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ABSTRACT This paper proposes a novel optimization-based power sharing control strategy to moderate
PV power intermittency and increase its penetration. Such a control strategy aims to minimize the total PV
power sensitivity to the light change by re-distributing the demand power among available PV units such
that the demanding power is met with minimal variation. PV plant is coupled with the grid utility, and it
should maintain a specific amount of power determined by the grid operator. However, due to the PV power
sensitivity to the light, the delivered power at the coupling point fluctuates and leads to undesirable responses
such as grid frequency excursion, stability problems, and unoptimized power generation. To address such
issues, we formulate an optimization problem to reduce the total PV power sensitivity by selecting the
optimal reference voltage for each PV panel. We define the power sensitivity as the rate of power change
to light fluctuation to be the objective function of the proposed optimization problem, and the selected
reference voltages for all PV panels are the decision variables. Compared to other conventional power-
sharing techniques such as the same utilization level, droop control, and lookup table, MATLAB simulation
results verify the contribution of the proposed algorithm’s performance superiority in PV power sensitivity
reduction, grid stability assurance, and power generation enhancement. Moreover, when there is insufficient
PV power to meet the grid operator’s demand, the proposed algorithm automatically sets the entire PV plant
to work at its MPP without switching circuits.

INDEX TERMS PV power, PV penetration, power fluctuation, power sharing, optimization, control strategy.

NOMENCLATURE
PCC Point of Common Coupling
PV Photovoltaic
MPP Maximum power point
MPPT Maximum power point tracking
Ipv,cell Current generated by incident light
Ipv Photovoltaic current of PV array
Ipv0 Nominal photovoltaic current at standard

conditions
I0,cell Diode reverse saturation current
I0 Saturation current of PV array
I0n Nominal saturation current
Q Electronic charge
k Boltzman constant

The associate editor coordinating the review of this manuscript and

approving it for publication was Bidyadhar Subudhi .

T Temperature of p-n junction in Kelvin
T0 Nominal Temperature at standard conditions
a Diode ideality constant
Vt Thermal voltage
Rs Equivalent series resistor
Rp Equivalent parallel resistor
Ns Number of cells that connected in series
G Irradiation
G0 Irradiation at standard conditions
Eg Semiconductor band gab energy
Isc,n Short circuit current at standard conditions
Voc,n Open circuit voltage at standard conditions

I. INTRODUCTION
Due to its availability, cost efficiency, and environmental
friendship, PV solar energy is one of the fastest-growing
renewable energy resources. Unlike other conventional
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energy resources, PV solar energy is a kind of sustainable
energy that can be installed and maintained easily at low
costs. Available data shows a big reduction in the total instal-
lation cost of commercial rooftop markets from 64% to 86%
between 2010 and 2019. In the same era, solar cell manu-
facturing development reduced the average Levelized Cost of
Energy (LCOE) of utility-scale PV systems by 66% to 85%
per individual country [1]. These numbers might explain the
continuous increase in PV systems installation. International
EnergyAgency, [2], reports that the global evolution of cumu-
lative installation in one decade, from 2009 to the end of 2019,
had exponentially increased from about 20 GW up to at least
627 GW, while the annual installation passed 100 GW by
the end of 2019, which is roughly 90% increase over where
it was in 2009. Consequently, it estimated PV to contribute
1.7% to 2.2% of global CO2 emission reduction related to
energy production and about 5.3% reduction of emissions
related to electricity production [3]. These advantages and
the tremendous amount of produced power have pushed grid
operators and energy organizations to enact regulation laws
of integrating PV energy with the utility grid.

Optimum utilization of PV energy sources requires extract-
ing their maximum power, whether in standalone or grid-tie
modes. However, the high penetration of susceptible PV
energy puts complicated barriers in front of grid operators to
exploit such resources. Theoretically, injecting vast amounts
of such energy might contribute to grid sustainability [4], but
they reduce grid inertia and cause frequency control difficul-
ties. Usually, there are two types of grid frequency control,
inertial and automatic generation controls. The central control
system deploys the former to restore small changes in grid
frequency in a timeframe of 20-30 seconds through syn-
chronization of distributed generators throughout the entire
grid. On the other hand, the latter takes place after inertial
control in 5-10 minutes to help grid operator adjust available
units [5]. Even though the massive cumulative inertia in the
grid ensures smooth frequency restoration, the time it takes to
recover the frequency event is rather long, negatively affect-
ing grid stability. Therefore, inertia-less renewable energy
generators, such as PV cells and wind turbines decoupled
from the grid via power electronics, can instantly inject their
active power and speed up recovery time. On the other hand,
massive integration of those sources avoids the useful grid
inertia and makes frequency very sensitive to the change in
injected power because of the lack of inertial control.

Maintaining grid stability and power quality in the shadow
of extensive PV integration is a kind of challenge. Complica-
tions emerge from the fact that the grid operatormust consider
the main components of the grid, such as current, voltage,
active and reactive power, when integrating large-scale PV
systems under uncertainties and constraints of grid regula-
tion codes [6]. Based on IEEE 1547 standard, distributed
resources like PV generators had been banned for a while
from any role in voltage regulation. Instead, grid operator
controlled grid-tie inverter to preserve unity power factor [7].
Lately, such a standard was modified to accommodate a high

penetration of distributed resources, including PV generators,
to play an essential role in frequency and voltage control.
Besides, grid operators modified grid code to harness ancil-
lary services imposed on PV plant operators to respond to the
sudden change in grid frequency [8]. Recently, many research
efforts have been made to find practical solutions to tackle
the incorporation of large-scale PV system problems. The
proposed solutions address such issues from different aspects:
stability, reliability, quality, and protection [9]–[11].

The main problem this paper tries to address is the fluctua-
tion of large-scale PV power that might damage grid stability
and limit PV penetration. The grid operator determines the
amount of PV power to be injected, and such amount should
be fixed as possible. However, the intermittency property
of generated PV power does not guarantee to provide a
steady PV power. Consequently, the entire generation units
in the grid should be readjusted accordingly to preserve
the grid frequency. Unfortunately, the aggregated inertia is
heavy and might undermine the quick response of primary
frequency control to such rapid fluctuation. Therefore, this
paper introduces a new concept of demand power sharing
among PV sources during intermittency to provide a steady
power at PCC with minimal variation. Unlike other power
sharing techniques, the proposed strategy distributes demand-
ing power among the available PV units only without the
need for extra devices used to absorb the surpassing power.
It optimally generates stable PV power that supports grid
stability and primary frequency control usability.

In the following subsection, we review the recent related
works, followed by explaining our main contribution. The
next section describes the control structure and formulation of
the proposedmethodology. Then, we present the conventional
power sharing control algorithms and compare them with
our work. Finally, we validate our control strategy and show
simulation results with a discussion for the main finding,
followed by the conclusion.

A. RELATED WORKS
Many research efforts have been made either on the PV
plants side or at the level of grid-tie inverter to increase grid
operator’s control capabilities and the level of PV penetration.
Grid operators install energy storage systems, supercapaci-
tors, dumping loads, and diesel generators to mitigate power
fluctuation. On the other hand, they impose different control
strategies on the grid-tie inverter to resolve significant stabil-
ity problems, voltage violations, and protection issues.

