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A Sensorless Power Reserve Control Strategy for
Two-Stage Grid-Connected PV Systems
Ariya Sangwongwanich, Student Member, IEEE, Yongheng Yang, Member, IEEE,
and Frede Blaabjerg, Fellow, IEEE
Abstract—Due to the still increasing penetration of gridconnected Photovoltaic (PV) systems, advanced active power
control functionalities have been introduced in grid regulations.
A power reserve control, where namely the active power from
the PV panels is reserved during operation, is required for
grid support. In this paper, a cost-effective solution to realize
the power reserve for two-stage grid-connected PV systems is
proposed. The proposed solution routinely employs a Maximum
Power Point Tracking (MPPT) control to estimate the available
PV power and a Constant Power Generation (CPG) control to
achieve the power reserve. In this method, the solar irradiance
and temperature measurements that have been used in conventional power reserve control schemes to estimate the available PV
power are not required, and thereby being a sensorless approach
with reduced cost. Experimental tests have been performed on
a 3-kW two-stage single-phase grid-connected PV system, where
the power reserve control is achieved upon demands.

Fig. 1. Power reserve requirement in the Danish grid code [7], where ∆P
is the amount of power reserve level.

Index Terms—Active power control, power reserve control,
maximum power point tracking, constant power generation
control, PV systems, grid-connected power converters.

I. I NTRODUCTION
N recent decades, the penetration level of Photovoltaic (PV)
systems has been continuously increasing, especially for
grid-connected applications [1]–[5]. Due to the still declining
installation costs (e.g., in PV panels and inverters), gridconnected PV systems will have an even more significant
role in the future power production [2], [3]. This makes the
power grid to be mixed in terms of energy resources, and
thereby increases the control and monitoring complexity. As a
consequence, grid regulations have recently been revised and
continuously updated in order to handle the increased amount
of fluctuating PV power injected to the power grid [5]–[9].
Several advanced active power control strategies have been
defined [4]–[9], where the PV system is expected to be more
active in the power network beyond a purely power-generating
unit. One of the advanced functionalities in grid-connected PV
systems is to reserve active power for potential grid voltage or
frequency regulations [4], [7]–[9], where a certain amount of
active power is reserved (or curtailed) during operation. Fig. 1
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Fig. 2. Power-voltage curve of the PV panels with the power reserve control
by operating the PV system at below the MPP.

gives an example of the power reserve control requirement in
the Danish grid code [7]. Typically, the Power Reserve Control
(PRC) can be adopted for potential frequency regulation during
a short period (e.g., frequency response) [6]–[11].
Energy storage devices (e.g., battery) are normally employed to realize the power reserve in PV systems [11]–[16].
However, high cost and limited lifetime are the two main
drawbacks, which makes this solution not so cost-effective,
and also becoming the main driving forces for advanced
control solutions with reduced cost and complexity [10]. As an
alternative, the power reserve can be achieved by modifying
the control algorithm of the PV system to operate below the
Maximum Power Point (MPP), and then the active power can
be reserved [17]–[21]. In order to do so, the modified MPPT
algorithm has to be able to regulate the PV power Ppv at a
certain power limit Plimit , as it has been proposed in [10]–[12]
and illustrated in Fig. 2. To achieve the PRC strategy, the setpoint Plimit has to be calculated by subtracting the available
PV power Pavai with the required amount of power reserve
∆P as
Ppv = Plimit = Pavai − ∆P.

