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Dynamic Reserve Power Point Tracking in
Grid-Connected Photovoltaic Power Plants

Aditi Narang
Hossein Dehghani Tafti
Josep Pou

Abstract—This article introduces a dynamic power reserve con-
trol methodology called reserve power point tracking (RPPT)
for grid-connected photovoltaic (PV) plants. The proposed RPPT
methodology is employed to ensure availability of the required
power reserve to support the grid and accordingly facilitate high
penetration of PV generation in the grid. Implementing this control
methodology does not require any extra hardware. The proposed
methodology regulates the average PV power dynamically by pe-
riodically operating ON and OFF the maximum power point (MPP)
in order to inject a constant desired power into the grid. Tracking a
desired power reference implies that the proposed methodology is
a form of flexible power point tracking (FPPT). However, unlike a
traditional FPPT, the proposed methodology also provides updated
information of the available maximum PV power. Hence, the RPPT
fulfills both FPPT and maximum power point tracking (MPPT)
functionalities simultaneously. The proposed methodology extracts
the MPP information and uses this information to calculate and reg-
ulate the amount of PV reserve power. One of the main advantages
of the proposed algorithm is its applicability under partial shad-
ing conditions. Its effectiveness is demonstrated by experimental
results under changing solar irradiance, grid frequency deviation,
and partial shading conditions.

Index Terms—Flexible power control, grid support, maximum
power point (MPP), partial shading, photovoltaic (PV) plant, power
reserve, reserve power point tracking (RPPT).

1. INTRODUCTION

NHUMANKIND’S quest to move toward a more sustainable
future, dependence on renewable energy sources such as
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wind and solar is emphasized. Solar energy penetration in the
grid has notably increased because of its abundant availability,
continually reducing cost of solar panels, strong policy support
from governments, and improved efficiencies [1], [2]. As a
result, there is a need for advancement in the control infras-
tructure of photovoltaic (PV) power plants that not only provide
grid integration but also enable grid support functionalities. The
main control objective of PV plants was originally to extract
the maximum power. This objective is achieved by employing
maximum power point tracking (MPPT) algorithms [3], [4].

A high PV penetration makes the power grid vulnerable
to power quality issues such as voltage and frequency devia-
tions [5], [6], [7]. Itis important to appropriately regulate the PV
power that is injected into the grid during such abnormal grid
conditions. During voltage sags, ride through operation based
on the drops in voltage levels may be required. Hence, con-
trol techniques that provide optimal active and reactive power
transfer to the grid are needed. Some techniques that fulfill this
objective utilize interweaved generalized integrator (IGI) based
control, model-predictive-control-based optimization for power
transfer under voltage sags as well as varying maximum power,
and an enhanced multilayer second-order generalized integrator
(SOQGI) that satisfies nonlinear load demand [5], [7], [8].

PV power plants are increasingly required to provide ancillary
services such as grid frequency support [9] besides the constant
power injection into the grid requirement. MPPT is unable to
fulfill these requirements, since maximum power point (MPP)
changes with variations in solar irradiation, temperature, and
cloud cover throughout the day. As a result, addressing the
limitations of the MPPT operation in power grids with high
penetration of renewable energy resources is becoming a more
prominent factor to consider in the control objective of PV power
plants [10], [11], [12]. Accordingly, network regulations for
connecting PV power plants to the grid are becoming stricter
and new grid codes are mandating additional functionalities for
PV plants, such as frequency response and injecting constant
power to the grid [11], [12], [13]. Such functions can be achieved
by integrating energy storage systems (ESSs) [14], [15], [16],
[17]. However, employing an ESS increases the complexity of
the system and incurs additional installation, operation, and
maintenance costs.

The requirement of constant power injection into the grid can
be met by flexible power point tracking (FPPT) in PV power
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TABLE I
COMPARISON OF POWER RESERVE CONTROL METHODS IN PV POWER PLANTS

Features/Ref. [18] [19] [20] [21] [22] Proposed
Class of algorithm Measurement Measurement Estimation Estimation Estimation Measurement
Two identical .
. Irradiance and
Measurement sensors/ % PV strings, % temperature % %
external hardware/ ESS communication P
hardware sensors
Operating side Left Left Right Left Either Either
PV characterization % % Yes Yes Yes %
model
Accuracy. of .MPP Medium Medium Medium Low Medium High
determination
Output power Medium
put p High Low High Low (short term Low
oscillations I
spikes)
Frequency response Medium Medium Medium Fast - Fast
speed
Operation under partial % % % % Yes Yes

shading condition

Ppy

p ‘pv-ref

Pmin-1

Pmin-2

Fig. 1. PV curve showing the MPP, the static operating points, A and B, of
the FPPT, and the dynamic operating range of the RPPT.

plants. Various FPPT algorithms have been proposed for grid-
connected PV plants [23], [24]. Using FPPT control, the PV
produces a curtailed power and operates at a fixed power on the
PV curve. Fig. 1 shows the two operating points A and B for the
FPPT operation.