Output power fluctuation is an inevitable characteristic of
intermittent resources such as PV and wind energy. Such
feature raises many issues such as the difficulty of tracking
rapid changes using synchronous generators, the divergence
of the area control error between interconnected areas, vio-
lation of dispatching constraints of utility units, and increas-
ing maintenance cost [12]. Some operators and researchers
proposed installing energy storage systems such as batter-
ies, capacitor banks, and superconductive magnetic energy
storages in the PV plant side to slow power dynamics. The
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authors in [13] developed a control strategy for low volt-
age distribution networks to keep the voltage at a specific
limit relying on batteries. They designed a control system
to absorb overpower by charging the battery. Once the bat-
tery is fully charged, the control system uses reactive power
to control voltage. Simulation results showed the ability of
such control to maintain voltage within its range. The lit-
erature [14] proposed step-control with battery storage and
compared its performance in terms of battery capacity, aging,
and power loss with the performance of ramp and mov-
ing average controls. It showed the ability of the proposed
strategy to reduce power fluctuation with less capacity and
losses and increase the battery lifetime by 40% compared
to other approaches. The study in [15] used energy storages
to mitigate wind power fluctuation. It divided them into
different groups with different charge/discharge features to
maintain system cost reduction. The authors in [16] pro-
posed Hieratical control to manage hybrid energy storages
such as Lithium battery and ultracapacitor. They developed
fuzzy-logic control to increase ultracapacitor lifetime. Mean-
while, they implemented centralized individual control based
on battery performance indicators to select optimal battery
units that achieve the best voltage regulation with minimum
cost. The paper [17] proposed a combined voltage control
strategy to manage hybrid energy sources, battery storages,
and electric vehicles. This study considers environmental
forecasting to help adjust the local controller to maintain the
voltage at a certain level. Eventually, central control takes
place to adjust battery storage and tap changer for voltage
coordination assurance. This technique contributes to the
improvement of fluctuation reduction and system balance in
the residential network. Similarly, the paper [18] developed
a heuristic power sharing control between battery and super-
capacitor combined with residential PV network to moderate
fast and slow voltage fluctuation. The demand side control
is another technique to mitigate PV power oscillation. It uses
dump load with or without energy storage in the PV plant side
to dump power fluctuation by absorbing surplus power during
peak time. The authors in [19] formulated optimal linear
quadratic output regulation control for wind energy to dump
surplus power quickly. Compared to PI controller, the results
show the controller’s outperformance in terms of wind dis-
turbance rejection. Similarly, the authors in [45] employed
the linear quadratic gaussian algorithm to optimally refine
PID controller parameters to mitigate the fluctuation effect of
integrated renewable energy. The optimized PID adjusts the
closed-loop that includes electric generators and renewable
resources. Such a study does not consider renewable resource
control. Instead, it utilizes electric generators in the grid to
preserve its frequency during intermittency.

Installation of energy storages on the demand side is not
practical in case of excessive renewable energy generation.
Meanwhile, other devices such as dump load and super-
capacitors might hike the cost of installation and mainte-
nance. Therefore, the power electronics revolution makes
the grid-tie inverter a promising tool to control voltage,

reactive power, grid frequency, and active power with no
additional cost [20], [21]. The study [22] validated the abil-
ity of the conventional inverter to control active and reac-
tive power independently under different methodologies. The
literature [23], [24] developed three complementary levels
of voltage control to tackle the voltage deviation problem.
The lower-level deals with the sudden flicking via reactive
power to offset the active power so that the change in the
voltage is kept constant. When the reactive power reaches its
capability limit, the active power curtailment rejects a large
voltage deviation. However, this level of control requires a
tremendous amount of active and reactive power. Besides, the
network losses should be considered not to violate the voltage
dead band. Therefore, they implemented a local control as
a second level to make reactive power a step-function of
voltage that its dead band is determined based on the PCC
distance from the transformer. Finally, the outer control takes
advantage of combining inner levels of control to coordinate
agents on the grid, such as tap changer and dump load, to sup-
port voltage stability. The authors in [25] utilized the margin
on PV inverter to limit active power curtailment, which is
eventually coordinated with reactive power to support volt-
age stability in islanded micro-grid. In [21], they conducted
a comparison study of different voltage controls using the
conventional inverter.

Unlike conventional inverter, the smart inverter is another
revolutionary technology that simultaneously enables active
and reactive power control and other conventional inverter
functionalities [20]. Literature [26] developed a custom
model of the smart inverter to increase PV hosting capac-
ity and proposed a new power flow calculation algorithm
to involve smart inverter inputs. Consequently, the smart
inverter shows its ability to improve PV hosting capacity and
outperforms the conventional type.

On the other hand, the researchers developed synchron-
verter control to compensate system inertia due to the
increased capacity of PV integration. The paper [27] mod-
eled the dynamics of generators as an inverters’ drive-signal
to enhance voltage and frequency stabilities. The study
in [28] proposed synchronverter control to increase renewable
energy, PV and wind energies, penetration by tunning the
parameters based on residues methods. The results verified
the capability of the proposed control to compensate low
voltage ride-through and frequency ride-through within the
rules of the grid operator. Furthermore, authors in [29] man-
aged available and reserved powers by applying synchron-
verter control on cascade H-bridge converter to assure power
extracting efficiency and grid inertial support.

B. MAIN CONTRIBUTION
The main objective of this work is to minimize the sensitivity
of PV power to the change of light intensity so that the total
injected power at PCC is less-variant. We hypothesize that
if there is enough PV power that can secure grid operator
demand at PCC, and this amount of power is fixed, or with
minimal variability, the distribution system’s reliability and
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power quality increase, and the maintenance cost decreases.
The idea is based on a constraint optimization problem where
the objective is to minimize the total PV power variation
when light fluctuation occurs. Particularly, we use the volt-
age of each PV string, or panel, as a decision variable to
re-distribute the total demand power among the available
units in the entire PV plant such that the demand power
at PCC is met with minimal variation. Therefore, it is an
optimized power sharing algorithm based on active power
control where the goal is to stimulate utility with qualified
power. The literature [30]–[33] proposed optimization-based
power sharing algorithms to minimize power fluctuation by
sharing the demand power between grid devices, such as tap
change transformers, energy storages, and switching invert-
ers. In contrast, our proposed algorithm minimizes PV power
variation by sharing the demand power among PV units only.

Although the droop control is essentially an automatic
load sharing technique between generators in the grid,
the researchers utilized it to proportionally distribute the load
between PV generators [34]–[36]. The droop control works
as a simple proportional controller to compensate the change
of grid frequency or line voltage proportionally to active or
reactive power, respectively, based on some droop coeffi-
cients. Such control is suitable for large-scale grids wherein
the steady-state error of such control is expected to approach
zero. However, it is not proper for renewable energy resources
such as PV and wind energy due to their nonlinearity and
uncertainty properties. Therefore, the priority of dispatching
such resources can be tabulated based on some criteria. For
instance, [37] implemented an optimized lookup table to
prioritize active and reactive current injection to ride through
the fault with low voltage ride-through regulation. However,
the implementation of such tables is not simple, and they do
not guarantee an optimal solution.

The proposed strategy has the following pros and cons:

• It guarantees to deliver demanding PV power at PCC
with minimal variation.

• The formulated problem is linear, and the solution is
easy to converge.

• It works hierarchically as a supervisory control that takes
commands from the grid operator and sends them down
to each PV panel to monitor and troubleshoot errors
easily.