(1)
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Usually, the reserved power ∆P is calculated as a function
of the frequency deviation or given by the system operators
[10]–[12]. In that regard, it is considered as an input (or reference) for the PRC strategy. Thus, the remaining issue becomes
clear - how to accurately estimate the available PV power Pavai
during operation [22]. The estimation is very challenging [23],
unless the PV system is equipped with an accurate irradiance
measurement as implemented in [10] and [11]. However,
this is usually not the case for residential/commercial scale
PV systems, since the irradiance measurements will increase
both the cost and the complexity of the overall system. In
contrast, the method proposed in [12] and [23] uses a quadratic
curve-fitting approach to estimate the available PV output
power from the Power-Voltage (P-V) curve of the PV panels,
without using an irradiance measurement. However, it requires
the estimation of the PV voltage at the MPP, VMPP , which
incurs additional efforts. Besides, the accurate estimation of
the curve-fitting approach is limited to a certain range (i.e.,
vpv < VMPP ) and the method is also sensitive to parameter
variations (e.g., due to aging of PV panels).
In light of the above issues, it calls for a cost-effective and
simple solution to realize the PRC strategy. This paper thus
proposes a Sensorless Power Reserve Control (SPRC) strategy
to fill out this gap, where the solar irradiance measurements
are not required for the available PV power estimation. The
proposed solution routinely employs the MPPT operation to
measure the available PV output power, which is simple and
more generic [24]. Then, the PV output power is regulated
according to the required amount of power reserve by means of
a CPG strategy [17], [18]. At the grid-side converter, the stored
energy in the dc-link is also adaptively controlled to buffer the
PV power increase during the MPPT operation, and thereby
keep the injected ac power to follow the required power reserve
profile. The proposed approach can overcome the limitation in
[25], where the PRC constraint cannot be maintained during
the MPPT operation.
The rest of this paper is organized as follows: the system
description and the overall control structure of two-stage PV
systems is presented in Section II. In Section III, the operational principle of the proposed SPRC strategy is discussed,
and the design considerations are provided in Section IV.
Experimental tests have been carried out on a 3-kW two-stage
single-phase grid-connected PV system in Section V to verify
the effectiveness of the proposed strategy. Finally, Section VI
gives the concluding remarks.
II. S YSTEM D ESCRIPTION OF T WO -S TAGE PV S YSTEMS
The system configuration of a two-stage grid-connected PV
systems is shown in Fig. 3. This two-stage configuration is
widely used in the residential/commercial PV systems (e.g.,
with the rated power of 1-30 kW) [26], [27], where it consists
of two power converters: 1) the PV-side dc-dc boost converter
and 2) the grid-side dc-ac inverter. Basically, the boost converter is responsible for extracting the PV power Ppv , which is
achieved by regulating the PV voltage vpv at the corresponding
operating point in the Power-Voltage (P-V) curve in Fig. 2,
e.g., at the VMPP for the MPPT operation. Then, the gridside converter, which is realized by a full-bridge topology,
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Fig. 3. System configuration and control structure of a two-stage gridconnected PV system with the Sensorless Power Reserve Control strategy.

delivers the extracted PV power to the ac grid by regulating
the dc-link voltage vdc to be constant through the control of
the grid current ig [28]. In this case, a bipolar Pulse Width
Modulation (PWM) technique is used in order to eliminate the
common-mode voltage, and thus minimize the leakage current
[29]. This is a common requirement for transformerless PV
applications. In addition, the grid-side converter also requires
a proper synchronization of the injected current with the grid
voltage by means of Phase-Locked Loops (PLL), and ensures
the power quality of the injected grid-current with harmonic
compensators being implemented.
In fact, the dc and ac power are decoupled in the two-stage
configuration, where the dc-link capacitor acts as an energy
buffer to decouple the dc and ac power. Thus, it is possible
to adaptively adjust the stored energy in the dc-link to some
extent during operation. In that case, the dc-link voltage is
not always kept as constant in order to temporarily reserve
the extracted power from the PV, which is the main idea of
the proposed SPRC strategy and will be further discussed in
details in the following.
III. P ROPOSED S ENSORLESS P OWER R ESERVE C ONTROL
S TRATEGY
A. Operational Principle
The proposed SPRC strategy is a combination of two
operational modes: MPPT and CPG, which are employed for
different control objectives. The main purpose of the MPPT
operation is to estimate the available PV power. When the
operating point of the PV arrays is regulated at the MPP, the
available power of the PV arrays Pavai can be estimated from
the measured PV output power Ppv (neglecting power losses
due to the MPPT algorithm). By routinely assigning the MPPT
operation, the available power can continuously be estimated
during operation. In fact, this concept is similar to the “Sample
and Hold (S&H)” process in digital control. Thus, similar
consideration also applies here. That is, an error between the
sampled signal (estimated available power) and the original
signal (real available power) reduces as the sampling frequency
increases (i.e., the more often the MPPT mode is assigned).
This concept of the Available Power Estimation (APE) process
is further illustrated in Figs. 4(a) and (b). In this way, the costly
irradiance measurement or the PV panel characteristic models
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Fig. 4. Available power estimation method employed in the proposed Sensorless Power Reserve Control (SPRC) strategy: (a) MPPT mode is routinely
employed, (b) the estimated available power during the MPPT mode, and (c) the extracted PV power with a combined MPPT and CPG operations.

reserve demand. By combining both operating modes, the
corresponding extracted PV power from the proposed strategy
can be summarized as follows:

Pavai
MPPT mode
Ppv =
(2)
Plimit = Pavai − ∆P CPG mode.