The difference between the maximum power and the operat-
ing power reference is defined as the power reserve /A P, which
is expressed as

AP = Pmpp — Ppv-ref (1)

where p,,,;,, refers to the maximum available power of the PV
source and pp,_rc 1S the constant power reference to be injected
into the grid. This power reserve in the PV system can be used
to improve the grid resilience by providing grid support and
avoiding critical frequency stability issues [6], [21], [25], [26].
The updated knowledge of the available power reserve is also
used to optimize the operation of energy storage systems, as the
power reserve can be treated as a virtual energy storage [27].
Determination of the power reserve depends on the knowledge
of the maximum available power [18], [20], [21], [26], [28].

Therefore, to determine the power reserve, the MPP needs to
be tracked continuously as it varies due to changes in param-
eters such as solar irradiance, temperature, and cloud cover.
Conventional FPPT algorithms are not designed to identify
the MPP, i.e., the operating point on the power-voltage (P-V)
characteristic is restricted to point A or B shown in Fig. 1 [24].
Hence, there is a need for PV system control algorithm that not
only provides FPPT functionality, but is also able to identify
the MPP simultaneously to know the power reserve availability.
The main features of different power reserve control methods
are summarized in Table I. Available FPPT algorithms in the
literature [19], [21], [26], [28], [29], [30], [31], which can
determine the MPP, while working at a reduced power, can be
classified as measurement- and estimation-based methods.
Measurement-Based Algorithms: In these methods, the max-
imum available PV power is measured. Often, such methods
have additional hardware requirements such as sensors, en-
ergy storage systems, or an additional slave PV string in a
master—slave PV string system [21], [26]. Voltage and current
measurements from the dc side can be used to determine the
maximum power [26], [31]. These measurement-based methods
are not complex but are costly due to the additional hardware
requirements. In multiple PV string systems, the power reserve
control can be achieved without adding any extra hardware [19],
[30]. In [19], two PV strings operate in master—slave fashion.
One PV string operates in a constant power mode while the other
one provides the MPPT operation to determine the maximum
available power. However, this method requires both strings to
have a coordinated communication system, be identical and
placed in a close proximity of each other, to experience the
same changes in irradiance and temperature, and to accurately
determine the maximum available power. Sensorless FPPT algo-
rithms with power reserve in general employ some form of modi-
fied MPPT algorithm (typically based on perturbation and obser-
vation (P&O) and incremental conductance (IC) methods) [18],
[26]. Such algorithms suffer from slow dynamic performance
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especially under transients and fast changes in solar irradiation.
As an example, the sensorless approach introduced in [18], rou-
tinely employs a P&O-based MPPT to measure the maximum
available power and then again switches back to the constant
power generation mode in a “sample and hold” measurement
fashion. Due to the P&O voltage control in power reserve mode,
the voltage varies step-by-step to reach its reference. Hence,
a sophisticated P&O may be required to design for fast and
efficient control dynamic. As a result, such techniques may add
fluctuations to either the dc-link voltage or the grid power. An
event-triggering power reserve control in which the operation
periodically shifts between the MPPT and power reserve mode
(FPPT) is introduced in [32]. This adds power impulses during
switching between the two modes. Hence, a power impulse
damping control is required to inject smooth power into the
grid. The transient energy caused by switching modes should be
absorbed by the dc-link capacitor.

Estimation-Based Algorithms: These techniques use PV char-
acteristic models, solar irradiance, and temperature measure-
ments to estimate the MPP [28], [30]. For instance, Hoke et al.
[21] used five parameters of the PV cell model to approximate
the I-V curve and estimate the MPP. However, such methods are
susceptible to inaccuracies due to panel aging, dust collection,
panel-orientation mismatch and faults, and might require accu-
rate solar irradiance and temperature sensors. MPP estimation
using curve-fitting is proposed in [20] and [22]. It uses the
least squares method to estimate the maximum available power
while operating with a curtailed power. However, it implements
a single-diode PV model to determine the MPP, which increases
the computational complexity of this algorithm. Furthermore,
the operation is performed at the right side of the PV curve only,
which is more prone to instabilities due to fast solar irradiation
changes [20]. In [22], the power injected into the grid reflects
discreet spikes whenever partial shading occurs. Hence, such a
model may not inject constant power in the grid in dynamically
changing cloud cover locations. In [28], operation is performed
on the left side only using samples from the PV curve and with
the help of a Lambart-W function. Even so, the accuracy of this
approach, and other model-based approaches, is still tied to the
validity of the PV model, which can be challenging to maintain
throughout the lifetime of the PV system.