• It does not need additional devices, such as dump load,
energy storage, diesel generator, supercapacitors, etc.,
to mitigate PV power fluctuations.

• It requires a communication system which is not desir-
able as it increases LCOE.

• It is a model-based algorithm, and its accuracy depends
on the model fidelity.

II. CONTROL STRUCTURE
The general integrated system consists of the grid opera-
tor, utility grid, control systems, PV plant, and electrical
load, as shown in Fig. 1.a. The grid operator governs grid

FIGURE 1. General structure of proposed control system. (a) depicts PV
plant connection with utility grid at PCC, (b) represents the Interior
scheme of PV cooperative active power control, and (c) represents the
closed-loop control for each PV panel.

regulations, lays out general control structure, and determines
PV power penetration policies. The grid control system reads
grid parameters such as voltage, current, and frequency to
keep grid operation regular and comply with the grid regula-
tions. For instance, droop controlmonitors grid frequency and
responds to its excursion proportionally based on the droop
coefficient, which follows grid operator variation limits, usu-
ally 100% of the change in the active power corresponds to
±5% of the difference in the frequency. PV plant is subject to
cooperative control system to deliver demand power at PCC
with the utility grid.

PV solar plant control, Fig. 1.b, comes in the middle level
of such structure. Based on the demand power and the state
of each PV resource, cooperative supervisory control redis-
tributes the demand power when the change of irradiance
occurs. The objective is to minimize the sensitivity of total
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PV power to the change in light intensity. Output power from
each PV resource is the product of current by voltage, and
the sensitivity of power for each panel, Si, is the derivative of
PV power with respect to irradiance, G. Therefore, the pro-
posed algorithm determines the voltage operating point for
each PV panel. PV solar plant control system receives three
input parameters, the demand power from the grid operator
and the amount of irradiance and temperature for each PV
array. When the light fluctuates, the said control system com-
putes the optimal reference voltage for each panel, Vref , that
achieves minimal total power variation. Therefore, the ref-
erence voltage vector is the output of such control strategy
that needs to be sent down to the lower level, DC/DC con-
verters. The actual output voltage of each panel is subtracted
from the reference, and the error signal is compensated by
proportional-integral controller, PI, and converted into pulses
using pulse width modulator, PWM, to control converter
switching as shown in Fig. 1.c. The control structure in this
work uses DC/DC buck converter for each PV panel or string
to control power output based on the voltage setpoint from the
plant control system. In PV applications, DC voltage level
conversion can be controlled by different types of DC/DC
converters such as buck, boost, and buck-boost converters.
However, in our study, we use the buck converter to strict
voltage tuning in a lower range. For instance, based on the
PV model used in this study, the proposed algorithm requires
the operating voltage for each panel to be in the range of 0 volt
(results in 0 watt) to 26.3 volt (results in MPP), as explained
in the following section. Such voltage range can be easily
realized under a low amount of irradiance, and we are only
interested in voltage values of 26.3 volt or less. Therefore,
the buck converter is the fittest converter for our application.
The proposed control strategy is a model-based algorithm
that accommodates low and medium PV voltage models.
Therefore, DC/DC converter works at the level of PV opti-
mizer or string inverter, as shown in Fig. 2. In both cases,
converters are connected in series to deliver total voltage and
the common current at DC/AC inverter poles. In the case of
high PV voltage model, a single central converter controls the
entire PV plant, which is not adequate for load sharing as our
algorithm proposes.

The proposed algorithm is active power control. There-
fore, DC/AC inverter keeps power factor unity. In this study,
no additional control needs to be imposed on the inverter.
This study aims to improve PV power fluctuation via a proper
power-sharing algorithm.

III. CONTROL SYSTEM IMPLEMENTATION
The proposed control entails familiarity with PV system
model. Therefore, the next subsection briefly introduces
PV model as it is the mathematical base of the proposed
control strategy, although it is well-known and defined
in the literature. The following subsection presents opti-
mization problem formulation, including cost function and
constraints.

FIGURE 2. The common DC/DC converter connection topologies which
apply to the proposed control algorithm, (a) scheme of PV optimizer
topology, (b) scheme of string inverter topology.

A. PV SYSTEM MODELING
The output current of ideal single PV cell, without resistors,
based on a single diode model is given as follows:

I = Ipv,cell − I0,cell

[
exp

(
QV
akT

)
− 1

]
(1)

The practical model of output current that captures full
I-V curve characteristics comprises many cells connected in
series, an array. The array model accounts for the number
of connected cells, resistors, and thermal voltage as shown
in (2).

I = Ipv − I0

[
exp

(
V + RsI
Vta

)
− 1

]
−
V + RsI
Rp

(2)

where the thermal voltage Vt =
NskT
q , and the photovoltaic

current is a linear function of irradiance and temperature and
is represented as follows:

Ipv =
(
Ipv0 + K11T

) G
Gn

(3)

This equation is the essence of the proposed control system
as it depends on the change of solar irradiance. Diode satura-
tion current is the last parameter of (2) and given as in (4).

I0 = I0n

(
T0
T

)3

exp
[
qEg
ak

(
q
T0
−

1
T

)]
(4)

where the nominal diode saturation current is calculated as:

I0n =
Isc,0

exp
(
Voc,0
aVt,0

)
− 1

(5)
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Substitution of (3)- (5) in (2) results in the complete current
model as in (6).

I =
((
Ipv0 + K11T

) G
Gn

)

−

 Isc,0

exp
(
Voc,0
aVt,0

)
−1

(T0
T

)3

exp
[
qEg
ak

(
q
T0
−

1
T

)]
×

[
exp

(
V + RsI
Vta

)
− 1

]
−
V + RsI
Rp

(6)

This equation cannot be solved explicitly as the current
depends on the voltage and vice versa. Instead, some iterative
numerical methods such as the Newton-Raphson algorithm
reasonably estimate those parameters. The output power is
the product of the right-hand side of (6) by the voltage,
as follows:

Pout

= V
{((

Ipv0 + K11T
) G
Gn

)

−

 Isc,0

exp
(
Voc,0
aVt,0

)
− 1

(T0
T

)3

exp
[
qEg
ak

(
q
T0
−

1
T

)]
×

[
exp

(
V + RsI
Vta

)
− 1

]
−
V + RsI
Rp

}
(7)

This equation describes the output power of each array.
Power output increases proportionally with the number of
connected cells. Based on this equation, the designer needs to
amend the number of cells when connecting multiple arrays
in series. Additionally, one keeps in mind that the current is
common, and the equivalent voltage is the result of voltage
summation from available arrays.

B. THE PROPOSED CONTROL FORMULATION
The main goal of this study is to design a capable controller
to attenuate PV power fluctuation due to PV parameters
inconstancy. Precisely, the controller aims to minimize the
power sensitivity function, which is the rate of change in
power to the change in PV parameters such as temperature
and irradiance. Indeed, solar irradiance is the most influen-
tial parameter as the dynamics of temperature is very slow.
Therefore, the effect of temperature on the power dynamics
is negligible in such study. Consequently, the power sensi-
tivity function becomes mainly dependent on the dynamics
of irradiance. The following lines detail the formulation of
complete optimization problem including objective function
and accompanying constraints.