Fig. 5. Operational principle of the Sensorless Power Reserve Control (SPRC)
strategy, where the peak power is stored/buffered in the dc-link during the
MPPT mode (i.e., during the available power estimation period).

are not required for the available power estimation, being a
sensorless solution.
Once the available PV power is estimated with the MPPT
operation, the set-point of the CPG operation Plimit can be
calculated according to (1), for a given amount of power
reserve ∆P . Accordingly, the SPRC strategy employs the CPG
operation to regulate the PV power in order to provide a
power reverse as demanded. The corresponding extracted PV
power from the dc-dc boost converter with the combination
of MPPT and CPG modes is shown in Fig. 4(c). In order to
ensure that the power injected to the ac grid always follows
the demand in the case of the PRC shown in Fig. 1, the
peak power during the MPPT mode should be buffered. In
the proposed approach, the dc-link voltage is increased during
this period to temporarily store the excessed energy due to
the peak power injection. By doing so, the injected ac power
will follow the PRC constraint as it is shown in Fig. 5. In this
regard, the proposed solution can be flexibly adapted to any
two-stage PV system configuration (with other PV inverter
topologies), where the PV- and the grid-side converters can
be controlled independently. The control algorithm of the PVside boost converter and grid-side converter to achieve the
discussed strategy is presented in the following.
B. Control Algorithm of the PV-Side Boost Converter
As discussed previously, there are two operating modes for
the boost converter. Namely, the MPPT operation is employed
to estimate the available PV power, and the CPG control is
employed to regulate the PV output power to follow the power

Considering the MPPT mode, a fast MPPT operation is
required in order to minimize the excessed energy injected
into the dc-link during this APE period (i.e., ideally should be
like an impulse). A simple and effective way to operate the PV
system at the MPP is to use a Constant Voltage MPPT (CVMPPT) strategy, where the PV voltage vpv at the MPP can be
approximated as 71-78 % of the open-circuit voltage VOC [30],
as illustrated in Fig. 6. Since the open-circuit voltage of the
PV panels varies in a small range during operation, the CVMPPT method offers a fast response with a moderate accuracy,
making it suitable for implementation in the proposed SPRC
∗
during the MPPT mode
strategy. The reference PV voltage vpv
can be assigned as follows:
∗
vpv
= kOC VOC , 0.71 < kOC ≤ 0.78,

(3)

where kOC is a constant. Notably, the effectiveness of the CVMPPT algorithm relies on the assumption that the voltage
at the MPP does not change significantly during operation.
This assumption is quite reasonable for this particular power
reserve control (frequency response), where the required time
duration is usually in the range of a few minutes [31]. In that
short time period, the ambient temperature will not change
significantly either (while the irradiance level could), as the
ambient temperature usually changes with a time constant
in the range of several minutes to an hour. Thus, it can be
assumed that the impact of the temperature variation can be
neglected during the power reserve control. That is to say, in
the case of PRC operation, the ambient temperature is assumed
to be constant. With the above MPPT operation, the available
PV power can be estimated by simply measuring the PV power
during the steady-state MPPT periods.
Once the APE process is done, the PV system enters into
the CPG mode where the operating point of the PV systems
has to be regulated below the MPP in order to achieve Ppv =
Plimit (and thus the power reserve). It can be seen from the
P-V characteristic of the PV panel in Fig. 7 that there are
two possible operating points for a certain level of Plimit and
irradiance level (i.e., A and C). However, it should be aware
that the operating point at the right side of the MPP (e.g., at
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Fig. 8. Control scheme of the PV-side boost converter with the MPPT and
∗ and v are the reference and measured PV voltage,
CPG operation, where vpv
pv
and Plimit is the set-point.

Fig. 6. Operational principle of the PV side control scheme, where the
Constant Voltage MPPT and the CPG algorithms are implemented.

Fig. 9. Control scheme of the grid-side converter with the dc-link voltage
∗ and v are the reference
controller and the stored energy controller, where vdc
dc
and measured dc-link voltage, hPac i is the average injected ac power, and
Plimit is the set-point.

