
after the load increment.

To further demonstrate the black-start capability, a variation in the
solar irradiance, from G=1000 W∕m2 to G=1200 W∕m2, is introduced
at t=0.9 s. Note that although solar irradiation changes slowly during
the day, a step has been applied here to demonstrate the dynamic
capability of the proposed control system under such disturbance. In
this case, load remains constant at the value of the previous test, so the
active and reactive power operating points do not change. However,
the PV generators operating points change since the PV characteristic
has changed. This change is represented in Fig. 12, where point C
represents the new operating point after the irradiance variation. The
dc voltage and current change providing the same power at a different
operating point, as shown in Fig. 13.

Finally, in order to test the capability of the system to switch from
7

isolated to grid-tied mode, the isolated system is connected to the main
Fig. 13. Results for a variation in irradiance (t=0.9 s).

grid by closing 𝑆𝑊𝑔 of Fig. 1 at t=1.1 s. Results, given in Fig. 14,
shows that both converters synchronize automatically, without having
to switch the control from isolated to grid-tied mode. Now they follow
the grid frequency, and as a result they follow the reactive power
command, as given by the RPS control law. Synchronization control for
the closing of the switch has not been implemented, as the purpose is to
demonstrate the ability of the proposed control system to maintain syn-
chronism when switching from isolated to grid-tied mode, even when
the switch is closed without meeting the synchronism conditions. This
explains the high disturbance in the converters frequency immediately
after the switch is closed.

On the other hand, the voltage magnitude is also imposed by the
grid, so the APS control will follow the active power command in Fig. 7.
Therefore, grid connection produces a reduction on the generated
power as the power reference was lower than the islanded load, and
the dc voltage and current are automatically adjusted to this new power
value. Nevertheless, once the converters are synchronized to the grid,
dc power control can be established by a MPPT controller. This part
has not been included in the simulation, as it is the well-know PV plant
operation mode.

The presented simulations have been further validated using a
reduced-scale (10 kW) experimental set-up. The set-up is based on the
connection of two inverters in an isolated environment in which each
inverter has a controllable DC-source connected to its DC terminals
and both inverters are connected the same AC load. A controllable
DC-source has been programmed to emulate the PV plant, so the PV
plant Voltage–Current curve provides a DC current depending on the
DC voltage at its terminals. The Voltage–Current curve implemented is
the one shown in Fig. 3. A scheme of this experimental set-up is shown
in Fig. 15

Only the isolated operation is reproduced. Fig. 16 shows the results
obtained with the experimental set-up. As in the simulation case, a
load step is introduced during the isolated operation. Only the mea-

surements corresponding to one of the inverters is shown. It can be
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Fig. 14. Results for the connection to the main grid (t=1.1 s).

Fig. 15. Scheme of the reduced scale experimental test-bench.

bserved that the experimental results matches the results obtained in
imulations (see Fig. 11). As a result of the load step, the active and
eactive power change and also the DC voltage and current, to match
he load power. However, the change in DC voltage and current is
lower than in the simulations due to the dynamics of the controllable
8

C sources.
Fig. 16. Results for the reduced scale experimental test-bench.

. Conclusions

This paper proposes a control system to allow photovoltaic (PV)
ower plants to accomplish a black-start process autonomously, with-
ut requiring additional units such as energy storage systems or syn-
hronous generators. This control could be used to enable the partici-
ation of PV generators on the Power System Restoration (PSR).
With the proposed control system, each PV generator is able to reg-

late the voltage and frequency of the PV power plant, when operating
n islanded mode. The proposed solution ensures any additional PV
enerator can operate in synchronism and also that the generators can
perate in synchronism with the grid, once it is reestablished.
The PV generators supply the power demanded by the load and

hare this load equally. In each generator, the dc power that match
he load is met by automatically adjusting the required dc voltage and
urrent, in contrast with conventional Maximum Power Point Tracking
MPPT) algorithms that seek to extract the maximum available power.
A comprehensive model of the proposed control system is presented

nd its stability has been demonstrated using the small-signal stability
nalysis. To validate the proposal, a case study of a PV plant that per-
orms a full black-start process has been employed. The PV plant for the
ase study is composed of two independent PV generators connected in
arallel and the case study includes the analysis of islanding operation
nd grid-tied operation.
Results demonstrate that the proposed control system is able to

rovide the expected functionalities during a black-start process. When
he grid is not available, the PV generators are able to perform an
utonomous starting and synchronize to each other. This has been
emonstrated both with experimental and simulation results. The gen-
ration and demand are balanced even during load or irradiance vari-
tions. When the grid is reestablished, it is possible to perform a
ot-swap to grid connected mode so the PV power plant can support
he system during the PSR process. However, hot-swapping has not
een tested in the experimental set-up. It is expected to perform these
ests in the future.
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