A reserve power point tracking (RPPT) algorithm is intro-
duced in this article, as a successor to the FPPT/MPPT algo-
rithms, to cover the shortcomings of measurement-based and
estimation-based methods. RPPT provides the power reserve
control functionality while injecting the desired power into the
grid. Unlike the conventional approaches where the operating
point is static, the proposed dynamic RPPT periodically alter-
nates the operating point between two fixed voltages on the PV
curve to provide power reserve control in such a way that the
average produced power is regulated to its reference. Owing to
the continuous sweeping across the PV curve, any changes in the
MPP are readily tracked. As the MPP at any given time is known,
the available dispatchable reserve power can be determined and
regulated at the intended value under all operating conditions.

A significant advantage of the proposed solution is its inherent
applicability under partial shading conditions. Partial shading
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Fig. 2. Control diagram of the proposed RPPT for PV plants.

introduces multiple maxima in the PV-curve and identifying the
global MPP is of prime importance for determining the power
reserve. In comparison to the measurement-based algorithms,
the proposed algorithm, because of the high frequency scanning
of the PV curve, considerably reduces the oscillations of the
injected power to the grid. Furthermore, the proposed solution
does not rely on the characteristic model of the PV curve, which
makes it impervious to PV panel aging or faults. In addition,
being a control-based solution, it can readily be implemented
without the need for any hardware modifications on the exist-
ing installed PV inverters, which is a notable advantage over
measurement-based methods. Last but not least, the proposed
RPPT, owing to its fast dynamic response, is capable of grid-
frequency support and hence can help the grid to accommodate
a higher penetration of solar energy.

The rest of this article is organized as follows. Section II
describes the grid-connected PV system and its related control.
Section III introduces the proposed RPPT algorithm, its appli-
cation in partial shading conditions, and grid frequency support.
Experimental results are provided in Section IV. Finally, Sec-
tion V concludes this article.

II. GRID-CONNECTED PV SYSTEM

The proposed method is implemented in a two-stage grid-
connected PV system, as shown in Fig. 2. The two-stage system
is commonly used in grid-connected applications. The system
consists of two power converters, a dc—dc boost converter on
the PV side, and a three-phase dc—ac converter on the grid side.
The converters are interconnected by a dc-link capacitor, which
acts as an energy buffer. The inverter control system has a grid
support function for frequency response. The grid support block
in Fig. 2 adjusts the power reference according to the deviation
in the grid frequency [9], [33], [34]. A control strategy based
on [35] is implemented to control the dc—dc converter and the
grid-connected inverter.

The proposed RPPT algorithm is fed with a power reference
depending on the grid-support functions, which will be dis-
cussed in detail in the following section. This algorithm produces
a voltage reference for the PV voltage. A model-based voltage
controller is used for the PV voltage control [35]. Furthermore,
a direct model predictive control (MPC) scheme is employed to
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Fig. 3.  Operating principle of the RRPT.

produce the switching for the dc—dc converter and to regulate the
inductor current [35], [36]. The boost converter on the PV side is
responsible for regulating the output of the PV. The three-phase
grid-connected inverter is responsible for injecting the average
extracted PV power into the grid by controlling the average
dc-link voltage to be constant. For regulating the grid current and
to produce the switching signals for the inverter, a three-phase
direct MPC is employed [35].

III. PROPOSED METHODOLOGY

A. Proposed Dynamic RPPT Control Methodology

The proposed RPPT scheme varies the PV power reference
Ppo-ref 0 order to regulate the dispatchable power reserve,
AP of the PV plant. An overview of the proposed control system
for a two-stage PV plant is illustrated in Fig. 2. The novelty of
the control system shown in this figure relates to the proposed
RPPT block, which is discussed in detail in this section.