Fig. 7. Possible operating regions of the CPG strategy, where the instability
issue during the fast decreasing irradiance condition is illustrated.

C) can introduce instability during a fast irradiance drop (e.g.,
from 1000 to 200 W/m2 due to passing clouds). In that case,
the open-circuit voltage of the PV panels VOC decreases as the
irradiance level drops, and the operating point may fall into
(and stay at) the open-circuit condition (i.e., C→D in Fig. 7).
Under this situation, the CPG operation becomes unstable and
the PV system will not able to deliver any power from the PV
panel to the grid, as it has been demonstrated in [17]. With
this concern, the operating point of the PV system is perturbed
to the left side of the MPP during the CPG opertion, as it is
also illustrated in Fig. 6 [17]–[19]. The reference PV voltage
∗
vpv
during the CPG mode can be summarized as

vMPPT
when Ppv ≤ Plimit
∗
vpv
=
(4)
vpv − vstep when Ppv > Plimit ,
where vMPPT is the reference voltage from the MPPT algorithm
(i.e., the P&O MPPT) and vstep is the perturbation step size.
Notably, the reference vMPPT has nothing to do with the previous CV-MPPT algorithm (which is only used during the APE
process), but the vMPPT is needed during the CPG operating
mode in order to keep the operating point of the PV system
at Ppv = Plimit . This is due to the fact that the PV power may
not be kept exactly at the Plimit in practice, but it will oscillate
around that operating point with minimum deviations. In that
case, the PV voltage needs to follow the reference from the
P&O MPPT algorithm when Ppv ≤ Plimit , in order to move the
operating point back close to Ppv = Plimit . Further discussions
about CPG algorithms can be found in [17]. The control
structure of the PV-side boost converter is shown in Fig. 8,

where a Proportional Integral (PI) controller is employed to
∗
regulate the PV voltage vpv according to its reference vpv
.
To avoid any confusion, due to the two operating modes
∗
(i.e., MPPT and CPG operations), the reference voltage vpv
in Fig. 8 is obtained from (3) during the APE process (MPPT
operation), while the reference voltage in (4) is employed only
during the CPG mode. In both cases, the control structure
∗
remains the same, while only the reference PV voltage vpv
is
changed, as shown in Fig. 8.
C. Control Algorithm of the Grid-Side Converter
Regardless of the operating mode of the PV-side boost
converter, the objective of the grid-side converter is to always
keep the injected ac power to follow the PRC constraint as
hPac i = Plimit = Pavai − ∆P,

(5)

with hPac i being the average injected ac power, Plimit being
the set-point (reference), Pavai being the available PV power,
and ∆P being the required amount of reserved power.
In order to do so, the peak power during the APE period
(i.e., MPPT mode) has to be temporarily stored in the dclink. Following, the control scheme of the grid-side converter
in Fig. 9 is employed in this paper, where a stored energy
controller is plugged into the typical dc-link voltage controller
for calculating the reference grid current. Basically, the dclink voltage controller will give an amplitude reference of the
grid current |i∗g |, which keeps the dc-link voltage vdc constant
and delivers all the extracted PV power to the ac grid (which
is the case during the CPG mode). However, if the average
injected ac power hPac i exceeds the power limit Plimit (e.g.,
due to the peak power injection), a certain amount of current
∆ig corresponding to kac (hPac i − Plimit ) is subtracted from the
reference |i∗g | by the stored energy
√ controller. The proportional
gain kac should be selected as 2/Vg (with a small adjustment
in practice to compensate power losses in the dc-link, e.g.,
parasitic resistance in the dc-link capacitor), where Vg is the
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Fig. 10. Power extraction from the PV arrays according to the SPRC strategy
with the power loss compensation, where tres is the time response during the
operating mode transition, fAPE is the sampling rate of the available PV power
estimation process, and η is the efficiency of the power converter.