1) OBJECTIVE SENSITIVITY FUNCTION DERIVATION
It measures the effect of light change on the produced PV
power. The change of light leads to a new output power level
and requires readjustment of output power for each panel
to meet the grid operator’s demand. According to Fig. 3,
the adjustment of each panel can be driven by tuning its out-
put voltage to control output power. Therefore, the demand

FIGURE 3. P-V curve of KC200GT module where the dashed blue line
segments the curve into two regions: low sensitive region (to the left of
dashed line) and susceptible region (to the right of dashed line).

power can be secured by collecting power from different
panels with different combinations of operating voltages.
The different combinations might result in the same output
PV power level but with different transient responses. This
observation proves that there can be a good chance to smooth
PV power transient during intermittency by choosing the right
combination of operating voltages, and hence minimizing
power sensitivity. Therefore, we need to formulate sensitivity
function in the light of this discussion to be the objective
function of optimization problem.

Mathematically, power sensitivity function is the derivative
of output power with respect to the solar irradiance, ∂Pout

∂G .
For a single array, power sensitivity, Si, is derived from (7) as
follows:

Si =
∂Pout
∂Gi
=

1
G0

(
Ipv0,i + Ki1T ,i

)
Vi (8)

The first term of (7), the photovoltaic current, is the only
variable that forms sensitivity function as the solar irradiance
directly influences it. By the assumption that the change in
temperature over an interval is small enough or constant,
1T ≈ 0, then (8) becomes:

Si =
∂Pout
∂Gi

=
1
G0

Ipv0,iVi (9)

which is a simple linear differential equation. This equation
now represents power sensitivity for a single array, i. How-
ever, the total sensitivity, St , comes from the derivative of the
total PV power at PCC with respect to the irradiance received
by each array. The entire PV power at PCC, PPCC , is the
aggregated power from the entire plant. Namely, the total
power is the summation of output power from each array,
as in (10).

PPCC = Pout,1 + Pout,2 + Pout,3 + . . .+ Pout,N (10)

Each term in (10) is equivalent to (7). However, each
of them can involve different variables. For instance, each
array can be affected by different amount of temperature and
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irradiance, and the model parameters can also be different.
From (10) and with the same procedure we used for (9)
derivation, we derive the total sensitivity function. Particu-
larly, we take partial derivative of the total PV power with
respect to G1,G2, . . . ,GN to get (11).

St =
∑i=N

i=1
Si =

1
G0

×
(
Ipv0,1V1 + Ipv0,2V2 + Ipv0,3V3 + . . .+ Ipv0,NVN

)
(11)

The voltage is the only controllable variable, the deci-
sion variable, which determines how the power is sensitive
to the light variation. When the light changes, the operat-
ing voltage for each array is retuned accordingly to keep
sensitivity minimized. The right combination of reference
voltages V1,V2, . . . ,VN should be chosen so that plugging
them into (11) results in the minimum value. This equation
measures the total PV power sensitivity, where the sensitivity
can be measured in the range of 0 to X ∈ R depending on
the values of chosen voltages. The corresponding total power
transient is smooth if the chosen reference voltages reduce
the value of sensitivity function in (11). Intuitively, fixing the
voltage when the light intensity changes results in a minimal
power sensitivity. However, this is not realistic as the change
in the light necessitates retuning voltages to meet the demand
power. Precisely, the total demand power in (10) must be
achieved. Therefore, equation (11) must be a constraint for
this problem. Additionally, the selected voltages must be non-
negative, and their ranges are within the bounds of each array
characteristic. The complete formulation of an optimization
problem is as follows:
• Objective Function

MIN
{
1
G0

(
Ipv0,1V1 + Ipv0,2V2 + Ipv0,3V3 + . . .+ Ipv0,NVN

)}
• Equality Constraint

PPCC = Pout,1 + Pout,2 + Pout,3 + . . .+ Pout,N

• Inequality Constraints

VL,1 ≤ V1≤VU ,1

VL,2 ≤ V2≤VU ,2

...

VL,N ≤ VN≤VU ,N

where VL,i and VU ,i are voltage lower and upper bounds,
respectively, for each array.

According to (11), voltage is the primary variable that
determines the degree of sensitivity, low voltage results in
less sensitivity. By observation, this can be confirmed from
P-V curve in Fig. 3, which clearly shows the rate of change
in power with respect to voltage. In the figure, the dashed blue
line splits the curve into two segments centered at the MPP.

The first segment is to the left of the dashed line, where the
power monotonically increases as a linear function of voltage
with a longer constant time than the segment to the right of
the dashed line. Therefore, the voltage operating points in
this area, from zero to MPP, result in slow power dynamics.
On the grounds of this, the proposed algorithm strives to
choose minimum voltage operating points that achieve lower
total sensitivity and comply with the imposed constraints.
This conclusion helps us simplify our formulation further
and convert the entire problem into a linear optimization
problem as the equality constraint is not linear yet. Thus, it is
unnecessary to sweep the full range of voltage as the quadratic
curve in Fig. 3 holds the bi-stability property. Instead, we use
buck converter to restrict voltage between zero and MPP.
Consequently, the output power is a linear function of voltage,
and the total power at PCC in (10) is a linear function now.

2) CONTROL PROCEDURE
The main goal of the proposed strategy is selecting the ref-
erence voltage of each PV array during intermittency such
that the transient of total PV power is smooth. Fig. 4 is the
flowchart of the entire process that can be summarized in the
following steps:

FIGURE 4. Flowchart describes the procedure of the proposed algorithm
work.

Step 1: The proposed algorithm reads the demand power
determined by grid operator, irradiance, and temperature of
each PV array as input parameters.
Step 2: The input parameters from step 1 pass through the

objective sensitivity function to compute the optimal voltage
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for each array V1,V2, . . . ,VN that minimize total sensitivity
in (11).
Step 3: The selected voltages from step 2 are the output

of such algorithm. The control system set these values as
reference voltages that need to be tracked by the closed loop
system represented in Fig. 1-c.
Step 4: Check the difference in irradiance and temperature

for each array. If there is no change, the control system keeps
the current reference voltages, otherwise repeat the procedure
from step 1.

3) OBSERVATIONS
When the light intensity changes, the proposed algorithm
reduces or keeps the voltage operation points close, as pos-
sible, to the previous points. However, if the difference in
the light produces electrical power that much greater than the
demand power, an algorithm reduces voltages further to meet
demand power with less sensitivity. Even though sensitivity
measure, equation (9), shows an apparent reduction in power
sensitivity because of the corresponding decrease in decision
variables; however, a considerable change in power dynamics
appears clearly due to the big jump in available power and
hence false sensitivity measure. However, If the next change
in the light occurs in the opposite direction, from high to low,
then our algorithm increases voltages to meet demand power.
In this case, both power sensitivity and its dynamics increase
due to voltages and significant light dynamics, respectively.
In conclusion, the proposed algorithm guarantees effective
power sharing and minimizes sensitivity if the resulting
light energy does not produce electrical power far from the
demand. Experimentally, the new difference in power should
not exceed 50% to leverage an algorithm’s advantages.

IV. CONVENTIONAL POWER SHARING CONTROL
ALGORITHMS
This section briefly presents the implementation of the most
common power sharing algorithms in technical literature.
Such algorithms include droop control, level utilization, and
lookup table. We implement and test the said algorithms as a
comparative study for the proposed algorithm.