The RPPT block can take two types of inputs as a reference,
namely, the PV power reference pjy.rcf, Or the power reserve
reference percentage %A\ P, ¢~ If ppo-reys 18 given as the refer-
ence, the RPPT will follow this reference and %A P will vary
according to py,p,. %A P is defined as the percentage of power
reserve with respect to py,pp:

%AP =100 oF .

pmpp

2

This operating mode is analog to the conventional FPPT func-
tion. Alternatively, if %A P,y is given as the input, the RPPT
block calculates ppy.-rer from (1) and (2) as follows to regulate

%AP:
%\Prey
T pmpp~

100 ©)

Ppv-ref = (1 -

The RPPT algorithm should be able to identify the MPP for
power reserve calculation while injecting a flexible power into
the grid without any fluctuations. This is done by continuously
varying the operating point between the points (Vi;m-1, Pmin-1)
at the left side of the MPP and (V;;-2, Dmin-2) at the right side
of the MPP, as shown in Fig. 3. Here, V};,,,.1 and V};,,, 2 are the
scanning operation voltage limits for the left and the right sides,
respectively. ppyin-1 and p,,in-2 are the corresponding powers at
Viim-1 and Vj;m-o on the PV curve that serve as the minimum
power limits. The operation is performed by scanning the PV
curve between these two fixed voltages such that the average
power over a time period 7' is equal to the given power reference
(T = 1/ fscan)- The scanning frequency fscqn is desired to be
a large value as it helps reducing the dc-link capacitor size that
needs to absorb the power oscillations produced by the proposed
RPPT. On the other hand, as f,.., increases, more current and
thermal stress are imposed on the capacitor. Therefore, choosing
an appropriate value for fs.q, is a tradeoff between the dc-link
capacitor size and the thermal stress imposed on it. However,
in a single-phase system, fs.q., can be chosen as double the
grid frequency so that the oscillating PV power of the RPPT
counters the existing double frequency power oscillation of the
grid, which in turn will help the filtering action of the dc-link
capacitor. Hence, concerning single-phase systems the RPPT
present an opportunity to reduce the stress on the capacitor and
as a result, improve the reliability of the system.

As the algorithm sweeps the PV curve between Vj;,,,.1 and
Viim-2, the values of the parameters vy, and p,,, are recorded in
a PV data matrix. The recorded data are continuously updated
as the scanning operation is performed. Data measurement and
recording take place when the PV voltage v,,, deviates in voltage
by V; from the point of last recording (V) is the PV matrix
voltage resolution). Increasing the resolution of the scanning
(i.e., decreasing V1) increases the accuracy but at the same
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Fig. 4. PV voltage and its reference waveforms in the RPPT algorithm.

time increases the memory size and sampling rate. In practice
the minimum value of V; is limited by the magnitude of vy,
switching ripple in order to avoid unnecessary high frequency
measurements. In this article, V] is taken to be 1 V to have a fair
accuracy in determining the MPP (less than 2% error considering
60 V MPP voltage). When a step change in the voltage reference
Upy-ref OCcurs, the actual PV voltage v, follows its reference
according to the voltage controller transient. Fig. 4 shows the
PV voltage and its reference waveform for a full operating
period, which covers almost the entire PV curve. The PV voltage
measurement happens during this transition as illustrated in this
figure.

Next, the scanning operation voltage limits Vj;,,-1 and Vim0
are defined. These voltages are determined considering the
dc—dc converter voltage limitations such that the sweeping cov-
ers the maximum possible area of the PV curve [37], [38]. For
instance, in case of a boost converter, the lower voltage Vi1
is limited by the maximum boost capability of the converter,
and the higher voltage V};,, 2 can be the PV open-circuit voltage
Vse- In a de—dc boost converter, considering the losses due to
conduction and switching, the duty ratio is

Vo B "ﬂ/zn
Vo

where D is the duty cycle, Vi, and V, are the input and the
output voltages of the dc—dc converter, respectively, and 7 is
the converter efficiency. The dc—dc converter output voltage V,
is taken as the dc-link voltage V.. Hence, substituting these
parameters, the minimum input voltage, i.e., Vj;,.1 can be
calculated as

D= (4)

V:ic(l -D )
777 .

The powers corresponding to the voltages of the scanning
range are named as Pmin-1 and Pmin-2. The power values can

be found in the recorded PV data matrix. Similarly, the global
maximum power is readily identified from this matrix. The

(&)

Vzimfl =
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desired PV power and voltage waveform shape along with the
PV reference voltage vpy.res are shown in Fig. 3. t1; and 22
represent the left side operating time durations at Vj;,,,.1 and
Umpp» and to1 and t9o represent the right side operating time
durations at Vj;,.2 and v,,,,,, shown in Fig. 3. These time inter-
vals are deduced from the waveform as follows: the operating
point at the left side of the MPP stays at (Vin-1, Pmin-1) for
t11, then stops at (v,,,,, Pmpp) fOr t12 in order to produce the
average power reference, before moving to (Viim-2, Prmin-2) at
the right side of the MPP. Similarly, the operating point at the
right side of the MPP stays at (V};;;-2, Pmin-2) for ta1, followed
by a stop at the MPP (v,,,,, Pmpp) fOI t22 to generate the average
power reference, before going to the left side. The scanning is
performed such that the average power generated by the PV array
over T', ppy-avg 18 €qual to py,...cr. By balancing the energy in
two consecutive time periods, 11, t12, t21, and t22 can be found.
For the operating cycle on left side