RMS value of the grid voltage. In this way, the amount of
the grid current reduction ∆ig , which will allow the power
difference (hPac i − Plimit ) be stored in the dc-link, can be
determined. Consequently, the actual dc-link voltage vdc will
∗
be higher than the reference vdc
during the MPPT mode, but
the peak power will not propagate to the ac grid.
In this approach, the stored energy in the dc-link is controlled indirectly through the compensation of the grid current,
which offers a faster and more effective response than the solution by directly calculating the corresponding dc-link voltage
∗
(e.g., increase vdc
during MPPT operation). This is due to the
typical limited bandwidth of the dc-link voltage controller (i.e.,
much slower than the current controller). Notably, vdc should
also be within a certain range for single-phase grid-connected
inverter systems, in order to ensure the power delivery to the
grid and safety (e.g., 400-600 V). Thus, there is a certain limit
of the amount of reserved power ∆P in order to ensure that
the dc-link voltage will not reach the system maximum voltage
limit (e.g., 600 V) [32], [33], which will be discussed in the
next section.
IV. D ESIGN C ONSIDERATION OF THE SPRC S TRATEGIES
In order to achieve a high control performance using the
SPRC strategy, several design considerations should be discussed to assist the practical implementations.
A. Improving the Power Reserve Accuracy by Compensating
Inverter Power Losses
So far, the efficiency of the converters are not considered. In
other words, it is assumed that the PV power Ppv in (2) is equal
to the injected ac power hPac i in (5) during the CPG operation.
However, there are power losses in the power converters,
especially from the power devices during the switching and
conduction, which reduces the converter efficiency. The power
losses cannot be neglected and should be compensated, in
order to achieve a high-accuracy operation.
Taking the efficiency of the power converter into account,
the power injected to the grid from the PV arrays becomes
hPac i = η· Ppv
Ppv − hPac i =

(1 − η)· Ppv ,

(6)
(7)

5

Fig. 11. Power extraction from the PV arrays according to the SPRC strategy
with the previous operating point during the CPG mode being applied after the
available PV power estimation process, where tres is the time response during
the operating mode transition, fAPE is the sampling rate of the available PV
power estimation process, and η is the efficiency of the power converter.

where η is the efficiency of the power converter. It can be
observed in (7) that there is always a certain amount of power
losses from the PV side to the grid side corresponding to
(1 − η)· Ppv . In order to maintain the power reserve constraint
with respect to the injected ac power as in (5), the amount
(1−η)· Ppv should be subtracted from the reference ∆P when
calculating the power limit as
0

Plimit = Pavai − [∆P − (1 − η)· Ppv ],

(8)

0

where Plimit is the compensated power limit. By replacing
0
the Plimit with Plimit at the PV-side controller in (2) (while
(5) remains), the power losses in the power converter are
compensated, as it is illustrated in Fig. 10.
B. Minimizing the Excessed Energy with Fast CPG Algorithms
during Transients
The key performance of the SPRC strategy is a fast operation during the available power estimation process in order to
minimize the excessed energy in the dc-link. As it is shown in
Fig. 10, there are two intermediate steps during this period: 1)
CPG to MPPT (during t1 ) and 2) MPPT to CPG (during t2 )
transitions, where a certain time response tres is required. With
the CV-MPPT method discussed in Section III, the CPG to
MPPT transition can be achieved very fast, where the reference
∗
vpv
= kOC VOC is directly assigned. Thus, the remaining issue
is to ensure a fast transient response of the CPG algorithm
during the MPPT to CPG transition.
A simple and effective solution is to directly apply the last
operating point during the steady-state CPG operation as a
reference PV voltage once the APE process is done. In this
way, the operating point of the PV can move back relatively
fast to the previous operating point in the CPG mode within
one sampling period. After that, the CPG algorithm in (4)
is employed in steady-state CPG operation (during t3 ). With
this approach, the time response during the transition tres is
minimized, as it can be compared from tres shown in Fig. 10
(with normal CPG algorithm, where a number of sampling
during MPPT to CPG transition is required) and Fig. 11
(with fast CPG algorithm). This solution is effective when the
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sampling rate of the APE process is much faster than the solar
irradiance fluctuation, which is usually the case for the PV
system in practice. Under this condition, it can be assumed that
the operating point during the CPG mode for each sampling
changes relatively slow, due to the high sampling rate of APE.
C. Maximum Amount of the Power Reserve
The maximum amount of power reserve ∆Pmax is limited
by the stored energy capacity of the dc-link capacitor. This
is due to the fact that during each APE process, the excessed
energy will be injected into the dc-link, which has a limited
energy capacity. According to Fig. 11, the excessed energy
during the APE process ∆E can be approximated as
1
(∆P − (1 − η)· Ppv )tres
2
0
1
=
(Pavai − Plimit )tres .
(9)
2
When this excessed energy is stored in the dc-link, it will
cause the dc-link voltage vdc increase according to
∆E