A. DROOP CONTROL
It helps share the demand power proportionally to available
power in each resource to balance supply and demand sides.
Conventionally, droop control shares the load among electri-
cal generators in the grid via active power control ormaintains
voltage at PCC via reactive power control. Precisely, there
are two types of droop control, frequency-active power (F-P)
droop control and voltage-reactive power (V-Q) droop con-
trol. The former distributes the load between available units
proportionally based on the grid operator’s droop coefficient.
Droop coefficient is the change of the grid frequency that
corresponds to 100% change in the active power, as shown
in Fig. 5.a. On the contrary, (V-Q) droop control keeps the
voltage at PCC to a certain level by adjusting reactive power
based on droop coefficient, as in Fig. 5.b.

FIGURE 5. Slops that determine droop coefficients for active power
control (a) and reactive power control (b).

Droop coefficients are the slopes in Fig. 5, which are:

DP =
f2 − f1
P2 − P2

(12)

DQ =
V2 − V1
Q2 − Q2

(13)

These coefficients determine the amount of dispatched
active and reactive powers from the available units in the grid.

In large-scale PV distributed generators, droop control
adjusts reference voltage for each associated converter. The
droop coefficient here is the virtual resistor of converter
multiplied by its output current, and the result is subtracted
from the current reference voltage to generate the new one as
represented in (14) [38]:

V ∗ref = Vref − Rvio (14)

The virtual resistor should be less than or equal to the
maximum rate of change in the bus voltage, usually 5%, to the
maximum converter output current, that is:

Rv ≤
1V
io,max

(15)

The bottom line here is that each PV generator responds to
the change in the bus voltage by readjusting its output voltage
proportionally to such change. Therefore, sometimes this
technique does not guarantee to deliver exact demand power
as the light fluctuation might results in surpass or inadequate
amount of power, which cannot be captured by a limited
amendment in the voltage as explained in (14). In contrast,
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our proposed algorithm has more degrees of freedom to set
reference voltages so that the demand power is met with
minimum variation.

B. THE SAME UTILIZATION LEVEL POWER SHARING
CONTROL
Themain objective of such a control strategy is to share power
equally [39]. An algorithm divides the total demand by the
total available PV plant power to determine the utilization
level of each PV array. The utilization level is the dispatch-
able portion of available PV power from each array, and all
available arrays share the same percentage of their maximum
power to fulfill demand power. Mathematically, utilization
variable, Ku, is computed firstly based on available power in
the entire plant as follows:

Ku =
Pdemand
Pavailable

(16)

The portion of demand to be shared with each array
becomes:

PPV ,i = KuPMPPPV ,i (17)

where PMPPPV ,i is the maximum power from PPV ,i array.
Unlike droop control, PV power control estimates its

availability based on sensor readings and some estimation
algorithms, which might require communication systems.
However, suppose the demand power is less than or equal to
available power. In that case, such a strategy ensures deliver-
ing demand power, which is not true in droop control, where
the error is possible. On the other hand, such an algorithm has
no voltage-search constraints on P-V curve than the proposed
algorithm and might lead to a potential overvoltage PV gen-
erator. Moreover, the main job of this algorithm is to share
demand power with a uniform percentage regardless of the
optimum utilization of intermittent resources.

C. LOOKUP TABLE BASED CONTROL
The control system dispatches the available PV array per
some criteria such as total power variation, harmonic dis-
tortion, adjusting DC bus voltage, and power factor. The
designated criteria prioritize dispatchable units. For instance,
if the system operator aims to minimize output power fluc-
tuation, dispatching priority should be given to the resource
that produces less power during intermittency. The resource
that has much power is expected to affect the total power
generation from the entire plant. Another example is on the
grid-tie inverter control. The author in [40] controlled the
active power based on power prediction and a predefined
switching table. Moreover, the author in [41] created differ-
ent lookup tables to store different combinations of DC/AC
inverter switches based on active and reactive power variation
to obtain a higher power factor and reduce total harmonic
distortion. Although the lookup table is a simple technique
and results in a quick response, it causes varying switching
frequency, which might cause large power fluctuation [42].
Application of lookup table to intermittent resources such as

solar PV might be not proper because of uncertainties that
complicate finding an accurate estimation of output power.

V. MPP AND ACTIVE POWER CURTAILMENT
A. OPERATION MODES
Conventionally, when the PV plant produces enough power
that attains system demand, the said algorithms keep active
power at a certain level that the grid operator predefines.
However, if there is not enough power to secure demand,
the system switches to run all available PV units at their
MPP using one of the conventional MPPT algorithms such as
Perturb and Observe, P&O, or Extremum Seeking Control.
The upper part of Fig. 6 shows both operation modes.

FIGURE 6. Operation modes of each PV string converter.

In contrast, the proposed algorithm does not need
switching modes. Instead, when the available power is insuf-
ficient, the searching algorithm returns the voltage operat-
ing points corresponding to the maximum available power.
Numerically, it searches for all possible solutions and nom-
inates the optimum operating points. However, it might take
longer to find such a solution as the constraints cannot be
achieved. Fortunately, our formulated problem is entirely
linear. Therefore, simple algorithms, such as gradient, can
find the converged solutions easily. Besides, our formulation
is a model-based algorithm. It receives the light values and
computes the optimum voltages locally without interaction
with PV converters. Consequently, it takes minimal iterations
to reach the MPP and hence converges quickly. In contrast,
MPPT algorithms, such as P&O, need to check the output
power each time they perturb the voltage, and thus they take
longer to be settled in a specific band.

B. OVERVOLTAGE CONTROL FOR ACTIVE
POWER CURTAILMENT
General characteristics of P-V curve, Fig. 3 is an example,
show that two different voltage valuesmight result in a unique
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power value, bi-stability property. Therefore, in conventional
power sharing control, overvoltage values to the right of MPP
can be used to control active power curtailment and balance
supply and demand sides. Indeed, overvoltage control is not
preferable for safety and system stability. Instead, power cur-
tailment can be controlled by low voltage values to the left of
MPP. Therefore, the proposed algorithm limits the search of
operating voltage values to the left of MPP and consequently
avoids overvoltage issues. Moreover, power curtailment with
low voltage control is eligible to provide a slow and smooth
transition of active power, as explained in Fig. 3.

VI. MOTIVATION OF PROPOSED CONTROL
ON THE GENERATION SIDE
Load variation causes frequency excursion and deployment
of two types of frequency control, primary and secondary fre-
quency controls. Unlike conventional power sharing control,
our proposal helps generation side control in different ways
as follows.

A. PRIMARY FREQUENCY CONTROL
It uses a generator governor to synchronize each unit on
the grid for frequency restoration due to load disturbance.
Injected PV energy is considered a rapid flicking disturbance
that can be added to the load disturbance and eventually
requires fast inertial adjustment tomitigate such disturbances.
However, many synchronized generators together comprise
heavy inertia that slowly responds to the rapid change of
light intensity. Therefore, the proposed algorithm provides
less-fluctuated PV power, and inertial control rejects such
relieved disturbances easily.

B. SECONDARY FREQUENCY CONTROL
When the frequency event occurs due to load variation or
blackout in some parts of the grid, primary frequency control
responds temporarily to offer enough time, 5-10 minutes, for
the grid operator to readjust available units properly. Frequent
change of the tremendous amount of PV energy, which is
already a disturbance, adds complexity to the secondary fre-
quency control. However, reducing such disturbances helps
grid operators support the demand side with low-cost smart
loads or storage devices to mitigate this effect. Accordingly,
the other units in the grid output minimum power and grid
operators do not need new regulations to alleviate power
fluctuation.

