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Abstract—With a still increase of grid-connected Photovoltaic
(PV) systems, challenges have been imposed on the grid due to
the continuous injection of a large amount of fluctuating PV
power, like overloading the grid infrastructure (e.g., transform-
ers) during peak power production periods. Hence, advanced
active power control methods are required. As a cost-effective
solution to avoid overloading, a Constant Power Generation
(CPG) control scheme by limiting the feed-in power has been
introduced into the currently active grid regulations. In order
to achieve a CPG operation, this paper proposes three CPG
strategies based on: 1) a power control (P-CPG), 2) a current
limit method (I-CPG) and 3) the Perturb and Observe algorithm
(P&O-CPG). However, the operational mode changes (e.g., from
the maximum power point tracking to a CPG operation) will
affect the entire system performance. Thus, a benchmarking
of the proposed CPG strategies is also conducted on a 3-kW
single-phase grid-connected PV system. Comparisons reveal that
either the P-CPG or I-CPG strategies can achieve fast dynamics
and satisfactory steady-state performance. In contrast, the P&O-
CPG algorithm is the most suitable solution in terms of high
robustness, but it presents poor dynamic performance.

Index Terms—Active power control, constant power control,
maximum power point tracking, PV systems, power converters.

I. INTRODUCTION

Photovoltaic (PV) systems have a high growth rate during
the last several years, and will play an even more significant
role in the future mixed power grid [1]-[3]. Currently, a
Maximum Power Point Tracking (MPPT) is mandatory for
the PV systems in most active grid codes and also to ensure
the maximum energy yield from the sun power [4]. At a
high penetration level of PV systems in the near future, the
grid may face a challenge of overloading during peak power
generation periods through a day if the power capacity of the
grid remains the same. For instance, it was reported by BBC
that parts of the Northern Ireland’s grid were overloaded by
the increased number of grid-connected PV systems in a sunny
and clear day [5]. In order to enable more PV installations and
address such issues, the control algorithms have to be feasible
to flexibly regulate the active power generated by PV systems
[4], [6]-[8]. For instance, limiting the feed-in power of PV
systems to a certain level has been found as a cost-effective
approach to overcome overloading, and thus it is currently
required in Germany through the grid codes [9]. Actually, this
active power control strategy corresponds to an absolute power
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Fig. 1. Constant Power Generation (CPG) concept for PV systems: 1) MPPT
mode during I, III, V, and 2) CPG mode during II, IV [13].

constraint defined in the Danish grid code [10], and is also
referred to as a Constant Power Generation (CPG) control in
prior-art work [11], [12].

According to [11], [13], the most intuitive and effective way
to achieve the CPG control is through the modification of the
MPPT algorithm at the PV inverter level. Specifically, as long
as the PV output power P,y is below the setting-point Fjini,
the PV system continues operating in the MPPT mode with
injection of the maximum power. However, when the output
power reaches the level of P, the PV system will inject
a constant active power, i.e., By = Fimi, by regulating the
PV output power at the so-called Constant Power Point (CPP).
The operational principle of the CPG scheme can be illustrated
in Fig. 1 and

_ PMPPTa va < Rimit
va B { P]imita va > }Dlimit (1)

where P, is the PV output power, Pyppr is the maximum
available power (according to the MPPT operation), and Pt
is the power limit, which is the setting-point.

In the prior-art work, several CPG control strategies have
been introduced. For example, in [14], a P&O based CPG al-
gorithm has been used in single-stage three-phase PV systems.
However, its operating region is limited due to the single-stage
configuration. A conditioning switch to change the operating
modes has been employed in [15] and [16], which requires the
initialization of the controllers during the operational mode
changes, while a compensation to stabilize the dc-link voltage

when
when
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Fig. 2. Stability issues of the conventional CPG algorithms, when the
operating point is normally located at the right side of the MPP for a PV
panel system [12].
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Fig. 3. Hardware schematics and overall control structure of a two-stage
single-phase grid-connected PV system.

is needed in [17], and increasing the overall complexity.
Additionally, most of the state-of-the-art CPG methods [14]-
[17] cannot always ensure a stable operation (e.g., during a
fast change in the irradiance), since the operating region is
restricted to the right side of the Maximum Power Point (MPP)
in the power-voltage (P-V) curve (i.e., at the CPP-R) shown
in Fig. 2. In that region, the CPG operation can potentially
introduce instability, since the operating point may go to the
open-circuit condition when the PV systems experience a fast
decrease of the irradiance condition [12].