=

1
2
2
Cdc (vdc,t
− vdc,0
),
(10)
∆E =
2
where vdc,0 is the initial dc-link voltage, which corresponds
∗
to the reference dc-link voltage vdc
in the SPRC strategy. vdc,t
is the peak value of the dc-link voltage which is limited by
the maximum allowable dc-link voltage vdc,max according to
the grid regulations (e.g., 600 V in US [32] and 1000 V in
Europe [33]). Thus, the maximum excessed energy that can be
stored in the dc-link during each APE process is determined
as follows:
1
2
∗2
∆Emax =
Cdc (vdc,max
− vdc
).
(11)
2
According to (9)-(11), the maximum amount of the power
reserve ∆Pmax is obtained as
∆P

=

∆Pmax

=

Cdc 2
2
(v − vdc,0
) + (1 − η)· Ppv
tres dc,t
Cdc 2
∗2
(v
− vdc
) + (1 − η)· Ppv .
tres dc,max

(12)
(13)

It is noticed from (13) that, in order to increase ∆Pmax ,
either a large dc-link capacitor Cdc is needed or the time
response tres has to be minimized. However, increasing the
dc-link capacitance is usually not preferable considering the
cost, size, and reliability of the system [34]. In this paper, the
dc-link capacitance Cdc is designed based on the maximum
ripple voltage ∆v requirement during normal operation, where
the dc-link capacitance is determined by
Cdc =

Ppv
.
(2πfg ) · ∆v · vdc

(14)

At the rated power (i.e., 3 kW), the dc-link voltage is regulated
at 450 ± 5 V (i.e., vdc = 450 V, ∆v = 5 V). Thus, the
required dc-link capacitance is around 2.2 mF according to
(14). Notably, this is a typical design for single-phase inverter,
where the dc-link voltage inevitably contains the double-line
frequency ripples during operation. This dc-link capacitor
however can be used to store the excessive energy in the SPRC

Fig. 12. Variation in the dc-link voltage due to the peak power injection
during the MPPT mode, where tres and tdc are the time response during the
operating mode transition and the dc-link voltage controller, respectively. fAPE
is the sampling rate of the APE process and fAPE,max is its maximum value.

operation. In other words, the dc-link capacitor is not oversized or specifically designed for the power reserve purpose.
Consequently, from this standpoint, reducing the time response
tres is a more viable solution to maximize the power reserve
of a pre-designed two-stage PV system according to (13).
D. Maximum Sampling Frequency of the Available Power
Estimation (APE) Process
The accuracy of the APE relies on its sampling frequency
fAPE . In general, the accuracy of the APE increases as its
sampling rate fAPE increases, especially during the changing
irradiance condition. However, the constraint that limits the
sampling frequency fAPE is the required response time by
the dc-link voltage controller in order to reach the steadystate after the peak power injection due to the APE process.
Specifically, the dc-link voltage has to be discharged to its
∗
nominal value (i.e., vdc = vdc
) at the end of each APE
sampling. Otherwise, if the excessed energy is injected to the
dc-link during the discharging period, the dc-link voltage will
oscillate. This will lead to an unstable operation, since the
boost converter can no longer regulate its input voltage (i.e.,
PV voltage) when the output voltage (i.e., dc-link voltage)
is oscillating significantly, as it will be exemplified later via
experiments. The variation in the dc-link voltage vdc during
each APE process is illustrated in Fig. 12. At the beginning
of each APE process, the dc-link voltage will reach its peak
value after t = tres , which is the time duration where the
excessed energy is injected into the dc-link. After that, the dclink voltage will be slowly discharged by the dc-link voltage
controller. During this period, the stored energy controller is
deactivated, since (hPac i − Plimit ) = 0. Thus, the required
discharging time tdc corresponds to the settling time of the
dc-link voltage controller (e.g., the PI controller), and the
maximum sampling frequency of the APE process fAPE,max
can be obtained as
1
fAPE,max =
.
(15)
tres + tdc
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Fig. 13. Experimental setup of the two-stage grid-connected PV system.
TABLE I
PARAMETERS OF THE T WO -S TAGE S INGLE -P HASE PV S YSTEM (F IG . 3).
PV rated power
Boost converter inductor
PV-side capacitor
DC-link capacitor
LCL-filter
Switching frequency
DC-link voltage
Grid nominal voltage (RMS)
Grid nominal frequency