C. POWER FACTOR CONTROL
Typically, the system operatormaintains power factor unity as
PV solar plant injects only active power. However, the oper-
ator needs the reactive power to control voltage at PCC,
magnetize non-resistive loads, and ease the active power
transmission. Besides, significant PV penetration increases
the total active power in the system at the expense of reactive
power, as the active power adds up while the reactive power
remains constant. The power factor is defined as the ratio of
active power to the apparent power, which is the resulting

vector of active and reactive power summation. Therefore, a
proper choice of reactive power amount can adjust the ratio
between active and apparent power. Physically, the phase shift
between the current and voltage can be controlled to achieve
such a goal. Therefore, the operator harnesses an inverter
capable of producing reactive power and holds the power
factor. On the other hand, PV power fluctuation results in an
oscillatory power factor, complicated reactive power control,
and power quality degradation. However, the proposed algo-
rithm helps mitigate such effects by providing less-fluctuated
power.

VII. VALIDATION AND RESULTS
To validate the proposed control strategy, we use
MATLAB/SIMULINK to model a micro-scale PV plant.
We model it as ten units of KC200GT array according to (6),
which produces 200 W each. The grid utility is modeled as a
light-inertia synchronous machine with rated power 2 kW.
To create a finite bus, we assume that the grid operator
determines demand power from PV side to be 40% of total
power; that is, the total power in the entire system is 2 kW,
where 0.8 kw comes from PV plant. This assumption makes
the effect of intermittent PV plant on the grid frequency
observable and visible. We evaluate the proposed control
algorithm performance based on a comparative study with
the conventional power sharing control under three light
fluctuation scenarios. Scenario 1, the new light level results in
enough PV power. Scenario 2, the new light energy generates
a surpass PV powermuchmore immense than demand power.
Scenario 3, light intensity declines, and the generated PV
power is not enough to secure demand power. Finally, we
consider the scenario of the system model inconsistency with
the actual system to verify the proposed control performance.

A. SCENARIO 1, FAIR DISTURBANCE
Initially, we assume that it is a sunny day, the light energy
is 1000 watt/m2, and voltage set points for all PV arrays are
given in the vector V= [9.7658 9.7658 9.7658 9.7658 9.7658
9.7658 9.7658 9.7658 9.7658 9.7658] volt so that the total
output PV power meets the demand power, 0.8 kW. In the
mid of simulation time, the light changes suddenly, and the
ten units receive the light vector G = [500 300 300 700 500
1000 300 500 500 300] watt/m2, which can generate up to
1 kW. However, 200Wmust be curtailed to meet the demand.
Therefore, all these units readjust their reference voltages
such that the demand power at PCC is met. Fig. 7 shows
our control strategy’s response to such disturbance compared
against conventional control strategies such as droop control,
utilization level, and lookup table. The color codes are black,
red, blue, and green, respectively.

With droop control, when the light energy declines, each
PV generator needs to readjust its output voltage to keep
the demand power as secured as possible. However, volt-
age tuning is limited by the amount ∓5% of the change in
the bus voltage. Hence, the reference voltages that ascertain
the operators’ demand are not ensured and might lead to a
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FIGURE 7. The effect of load sharing with 4 different control strategies. (a) and (b) are PV plant output power with
its zoomed version, respectively. (c) is power sensitivity measure. (d) and (e) are utility output power with its
zoomed version, respectively. (f) and (g) are grid frequency responses with their zoomed version, respectively.
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possible error in PV power generation, as shown in Fig. 7.a-b.
In such scenario, when the irradiance declines at 0.5 second,
the new reference voltages are readjusted according to (14)
to be around 10 volt which is not enough. Therefore, the total
produced PV power is deducted by approximately half.

Consequently, the utility boosts its production by the same
amount to compensate for the lost demand power, as shown
in Fig. 7.d-e. The power sensitivity measure, Fig. 7.c, is the
minimal with droop control which, according to (11), is rea-
sonable due to minimal reference voltages contributing to the
total sensitivity measure. However, the sensitivity measure in
this situation is not correct because of the error in the demand
power generation.

The lookup table is another comparative algorithm used
in this study where the reference voltages are selected based
on predefined values. Indeed, creating a lookup table is not
as simple as we think. It is subject to many assumptions,
which are not in the scope of this work. However, we cre-
ate an arbitrary lookup table to show that different voltage
operating points, in Fig. 3, might result in the same power
output but with entirely different responses. Therefore, when
a disturbance occurs, we select voltage operating points on
the right area of Fig. 3, V = [ 28.7632 28.9022 28.9022
28.6164 28.7632 28.3725 28.9022 28.7632 28.7632 28.9022]
volt. According to the change in the light vector G, this
setup results in total PV power equivalents to the demand,
which is 0.8 kW. However, the selected points are expected to
increase total power sensitivity because of their large values,
as shown in Fig. 7.c. Representation of such sensitivity is
shown in Fig. 7.b, where the fluctuation of PV power is the
largest compared to the other plots. It exhibits some oscilla-
tions due to approaching stability boundary as explained in
section 5.b. Consequently, the utility grid fluctuates with the
same degree but in the opposite direction to mitigate undesir-
able vacillation, as shown in Fig. 7.d-e. Injecting intermittent
power with such variation affects grid frequency directly
and leads to the same degree of the effectiveness, as shown
in Fig. 7.f-g.

In the Same Utilization Level, we distribute the demand
power, 0.8 kW, proportionally to available power, (17). In
this experiment, all PV arrays initially set reference voltages
at 9.8 V. When the light disturbance enters the system, the
SUL algorithm quickly estimates available power in each
PV generator and redistributes demand power proportionally.
The results show that each generator readjust its operating
voltage during the disturbance, around 20 ± 1 volt, which
results in different power output from each PV unit, but the
total production meets the demand. It is not uneasy to observe
that the same voltage operating points lead to different power
outputs, and the reason is that not all panels receive the same
amount of light energy. Indeed, the shape of P-V curve, Fig. 3,
changes with the light intensity, and hence different curves
can be obtained. The higher the light intensity, the higher
the curve level and thus the output power. Any difference in
the light results in a new P-V curve that is approximately
linear interpolant between two different irradiance values.

Therefore, the initial values of voltage are uniform. When the
light declines, the SUL algorithm specifies a uniform percent-
age for each available PV generator to support demand. Con-
sequently, each PV generator increases its operating voltage
by the same number, which linearly scales the increment in
the corresponding power output. Such an algorithm’s general
performance is better than droop control that might result
in an error, and better than the lookup table that is open
to overvoltage control and increased variation. Fig. 7.a-b
shows that the SUL algorithm generates PV powerwithminor
variation compared to the said algorithms, which is evident in
sensitivity measure as represented in Fig. 7.c. Also, the grid
frequency transient is improved, although the overshoot still
needs to be enhanced. Therefore, the proposed control tunes
reference voltages efficiently to bridge such gaps.