Pmin-1t11 + Pmppt12 = Ppo-ref T (6)

ti1 +tip =T. (N

Solving (6) and (7), 11 and t15 are determined. Similarly, for
the right side, the energy balance equation is

Pmin-2t21 + Pmppt22 = PporefT (8)

to1 + toa =T. ©

Solving (8) and (9), t21 and t99 are determined.
Therefore, assuming pmin-1 > Pmin-2 (similar procedure ap-
plies for pmin-1 < Pmin-2)» t11,t12, t21, and oy are

_ T(pmpp _ppv-ref)
Pmpp ~Pmin-1

tio =T —t11

Pmin-1 < Ppv-ref < Drpp oy = T(Prmpp—Ppo-res) (10)
21 = Pmpp—Pmin-2
tog =T — o1
tll " Pmin-1—Pmin-2
t12 = 0
Pmin-2 < Ppv-ref < Pmin-1 (1 1)
tor =T —tn
too = 0.

Each of these time steps should be large enough such that the
actual PV voltage can reach its reference before the reference
changes again. This is because v, will undergo a transient
as the reference changes. The sum of 11 (t21) and t12(t22) is
equal to 7, just like in any pulsewidth modulation scheme,
where the duration of the ON state ¢,, and the OFFstate ¢
are adjusted over a period 7" to produce a desired average value
(ton +tosr = T). These time durations vary with the given
power reference, and the recorded PV powers at the MPP, V};,,,.1,
and Vj;y,-2 according to (2) and (2). From (11), it is seen that
when puin-2 < Ppu-ref < Pmin-1, the scanning operation will
simply occur between pyin-1 and puin .2 without the need to
stay at the MPP.

A flowchartis provided in Fig. 5 to illustrate how to implement
the proposed algorithm. The algorithm is initialized by scanning
the PV curve and storing v,,, and p,, in the PV information
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Flowchart for implementing the proposed dynamic RPPT algorithm.

Fig. 5.

matrix. Then, according to the scanning boundary voltages
Viim-1 and Vi, 2, their corresponding power values ppi, -1 and
Pmin-2 are extracted from the PV information matrix. Since
the proposed algorithm can have two reference inputs—the
PV power reference p,,-,cf, and the percentage power reserve
reference N AP, s the reference selection is done. In case the
reference input is %A Pref, Ppu-res is found according to (2).
Values of ¢11,%12,%21, and to are determined using (10) and
(11). The PV voltage reference is generated corresponding to the
calculated durations to obtain an average power that follows the
power reference. As the operation occurs, the PV information
matrix updates the values of v, and p,, after each scanning
period.

Remark: In deriving (10) and (11), an ideal case is considered
wherein the PV voltage follows its reference without considering
the nonzero amount of time it takes to transition between voltage
states. The areas A (a1) and As(ag) represent the lag between
Upo-res and vy, in Fig. 4. Since the effects of the areas A, (a; ) and
As(az) almost cancel out each other, the error between the power
reference and the produced average PV power is small. Hence,
they can be neglected in the operation of the proposed RPPT
algorithm (i.e., (10) and (11) remain accurate). This assumption
is only valid when A (a1) and Ay (as) are closely symmetrical
or the transient time duration is negligible compared to 7.
Nevertheless, this tracking error can be easily compensated by
subtracting it from the power reference of subsequent cycles.

B. RPPT Under Partial Shading

One of the main necessities of the RPPT algorithm is con-
tinuously detecting the MPP. This is done by periodic scanning
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operation on the PV curve between the two fixed voltages as
explained in Section III-A. During partial shading, it is possible
to have multiple peaks on the PV curve, as shown in Fig. 6. There
is one global maximum power point (GMPP), and one or more
local maxima. The global maxima is located anywhere within
60% of the open-circuit voltage of one module and 90% of the
open-circuit voltage of all modules together [37], [38]. Hence,
as long as the scanning range covers this MPP region, the RPPT
is able to find the global maximum without any modifications
in the algorithm to cope with partial shading conditions. After
every period of scanning, the MPP is extracted from the recorded
P-V data as the point with the largest power value, which is the
global MPP point regardless of the number of local maxima.