In the light of the above issues, this paper proposes three
CPG control methods for two-stage single-phase PV systems.
The performances under both dynamic and steady-state con-
ditions are benchmarked experimentally on a 3-kW two-stage
single-phase PV system. Finally, conclusions are drawn on the
comparison.

II. CONTROL STRUCTURE OF TWO-STAGE SINGLE-PHASE
GRID-CONNECTED PV SYSTEMS

A. System Configuration

The system configuration and its control structure are shown
in Fig. 3, where a two-stage single-phase grid-connected PV
system is adopted. The system parameters are given in Table I.
The PV arrays are connected to a boost converter, allowing a
wide-range operation during both MPPT and CPG operations
[18]. In other words, with the use of the boost converter, the
PV system can operate at a lower PV voltage v,y (e.g., at
the left side of the MPP in the case of the CPG operation),
since the PV output voltage v,y can be stepped up to match the
required dc-link voltage (e.g., 450 V) for the PV inverter [19].
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Fig. 4. Implementation of different MPPT controllers: (a) PV output voltage,
(b) PV output current, and (c) PV output power, where PI represents a
proportional-integral controller.

TABLE 1
PARAMETERS OF THE TWO-STAGE SINGLE-PHASE PV SYSTEM (FIG. 3).

PV rated power 3 kW
Boost converter inductor L =18 mH
PV-side capacitor Cpv = 1000 pF
DC-link capacitor Cyc = 1100 pF
Lipy = 4.8 mH, Ly = 4 mH,
LC L-filter Cj = 43 4F

Boost converter: fj, = 16 kHz,
Full-Bridge inverter: fi,, = 8 kHz
Vg =450 V

Vy =230 V

wo = 27 x50 rad/s

Switching frequency

DC-link voltage
Grid nominal voltage (RMS)
Grid nominal frequency

This may not be possible in the single-stage configuration,
where the PV output voltage v,y is directly fed to the PV
inverter (i.e., vpy = v4. With v4. being the dc-link voltage).
Practically, the vy, is required to be higher than the grid voltage
level (e.g., 325 V) to ensure the power delivery [20].

In the boost converter stage, either the MPPT or CPG
control can be implemented in order to control the power
extraction from the PV arrays. Then, the extracted power is
delivered to the ac grid through the control of the full-bridge
inverter. In this case, the control of the full-bridge inverter
keeps the dc-link voltage to be constant through the control
of the injected grid current [21].

B. Boost Converter Controller

As aforementioned, the boost converter plays a major role to
control the power extraction from the PV arrays. Usually, the
MPPT control (i.e., P&O MPPT algorithm) is implemented in
the boost converter, which can be achieved by regulating the
PV output voltage v,y according to the reference voltage vmppr
from the MPPT algorithm, as it is shown in Fig. 4(a). Actually,
it is also possible to control the boost converter through the
PV output current ip, or the power B, [22] (e.g., Figs. 4(b)
and (c)), which are of less robustness [23]. This is due to the
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Fig. 5. Stability issues of the MPPT controller based on the PV output current
due to the high slope (dP,v/dipy) at the right side of the MPP [23].
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Fig. 6. Control structure of the Constant Power Generation (CPG) scheme
based on a power control (P-CPG).

very steep slope (i.e., large d P,y /dipy) on the right side of the
MPP in the power-current (P-I) curve of the PV arrays, as it
is shown in Fig. 5. The operating point of the PV system may
go into the short-circuit condition under a sudden decrease of
the irradiance condition (if the MPPT algorithm cannot track
fast enough), when the PV output current is controlled [23].

III. PROPOSED CONSTANT POWER GENERATION
STRATEGIES

From the P-V characteristic curve of the PV arrays shown
in Fig. 2, there are two possible operating points — CPP-L and
CPP-R for the CPG mode at a certain power level (i.e., Piimi)-
Generally, the demands for the CPG control schemes are

o In the steady-state CPG operation, the CPG strategies
should keep the PV systems operating at one of the
CPPs with a minimum deviation, in order to minimize
the power losses yield in the steady-state.

o Under a changing irradiance condition (e.g., in a cloudy
day), the CPG control scheme should be able to track
either the MPP or the CPP, depending on the operating
mode, and at the same time ensure a stable transition.

Accordingly, three CPG strategies are proposed in the follow-
ing based on: 1) a power control (P-CPG), 2) a current limit (I-
CPG), and 3) the Perturb and Observe algorithm (P&O-CPG),
where the above demands are taken as the benchmarking
criteria.