The new control strategy is an optimization-based
algorithm that prioritizes as low voltage operating points
as possible. All PV generators start with the same initial
condition, 9.8 v, and to reject disturbance properly; they
change according to the vector V = [24.2355 8.1794 8.1794
25.1411 24.2355 25.6578 8.1795 24.2355 24.2355 8.1795]
volt. We notice that our algorithm fights to keep operating
points close to the previous values, but the demand power,
which is one of the constraints, must not be violated. There-
fore, almost half of the arrays reduce their production. At the
same time, the other units that receive a lower amount of light
irradiance increase their output to achieve demand powerwith
minimum variation, as shown in Fig. 7.a-b. This action is
reflected in the power sensitivity measure, as can be seen
in Fig. 6.c. As a result, the utility makes less effort than other
algorithms to compensate for such a change and keep demand
secured, as represented in Fig. 7.d-e. The grid frequency,
on the other hand, settles quickly with minimal overshoot,
Fig. 7.f-g. The SUL and optimization control strategies’
responses look alike except that the degrees of overshoot and
fluctuation are improved in the optimization algorithm. The
reason for such similarity is that both algorithms start initially
from the same points. During the disturbance, the optimiza-
tion algorithm struggles to keep the most significant number
of those points fixed. But to fulfill the constraints, it should
increase some units to their MPP. In contrast, the SUL algo-
rithm increases all units equally, which explicitly means no
one works at MPP. All of themwork at a certain level, leading
to a similar response with our algorithm; nevertheless, our
algorithm outperforms such an algorithm, as shown in Fig. 7.
Unlike droop control, the selection of reference voltages is
not constraint with a specific percentage. They are bounded
between zero and 26.3 volt, which is the optimal value that
generates MPP. Consequently, the expected error decays with
power availability as the chosen operating points can be set
at MPP and secure the demand power easily.

B. SCENARIO 2, SIGNIFICANT DISTURBANCE
This scenario assumes that the change in light energy results
in sufficient PV power far from the demand. Consequently,
each PV generator must reduce its output by applying a
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big reduction on operating voltages to reflect such a huge
disturbance. Particularly, the first change in the light occurs
at 0.5 seconds, and then we extend the simulation time to
1.5 seconds to insert the second disturbance at the first sec-
ond. Therefore, the light changes from the first disturbance,
G1= [500 300 300 700 500 1000 300 500 500 300] watt/m2,
to the new one,G2= [1000 1000 1000 1000 1000 1000 1000
1000 1000 1000] watt/m2. The available power in the first
case is around 1 kW, while in the second case is about 2.1 kW.
The demand power needs to be fixed at the same level,
0.8 kW, which is very close to the first case and far away from
the second one, 2.1 kW.Usually, demand power is determined
based on the largest possible amount of PV plant production.
PV plants are set to work at some percentages of available
power, and the rest of that is used in ancillary services.
We need to emphasize that the rejection of huge disturbance
is a challenge for any dynamical control due to the limitations
and physics of the system. The control performance, in this
case, is expected to be lower. Therefore, we consider a huge
disturbance to evaluate our control performance.

In this scenario, the droop control does not need to move
far from the previous setting due to power availability. Par-
ticularly, the voltage operating points at time 0.5 second,
with ∓5%, are capable of correcting power tracking error,
as shown in Fig. 8.a-b. Although power sensitivity is still
minimal because of the slight changes in the operating volt-
ages, the produced power jumps from 400 W to 1.4 kW and
gets back to 800 W. As a result, the grid utility reduces its
output by 400 W to balance such change. Consequently, grid
frequency transient exhibits the most significant overshoot,
as shown in Fig. 8.f-g. This result indicates that droop con-
trol is not a proper strategy for power sharing among PV
generators.

In contrast, we programed the lookup table to respond to
such changes in the light intensity and balance the supply and
demand power by increasing voltage operating points accord-
ing to the vector V = [ 31.6063,31.6062,31.6062, 31.6063,
31.6063, 31.6062, 31.6062, 31.6063, 31.6063, 31.6062] volt.
The selected points are to the right of the dashed line in the
P-V curve, Fig. 3, which means that a slight change in the
voltage vector might result in a significant overshoot of pro-
duced power, see Fig. 8.a-b and the corresponding sensitiv-
ity measure in Fig. 8.c. Besides, the new reference points
are quite large and close to the boundary of stability. As a
result, the output is an oscillatory power that fluctuates utility
production and the corresponding grid frequency response,
as shown in Fig. 8.e-g.

On the other hand, the SUL performance is a tradeoff
between droop control and lookup table performances. The
proportional power sharing drives each PV generator to
rescale its output power, based on the available capacity,
to meet the demand. The available power in this scenario is
2.1 kW, which requires a reduction of approximately 1.3 kW
to meet the demand. Therefore, the new reference voltage
for all PV units, based on SUL algorithm, is 10 ± 1volt.
The results show transient improvement of the total generated

PV power and the consequent transient of the system’s other
components. Although the SUL reduces the power sensitivity,
the overshoot of produced PV power, utility production, and
grid frequency are still significant due to a 100% increase in
output power.

Even though the difference between available and demand
powers is enormous; however, the proposed control strategy
can still reduce power sensitivity and compete with the other
control strategies. The flexibility of power tuning is an extra
degree of freedom to minimize such sensitivity. Unlike the
SUL, our algorithm adjusts PV outputs freely so that the sum
of production meets the demand with a minimal variation
peak. For the system modeled as a second-order system,
the relationship between overshoot and oscillation is inverse.
Significant overshoot results in an oscillatory transient as the
overshoot represents the signal distortion. In other words,
overshoot tells how damp the system is. Therefore, 100%
change of available power in an inertia-less system results
in increased oscillation. However, the proposed algorithm
endeavors to minimize such transient peaks by running PV
generators at different levels. Consequently, our proposed
algorithm can reduce overshoot better than the SUL, although
the change of available power is doubled. The generated
PV power and its effects on the grid stability show that the
performance of our proposed control outperforms the other.

C. SCENARIO 3, MPPT
Conventionally, when there is insufficient PV power, the sys-
tem operator switches to a decentralized control scheme to
make each PV generator work at its MPP. In such a control,
each PV converter has its MPPT algorithm to extract the
maximum available power. This control structure does not
need communication systems as the computation is done
locally. However, each panel needs a switching circuit to
control power curtailment when PV power is available and
runs theMPP systemwhen there is not enough power. In con-
trast, the proposed control strategy does not need switching
modes, although communication systems are required. What
is happening here is that the optimization algorithm searches
for the operating points that achieve the demand within the
problem constraints.

Suppose the demand is greater than the available power.
In this case, the searching process stops at the points that
achieve the minimal error, MPP, as those points are the best
findings at the last iteration before the process is terminated.
If the problem is not linear, we can still stop searching at
the points that achieve minimum error. However, it might
take longer to converge due to problem complexity. In this
scenario, we assume that at the first second, the light energy
declines as the irradiance falls to 300 watt/m2. The available
power thus is decreased to 570W,which is below the demand.
Therefore, we run the PV system at its MPP using a well-
known MPPT algorithm, P&O. The results of tracking MPP
are compared with the results of our proposed algorithm,
as shown in Fig. 9. The results verify the prevalence of the
proposed algorithm in PV production, utility production, and
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FIGURE 8. The effect of load sharing with 4 different control strategies under the second scenario. (a) and (b) are PV
plant output power with its zoomed version, respectively. (c) is power sensitivity measure. (d) and (e) are utility
output power with its zoomed version, respectively. (f) and (g) are grid frequency responses with their zoomed
version, respectively.
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FIGURE 9. MPP using switching mode and our proposed algorithm where (a)-(b) are PV production, (c)-(d) are utility production and (e)-(f) are the grid
frequency transient.