C. Grid Frequency Support

The grid support block in the proposed algorithm (see
Fig. 2) provides frequency response capability. In an event of
grid frequency deviation, the PV power injected into the grid will
be adjusted as per the grid standards to facilitate fast transient
response for the grid.

The grid requirements for frequency response in some coun-
tries are shown in Fig. 7 [11], [35]. According to the standard for
South Africa (encircled) as an example, when the grid frequency
is within the frequency control band (f; and f3), a value of
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AC grid emulator

Fig. 8. Experimental PV system.

AP is considered as power reserve to be supplied in case of
contingencies. This enables the PV power plant to increase its
output power to the maximum available power p,,,,, if the grid
frequency drops below fs. If the frequency is between f; and
47Hz, the maximum power p,,,, is injected into the grid. On
the other hand, for frequencies larger than the upper limit of the
frequency band f3, the PV power output reduces based on the
droop gain, given in the corresponding country’s standard. If the
grid frequency goes beyond f5, but is smaller than 52 Hz, the
power will remain constant at a predefined value of pyi,. While
the grid frequency is larger than 52 Hz, the PV power reduces to
zero and the PV system is disconnected from the grid.

IV. EXPERIMENTAL RESULTS

The performance of the proposed algorithm is verified under
varying power reference, intermittent irradiance, and partial
shading conditions. The results are shown under the cases of
constant percentage power reserve reference (%AP,.;) and
constant power reference (Ppy—ref)-

The hardware setup for the proposed control methodology
is shown in Fig. 8. In the hardware setup, two monocrystalline
solar panels are connected in series to give an output power
of 35 W. Dimmable high bay light emitting diode (LED) light
fixtures are used to emulate the solar irradiance. The PV inverter
is composed of a dc—dc boost converter and a single-phase dc—ac
inverter. It comprises of PEB silicon carbide (SiC) 8024 half-
bridge building block Imperix modules and is controlled by an
imperix boombox (BB) controller 2.1. Cinergia GE&EL+vAC
is an ac regenerative system, which is operated to emulate a
single-phase grid. The parameters for the experimental results
are shown in Table II. Simulation results at a higher power rating
are also shown in the Appendix.

In this section, the deviation voltage (resolution of the
recorded PV curve data) V; is taken as 1 V and the time period
T is 0.01 s (scanning frequency is fscqn, = 100 Hz). The power
reserve, AP, is indicated in the figures corresponding to the
power produced by the PV panels.

The proposed algorithm is tested under four cases: (I) steady
state performance; (II) varying power reference; (III) maintain-
ing a constant power reserve under varying solar irradiance; and
(IV) partial shading conditions. This shows the flexibility of
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TABLE IT
EXPERIMENTAL SYSTEM PARAMETERS
Parameter Expt. Value
Phase grid voltage, single phase (rms value),
30V
Vg—rms
dc-link voltage, V. 60V
Switching frequency, fs 40kHz
Grid frequency, fq4 50 Hz
Maximum power, Pmpp 35W
Voltage at the MPP, Vi,pp 26V
Scanning frequency, fscan 100 Hz
PV matrix resolution voltage, V1 1V
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Fig. 9. Case I: Experimental verification of the proposed algorithm with PV
power reference of 30 W.

the proposed strategy in either keeping the PV power constant

or keeping the available power reserve constant, as well as the

validity of the algorithm in different partial shading patterns.

These features provide important support functions to the grid:

1) Under grid frequency disturbance conditions, the PV out-

put power is regulated to the calculated value, based on

the frequency-Watt curve from [35]. Under this condition,

the amount of power reserve in not regulated to a defined
value anymore.

2) Under the steady-state condition, the PV system maintains

a constant amount of power reserve. This is done by
maintaining constant AP,.. ¢ in the proposed algorithm.

3) Under partial shading condition, the system should be able

to identify the GMPP among the local maxima that are
created on the PV curve as a result of the cloud cover. This
feature is vital in order to determine the accurate power
reserve available.

Case I: In this case, the performance of the proposed algo-
rithm in regulating the average PV power is demonstrated. Fig. 9
shows the experimental results with a power reference of 30 W
and a power reserve of 14.2%. Here, max(Pmin-1,Pmin-2) <
Dpv-ref < Pmpp» Nence (10) applies. The mean value of py,
is shown to be 30.1281 VA, which demonstrates the accu-
racy of the proposed dynamic RPPT algorithm. In Fig. 10,
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Fig. 10.  Case I: Experimental verification of the proposed algorithm at PV
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Fig. 11.  Case II: Experimental verification of the proposed algorithm under

varying reference power: (a) PV grid power, average power, reference power,
and maximum power, and (b) PV voltage and PV voltage reference.

experimental results are shown with PV power reference of
24'W, which is between the minimum boundary powers, i.e.,
min(pmin —1;pmin—2) < Ppv-ref < max(pmin-hpmin —2), hence
(11) applies. As can be seen from the result, an average PV
power of 24.16W is measured, which closely agrees with the
provided reference.