A. CPG based on a Power Control (P-CPG)

As shown in Fig. 4(c), it is possible to directly control the
PV output power F,, by multiplying the reference current
imppr from the MPPT algorithm with the PV voltage vpy. In
order to achieve a CPG operation, the power reference P;V
is limited by using a saturation block, as it is shown in Fig.
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Fig. 7. Operational principle of the Constant Power Generation (CPG) scheme
based on a current limit (I-CPG).
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Fig. 8. Control structure of the Constant Power Generation (CPG) scheme
based on a current limit (I-CPG).

6. Namely, when Pyppr reaches the power limit Py, the
power reference will be kept as a constant, i.e., Pp*V = Piimit
and the PV system enters into the CPG mode. Otherwise, the
PV system will operate in the MPPT mode with a maximum
power injection (i.e., Py, = Puper). The operational principle
can be further summarized as

| Pwprr,
Blimit,

when  Pypper < Fimit
when  Pyppr > Fimit

P, = )
where Pyppr is the maximum available power (according to
the MPPT operation), and P is the power limit, as defined
previously. Note that the P-CPG controller will regulate P,y

at the CPP-R, where the PV voltage v,y is almost constant.

B. CPG based on a Current Limit (I-CPG)

Since the PV voltage v,y is almost constant at the right
side of the MPP (at the CPP-R), as it is shown in Fig. 7,
the PV power F,, can effectively be controlled through the
PV current i, in this region. Thus, it is possible to achieve
a CPG operation by limiting the reference current iyppr from
the MPPT algorithm according to #jimiy = Plimit/vpy [16], [17],
as it is shown in Fig. 8. The power limit Py corresponds to
the rectangular area under the CPP-R in Fig. 7.

According to the CPG concept in (1), the performance
of the controller during the MPPT operation should not be
diminished by the current limit. This can be ensured when
considering

Pyippr Blimit
<
Vpy Vpy
and thus,
IMPPT < Ulimit
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based on the P&O algorithm (P&O-CPG).

Vpv—»
MPPT/CPG

where it can be seen that the current limit will not be activated
as long as Pyvippr < Blimit-

C. CPG based on the P&O Algorithm (P&O-CPG)

A CPG operation can also be realized by means of a Perturb
and Observe (P&O) algorithm. During the MPPT operation,
the reference PV voltage vy, is determined from the MPPT
algorithm. However, in the case of the CPG operation, the
PV voltage vp, is continuously perturbed towards one CPP,
i.e., By = Fimit» as illustrated in Fig. 9. After a number of
iterations, the operating point will be reached and oscillate
around the corresponding CPP. Notably, the PV system with
the P&O-CPG control can operate at either the CPP-L or the
CPP-R, depending on the perturbation direction. However, the
power oscillation in the steady-state is larger at the CPP-R
compared to that at the CPP-L due to the high slope of the P-
V curve on the right side of the MPP (i.e., large dP,,/duyy).
The control structure of the algorithm is shown in Fig. 10,

where vy, can be expressed as
vt = UMPPT 5 when va < Plimit (3)
by Upv — Ustep; when va > ]Dlimit
if the PV system operates at the CPP-L, or
vr = UMPPT, when va S ]Dlimit (4)
b Upv + Ustep when F pv > Bimit

if the PV system operates at the CPP-R, where vyppr is the
reference voltage from the MPPT algorithm (i.e., the P&O
MPPT algorithm) and v is the perturbation step size.

IV. BENCHMARKING OF CONSTANT POWER GENERATION
(CPG) STRATEGIES

In order to benchmark the discussed CPG control strategies,
experiments have been carried out referring to Fig. 3, where

FPGA Controller

Two-stage PV system

(Boost converter and Full-
Bridge inverter)

Fig. 11. Experimental setup of the two-stage single-phase grid-connected PV
system.
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Fig. 12. Performance of the two-stage single-phase grid-connected PV

system: (a) the PV power extraction during the MPPT operation, and (b) the
grid voltage vy, grid current 44 and the phase angle 6 during the steady-state
MPPT operation (3 kW).

the experimental test-rig is shown in Fig. 11. The performance
of the two-stage single-phase PV system during the MPPT
operation are demonstrated in Fig. 12(a). Here, the sampling
frequency of the MPPT (and also CPG) algorithms is chosen
as 10 Hz. For the PV inverter controller, the dc-link voltage v4.
is regulated at 450 = 5 V and the extracted power is delivered
to a single-phase 50-Hz ac grid with a peak voltage of 325 V,
as it can be seen from Fig. 12(b).