3 kW
L = 1.8 mH
Cpv = 1000 µF
Cdc = 2200 µF
Linv = 4.8 mH, Lg = 2 mH,
Cf = 4.3 µF
Boost converter: fb = 16 kHz,
Full-Bridge inverter: finv = 8 kHz
Vdc = 400-600 V
Vg = 230 V
ω0 = 2π×50 rad/s

V. P ERFORMANCE V ERIFICATION OF THE P ROPOSED
SPRC S TRATEGIES
In order to verify the effectiveness of the proposed SPRC
strategy, the experimental tests have been carried out with
the test-rig shown in Fig. 13, where the system parameters
are given in Table I. It should be pointed out that an LCfilter is used, and connected to the grid through an isolation
transformer. Together with the leakage inductance of the
isolation transformer, an LCL-filter is formed. At the PV-side,
a PV simulator has been adopted. The control algorithms have
been implemented in an FPGA system.
First, a constant solar irradiance profile of 1000 W/m2
(i.e., corresponding to the available PV power of 3 kW) has
been adopted in the test. In this case, three power reserve
references ∆P (i.e., 700 W, 500 W, and 300 W) are used to
verify the effectiveness of the SPRC strategy during steadystate operation, and the results are shown in Fig. 14. The
PV voltage vpv and the corresponding extracted PV power
Ppv are shown in Figs. 14(a) and (b), respectively. During
the CPG operation periods, the extracted PV power Ppv is
limited below the available power Pavai corresponding to the
amount of the power reserve ∆P , while the PV power reaches
the available power during the MPPT mode. At the grid-side,
the average injected ac power hPac i always follows the PRC
constraint during operation, as it can be seen in Fig. 14(b).
This is achieved by the stored energy controller, where the
dc-link voltage vdc is adaptively controlled to absorb the peak

Fig. 14. Experimental results of the single-phase grid-connected PV system
with the proposed SPRC strategy during the steady-state operation (solar
irradiance level: 1000 W/m2 ; ambient temperature: 25◦ C; available power
estimation rate: fAPE = 0.2 Hz), where the reference power reserve ∆P are
700 W, 500 W, and 300 W: (a) PV voltage vpv , (b) PV power Ppv and ac
power hPac i, (c) dc-link voltage vdc , and (d) reserved power ∆P .

power injection in the dc-link during the MPPT mode. It can
be noticed in Fig. 14(c) that the variation in the dc-link voltage
increases as the amount of power reserve increases, while the
average value remains the same. More specifically, the dc-link
voltage only increases temporarily during the APE process in
order to store the excessed energy in the dc-link. In this case,
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Fig. 15. Experimental results of the single-phase grid-connected PV system
with the proposed SPRC strategy at the sampling rate of fAPE = 0.05 Hz
under a ramp-changing solar irradiance profile (ambient temperature: 25◦ C),
where the reference power reserve ∆P is 500 W: (a) PV voltage vpv , (b)
PV power Ppv and ac power hPac i, (c) dc-link voltage vdc , and (d) reserved
power ∆P .

Fig. 16. Experimental results of the single-phase grid-connected PV system
with the proposed SPRC strategy at the sampling rate of fAPE = 0.2 Hz under
a ramp-changing solar irradiance profile (ambient temperature: 25◦ C), where
the reference power reserve ∆P is 500 W: (a) PV voltage vpv , (b) PV power
Ppv and ac power hPac i, (c) dc-link voltage vdc , and (d) reserved power ∆P .

the peak dc-link voltage is highest when the power reserve
is 700 W, as it can be seen from Fig. 14. This is in a close
agreement with the previous theoretical analysis according to
(12). Nevertheless, the average reserved power ∆P can be
accurately controlled according to the references, as it is shown
in Fig. 14(d).