Case II: The performance of the proposed RPPT control
methodology is evaluated under a varying power reference
Dpo-rey in Fig. 11. As pyy.rey varies, AP is also updated ac-
cordingly. Note that in this case, the brightness of the LEDs
is maintained at the maximum, hence emulated irradiance is
considered 100%. ppy-rey is constant at 35 W with no power
reserve from ¢ = Osto¢ = 5.6s. During this time, the algorithm
is operating at the maximum available power, i.e., performing

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 5, MAY 2023

MPPT. The average PV power pp,._qvg closely follows its refer-
€nce Ppy-re f- From grid frequency support perspective, injecting
the maximum available into the grid implies that the frequency
has fallen below its nominal range, i.e., below f> as shown in
Fig. 7. In such an event, a part of or the entire power reserve
is used to provide grid support depending on the extent of
frequency drop, as explained in Section III-C. At ¢ = 5.65,
the power reference reduces to 15 W. As the power reference
keeps decreasing, the time durations ¢11, t12, t21 and to90 update
accordingly in order to track of the power reference, as seen in
Fig. 11(a). The algorithm is able to track this step change in
power and a constant power is injected into the grid. Here, the
power injected into the single-phase grid pg,;q is shown after
filtering through a moving average filter (MAF) as it contains
second-order ripples. It is to be noted that the filtering window is
reduced deliberately to showcase fast transient response of the
system. A strict filtering action will illicit a slower transition
(even though actual response is relatively faster) due to the
MAF acquiring large amount of data for its operation in one
cycle. As the power reference is now reduced, AP is increased
to 43%. Fig. 11(b) shows a close-up view of the PV voltage
and PV voltage reference while operating with ppy_re =15 W.
It can be observed from this figure that the operating point
does not stay at the MPP, i.e., t12 = too = 0. Therefore, it
can be deduced that the power reference is between the min-
imum boundary powers, i.e., Min(Pmin-1, Pmin-2) < Ppo-ref <
MaZ(Pmin-1, Pmin-2 ), and (11) applies.

Case I11: In this case study, the proposed algorithm is tested
under varying irradiance condition. Note that in this experiment,
the irradiance variations are emulated by changing the brightness
of LEDs from 100% to 75%. As the irradiance changes, the MPP
is directly affected. Here, the effectiveness of the algorithm is
demonstrated by maintaining a constant 25% power reserve in
Fig. 12. The algorithm calculates p,,... f according to (2). Under
100% brightness, at the operating boundaries of Vi;;,,.1 =9V
and Vj;;,0 = 37 V. The recorded powers are pyin.1 = 16 W
and pmin-2 = 23 W. Regardless of the MPP variations, the
dynamic RPPT algorithm maintains a constant power reserve
at 25%, as shown in Fig. 12. Fig. 12(a) shows varying irra-
diance, and Fig. 12(b) shows the changes in the maximum
power as a result of variation in the solar irradiance along
with the power reference pp,.rcs, the average power pp,.qug,
and the power injected into grid pg.;q. Initially, from ¢ = 0s
to t = 6, the power reference is 26 W while the maximum
power is 35 W. At t = 65, the maximum power gradually starts
reducing as a result of the irradiance change. Accordingly, in
order to maintain the reserve margin of 25%, py,.rs also starts
reducing gradually till # = 8s. It can be observed in Fig. 12(b)
that ppy-qug is updated subsequently as the irradiance change
happens. The irradiance remains constant at 75% till t = 14s.
At t = 14s, the irradiance and the maximum power start to
increase, yet the average power is able to closely follow its
rapidly rising reference, maintaining a constant power reserve
of 25%. The irradiance reaches 100% at ¢t = 16.5s. Thereafter,
the irradiance and hence the MPP remain constant. In Fig. 12(e)
and (f), the PV voltage and PV voltage reference close-up is
shown in two conditions. Fig. 12(c) and (e) shows the condition
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Fig. 12.