VOLUME 9, 2021 99713



S. Alsharif: Novel Cooperative Control Strategy to Mitigate PV Power Fluctuation and Increase Its Penetration

FIGURE 10. The effect of model estimation on the performance of proposed algorithm.

the consequent grid frequency transient. It is worth noting
that we impose constraints on optimization routine requisi-
tion to constrict computational cost and increase algorithm
efficiency. Due to the sensor noise and the process of light
estimation, the estimated PV power fluctuates within certain
limits. As a result, the optimization routine will be called
continuously to find the optimum. Therefore, we assume not
to call it if the estimated light is settled in a narrow band and
keep the current reference voltage. Such a strategy improves
our proposed control performance, as shown in Fig. 9 and the
results herein.

In contrast, P&O algorithm takes the power measurement
instantaneously and subtracts it from the previous value. If the
difference does not meet the designated criterion, it increases
or decreases the output voltage, retakes the power measure-
ment, and repeats the process. In literature, the incremen-
tal or decremental voltage is small but not absolute [43].
Therefore, even though we assume that the light sensor’s
noise is perfectly filtered, P&O cannot stop the voltage

increment/decrement process, resulting in slow response and
rippling output power, as shown in Figure 8.

D. SCENARIO 4, MODEL PARAMETERS ESTIMATION
The proposed control strategy is a model-based algorithm,
and its efficiency depends on the model fidelity. This paper
uses an empirically validated PV array model [8], where the
author fitted the experimental data to the model. We assume
using perfect sensors and a reasonable estimation of model
parameters. However, due to uncertainties in PV systems,
estimation of PV model parameters might be challenging and
results in an inaccurate model. Consequently, the proposed
algorithm does not work as expected. To validate, we repeat
the first scenario under two different estimated models. The
first model is close to the actual model, and the second
one is far from it. The actual model we used is a single
diode with parallel and series resistors model. We assume the
measurement of voltage, current, irradiance, and temperature
are accurate. On the other hand, the model parameters such
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TABLE 1. PV model parameters.

as diode fidelity, series, and parallel resistors are estimated
according to Table 1.

Fig. 11 shows the effect of parameters estimation on PV
power generation and other grid components using the pro-
posed algorithm. Not a surprise to confirm that the first
approximated model, model1, leads to a similar performance
compared to the actual model. Although the generated PV
power is close to the output of the exact model, it exhibits
more overshoot that results in increased oscillation and thus
system sensitivity, as shown in Fig. 10.b. On the grid side,
the generation must be reduced with the same amount to
balance the total generation, as shown in Fig. 10.c. Due
to such a slight difference from the actual model, grid fre-
quency response under approximated model is still close to
the response with the exact model, as in Fig. 10.d.

In contrast, the badly estimated model, model2, results in
a wrong system response. Based on the estimated parame-
ters, the optimization algorithm returns the right reference
voltages that attain demand power with minimal variation,
as shown in Fig. 10.b. However, due to the inaccuracy of such
parameters, the selected reference voltages lead to divergent
produced power in the actual system, as shown in Fig. 10.a.
Consequently, the primary frequency control deployed imme-
diately to compensate for such declination in PV power,
as shown in Fig. 10.c. The inertia of our modeled system
is very light; therefore, the response of primary frequency
control is fast and able to recover grid frequency quickly, see
Fig. 10.d. However, with heavy system inertia, the primary
frequency control might fail to recover frequency excursion
as such.

VIII. DISCUSSION
Although the used model is perfect, its implementation with
the converters and other grid components is computationally
cost. Therefore, we validated our proposal with a small num-
ber of PV units that already consumed a long time, although
the simulation time is 1.5 seconds. However, the formulated
optimization problem is linear, and the solution to such a
problem is straightforward. To further explore the solution
convergence with a larger number of PV generators, we use
MATLAB solver to numerically solve for 100 PV arrays,
with no interaction with the SIMULINK. This experiment
is carried on a digital computer with Intel i7-7500U CPU,
2.9 GHz. We test the solution in two case scenarios. First:
the available power is around 21.5 kW, the demand power
is 20 kW, and the initial condition of all units is 26 volts,
which is close to the solution. Fig. 11.a shows the first-order
condition is achieved in 18 iterations and MATLAB elapsed

FIGURE 11. Optimization numerical solutions of 100 PV units. (a) initial
condition close to the solution, and (b) initial condition is far from the
solution.

time of 1 second. In the second scenario: the solver starts from
the same initial condition of the first scenario, we assume the
available power is around 10 kW, and the demand power is
5 kW. Based on the used PV array specification, the initial
condition is the optimal voltage value that puts PV array at its
MPP, 10 kW in this example. However, some PV units must
work at values less than 9 volts, far from 26 volts. Therefore,
an algorithm needs extra time compared to the first scenario to
find the solution, as shown in Fig. 11.b. Our digital computer
takes 48 iterations to find the solution with simulation elapsed
time of 2.1 seconds.

In the real-time experiment, an algorithm initially starts far
from the solution. But by the time proceeding, presumably,
the new solution should be close to the previous one when an
acceptable light disturbance occurs. Therefore, this fact jus-
tifies such an algorithm’s effectiveness when the difference
between available and demand powers is reasonable. The
efficacy of such an algorithm is proportional to the difference
between demand and available powers. Experimentally, 50%
or less difference does not revoke such algorithm leverage.

On the other hand, the used generator to mimic the grid
utility is inertially light to be consistent with the PV plant size.
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However, in the real case, the inertial control in a large grid
usually takes a fair amount of time to respond to frequency
events. Simultaneously, the PV plant is an inertial-less power
generator that injects its output immediately into the grid.
Therefore, the rapid oscillatory injected power might not be
mitigated with inertial control, highlighting the importance of
this work.

This paper does not consider a partial shading case.
Instead, it assumes that each PV array receives uniform light
intensity varying from one PV array to another. The assump-
tion of partial shading requires further modification of the
proposed strategy that might be our future work.

IX. CONCLUSION
Weproposed a new linear optimization-based control strategy
to mitigate PV power fluctuation at the PCC. The proposed
method is an optimal power sharing technique during light
intermittency to minimize the total PV power sensitivity to
light fluctuation. Meticulously, we analyzed the effect of
such a strategy on the grid components, such as frequency
and generated power, compared to the other conventional
power sharing techniques. Our proposed method is validated
and outperforms the other traditional method under different
scenarios. The main finding is that such an optimization algo-
rithm is easy to converge even with a large number of units.
It can effectively reduce PV power sensitivity if the change
in the light results in electrical power reasonably not far
from the demand power. The proposed methodology assists
in system controllability. The minimization of PV fluctuation
preserves the efficiency of primary and secondary frequency
controls. Also, it increases the chances of integrating enor-
mous PV power with the utility grid at low costs. Unlike other
techniques used to mitigate fluctuation where some power
devices used to absorb surpass power, the proposed technique
selects the optimal operating points for each PV panel such
that the total produced power has a minimum fluctuation.
Therefore, the proposed algorithm helps grid operator to
reduce the LCOE.
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