Further, the proposed SPRC strategy has also been verified
with a ramp-changing irradiance profile, where the performance of the APE process becomes important. As mentioned
previously, the accuracy of the APE process relies on its
sampling rate fAPE . Thus, two different sampling frequencies
of fAPE = 0.05 Hz and 0.2 Hz are used in this test, while
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the reference power reserve ∆P is kept as 500 W. The
performances of the SPRC with a low sampling frequency of
APE process are shown in Fig. 15. The PV voltage vpv under
this operating condition is shown in Fig. 15(a), where it can be
seen that the MPPT operation is assigned to the boost converter
every 20 s (i.e., fAPE = 0.05 Hz). In Fig. 15(b), the available PV
power Pavai and the extracted PV power Ppv during operation
are shown, which demonstrates that the available power Pavai
is periodically measured in the MPPT mode. The injected ac
power hPac i during operation is also shown in the same figure,
where it can be observed that the power reserve constraint is
achieved. However, a power reserve profile ∆P in Fig. 15(d)
presents a considerable error during operation due to the low
sampling rate of the APE process.
In order to reduce the power reserve error and demonstrate
the impact of the sampling frequency of the APE process fAPE
on the performance of the SPRC strategy, a high sampling rate
of 0.2 Hz for the APE process is adopted in Fig. 16. In this
case, the MPPT operation is assigned to the boost converter
every 5 s (i.e., fAPE = 0.2 Hz). This can be noticed from the
PV voltage vpv in Fig. 16(a), where the CV-MPPT algorithm
is assigned more frequently compared to that in Fig. 15(a). A
similar high frequency transition between the MPPT and CPG
mode is also observed in the extracted PV power Ppv in Fig.
16(b). On the other hand, the injected ac power hPac i fluctuation is reduced with this high sampling rate due to the higher
accuracy in the available power estimation. Consequently, the
error in the reserved power ∆P is significantly reduced, as it
can be seen from Fig. 16(d).
A zoomed-in view of the experimental results (in Fig. 16)
is presented in Fig. 17, where the PV system is operating with
a constant available power of 3 kW. Here, it can be observed
from the PV voltage vpv in Fig. 17(a) that the algorithm can
reach the MPP very fast with the CV-MPPT operation, where
the response time tres during the operational mode transition
(i.e., CPG→MPPT→CPG) is around 0.5 s. Notably, this is
much faster than the typical required response time during
the power reserve operation in the grid code, i.e., 10 s in the
Danish grid code [7]. The extracted PV power Ppv and the
injected ac power hPac i are also shown in Fig. 17(b), where the
power losses from dc to ac in the steady-state is around 180 W.
Fig. 17(c) shows the zoomed-in view of the dc-link voltage vdc ,
where it can be seen that the dc-link voltage increases during
the peak power injection, similar to what has been discussed
in Fig. 12. In the same figure, the response time of the dc-link
voltage has also been measured as tdc = 2 s.
In fact, the variations in the dc-link during each APE process
can be estimated as in (12). For instance, considering the APE
process in the above experimental tests, the initial value of the
dc-link voltage vdc,0 is around 440 V. The peak value of the
dc-link voltage vdc,t can be estimated following
∆P
vdc,t
vdc,t

Cdc 2
2
(v − vdc,0
) + (1 − η)· Ppv
tres dc,t
rh
it
res
2
=
∆P − (1 − η)· Ppv
+ vdc,0
Cdc
rh
i
0.5
=
500 − 180
+ 4402 = 516 V,
2.2 · 10−3

=
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Fig. 17. Zoomed-in view of the results in Fig. 16: (a) PV voltage vpv , (b) PV
power Ppv and ac power hPac i, (c) dc-link voltage vdc , (d) reserved power
∆P .

which closely agrees with the peak value of the measured dclink voltage in Fig. 17(c). The peak value of the dc-link voltage
is also measured at other power reserve levels and compared
with the calculation in (12), where the system parameters are
kept the same (i.e., tres = 0.5 s, Cdc = 2.2 mF, vdc,0 = 440
V). The analysis in Section IV is verified with the results in
Fig. 18, where only small errors between the measured and
the calculated peak value of the dc-link voltage are observed.
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Fig. 18. Peak value of the dc-link voltage according to different power
reserved levels, when tres = 0.5 s, Cdc = 2.2 mF, vdc,0 = 440 V.
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in this paper. The cost-effectiveness of the proposal lies in
the sensorless estimation of the available PV power, which
is achieved by routinely employing a fast MPPT operation.
Then, the estimated available power is used for calculating
the set-point to limit the extracted PV power with the CPG
operation. At the grid-side, the stored energy in the dc-link
is adaptively controlled to minimize the power fluctuation
during the available PV power estimation process, where the
excessed energy is temporarily stored in the dc-link. With
the above coordinated control strategy, the power reserve
control can be achieved as it has been verified experimentally.
Design considerations for a high control performance and the
operational boundary have also been discussed to assist the
practical implementations.
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