Case 1I1: Experimental verification of the proposed algorithm under varying irradiance: (a) irradiance, (b) PV grid power, average power, reference

power, and maximum power, (c) zoomed in PV power at 100% irradiance, (d) zoomed in PV power at 75% irradiance, (e) zoomed in PV voltage and PV voltage
reference at 100% irradiance, and (f) zoomed in PV voltage and PV voltage reference at 75% irradiance.

when the power reference is larger than the minimum bound-
ary powers, i.e., maz(Pmin-1, Pmin-2) < Ppv-ref < Pmpps hENCE
(10) applies. Fig. 12(d) and (e) shows the condition when the
power reference is between the minimum boundary powers, i.e.,
Min(Pmin-1, Pmin-2) < Ppv-ref < MAT(Pmin-1, Pmin-2), hence
(11) applies.

Case IV: In this case study, the performance of the proposed
dynamic RPPT is demonstrated under different partial shading
patterns, as shown in Fig. 13(a) and (b). The effect on PV power
as well as the power reserve during partial shading patterns I and
IT are shown in Figs. 14 and 15, respectively.

In Fig. 14, from ¢t = 0s to ¢ = 5.2s before partial shading
occurs, the maximum power is 35 W and the power reference

t = 5.2 s, the partial shading occurs. The PV curve during this
shading event is shown in Fig. 13(a). As a result of this partial
shading pattern I, it can be seen that there are two maxima and
the GMPP is 21.8 W. As shown in Fig. 14, the power reserve
changes from 51% to 22% while the power reference remains
constant at 17 W. The proposed algorithm accurately tracks
DPmpp as seen in Fig. 14. There is no false tracking of the local
maxima. Since the PV system has enough power reserve before
the shading occurs, it continues to operate at the same power
reference and injects constant power into the grid.

In Fig. 15, from ¢t =0s to ¢t = 65 before partial shading
occurs, the MPP is 35 W and the power reference ppy.res is
20 W while the power reserve is about 43%. At t = 65, the
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Fig. 14.  Case IV: Experimental verification of the proposed algorithm under
partial shading pattern I: PV average power, reference power, and maximum
power.

is shown in Fig. 13(b). As a result of this partial shading pattern
II, it can be seen that there are three maxima and the GMPP
is 26 W. The algorithm needs to detect the global maximum
to correctly determine the available power reserve. Here, the
operation is in constant power reserve of 43%, hence the power
reference is adjusted according to the new maximum of 26 W.
Fig. 15 shows a smooth transition to a lower power reference
even when partial shading occurs.

V. CONCLUSION

A dynamic RPPT algorithm for PV power plants was pro-
posed in this article. The proposed algorithm has the capability
to inject flexible power into the grid and at the same time
to determine the available power reserve. The experimental
results confirmed that the proposed algorithm is able to operate
either in MPPT mode to extract the maximum power, FPPT
mode to extract a constant power, or RPPT mode to maintain a
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partial shading pattern II: PV average power, reference power, and maximum
power.

TABLE III
SIMULATION PARAMETERS

Parameter Value
Phase grid voltage (rms value), Vy_rms 220V
dc-link voltage, Vg, 700V
Switching frequency, fs 50 kHz
dc-link Capacitor, Cg. 1.5 mF
Grid frequency, fq 50 Hz
Maximum power, Ppp (at STC) 5.12kW
Voltage at maximum power point, Vinpp (at STC) 232V
PV matrix resolution voltage, V1 1V

desired power reserve. Furthermore, the results obtained from
two generic partial shading test cases confirmed that the algo-
rithm is also able to correctly identify the GMPP to accurately
perform power reserve control. The experiments demonstrated
the applicability of the proposed dynamic RPPT concept under
varying irradiance and partial shading conditions.

APPENDIX
SIMULATION RESULTS

The three-phase simulation parameters are shown in Table I1I.
The results are shown for partial shading condition and varying
power reference as a result of grid frequency deviation in Figs.
16 and 17, respectively.

In Fig. 16, two PV strings of rating 2.5 kW each are connected
in series to simulate partial shading conditions. As it can be
seen in Fig. 16(a), the proposed RPPT algorithm is able to
track the global MPP accurately even as it changes due to
partial shading. The power injected into the grid is almost
constantat 1.5 kW according to the PV power reference as shown
in Fig. 16(d).

The results in Fig. 17 are shown for varying pp,-re s as aresult
of grid frequency deviation. The power injected into the grid
Dgrid—inj 18 shown to have minimal fluctuations. In Fig. 17, the
grid frequency varies, due to which the PV power reference is
adjusted to provide grid support. Hence, it is evident from these
results that the proposed dynamic RPPT is extendable to PV
power plants at higher power levels.
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