In the experiments, a 3-kW PV simulator has been adopted,
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Available power

Piimi=80%
Plimi[:S 0%

\ Primi=20% ||

Available power

— Pimi=80%

—_ Plimit:SO% I

— Pimi=20% |}

0 30 60 90 120 150 0 30 60 90 120 150
Time (seconds) Time (seconds)
(a) (b)
Available power — Pimi=80% Available power — Pimi=80%
— Pimi=50%1[] [ \ = Pimi=50% ||
\/ \ I t, 00 \’/ \ I tf 00
L Primi=20% ] | y/ \ |— Pimi=20% ||
\ / \
0 30 60 90 120 150 0 30 60 90 120 150
Time (seconds) Time (seconds)

(c)

(d)

side of the MPP, and (d) the P&O at the left side of the MPP under a fast changing irradiance condition.



35
3.0
25
2.0
15
1.0

PV power P,, (kW)

0.5

35
3.0
25
2.0
15
1.0

PV power P, (kW)

0.5

Available power —p

Piimi=1.5 kKW

Available power —p

Piimi=1.5 kW

(Short-circuit 1
condition)

Unstable

/

7

Py,

6 8 10 12 14 16 18 20 22

10 12 14 1

2 4 24 2 4 6 8 6 18 20 22 24
Time (hours) Time (hours)
(@) (®)
Available power —p i Available power —p»
Piimi=1.5 kW Piimi=1.5 kKW
Py, ] Pr
2 4 6 8 10 12 14 16 18 20 22 24 2 4 6 8 10 12 14 16 18 20 22 24

Time (hours)

(c)

Time (hours)

(d

Fig. 15. Experimental results of the Constant Power Generation (CPG) scheme based on: (a) the power control, (b) the current limit, (c) the P&O at the right
side of the MPP, and (d) the P&O at the left side of the MPP under a clear day condition.

35
3.0
25
2.0
1.5
1.0

PV power P, (kW)

0.5

3.5
3.0
2.5
2.0
1.5

PV power Py, (kW)

1.0
0.5

Available power —p

Piimi=1.5 kW

Unstable
(Open-circuit
condition)

/.

Available power —»

Pliml[:] S kW

(Short-circuit

Unstable

condition)

6 & 10 12 14 16 18 20 22

10 12 14 1

2 4 24 2 4 6 8 6 18 20 22 24
Time (hours) Time (hours)
(@ (b)
Available power —p» Unstable | Available power —p |
(Open-circuit
condition) J 4
Piimi=1.5 kW / Pimi=1.5 kW
P,”/ ] :
2 4 6 8 10 12 14 16 18 20 22 24 2 4 6 8 10 12 14 16 18 20 22 24
Time (hours) Time (hours)
(c) (d)

Fig. 16. Experimental results of the Constant Power Generation (CPG) scheme based on: (a) the power control, (b) the current limit, (c) the P&O at the right
side of the MPP, and (d) the P&O at the left side of the MPP under a cloudy day condition.
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TABLE II
BENCHMARKING OF THE CONSTANT POWER GENERATION ALGORITHMS.

CPG Strategy MPP'IF) in g;n (l}c RengoGIff;/[PPT Steady-state Responses | Stability | Complexity
Power control (P-CPG) + + + + + B _
Current limit (I-CPG) + - - + .- + +
P&O-CPG at CPP-R -- - - - - -
P&O-CPG at CPP-L - - - + + + + -

Note: the more +, the better stability and less complexity.

where two trapezoidal solar irradiance profiles are pro-
grammed in order to emulate a slow changing (i.e., Fig. 13)
and a fast changing (i.e., Fig. 14) irradiance conditions. Here,
three different values of power limit Py, (i.e., 20, 50, and 80
% of the rated power) are used to confirm the feasibility of
the CPG strategies. Furthermore, two real-field solar irradiance
and ambient temperature profiles are also programmed in order
to observe the performance of the CPG algorithms in the real
operation, as it is shown in Figs. 15 and 16, where Pjny =
1.5 kW (i.e., 50 % of the rated power). An example of the
operating trajectory of the CPG strategies are also illustrated
in Fig. 17, where the irradiance condition in Fig. 13 is used.

A. Dynamic responses

The dynamic responses can be observed during the CPG to
MPPT transition and vice versa. In Figs. 13 and 15, all the
CPG strategies have a smooth transition, since the irradiance

changes relatively slow. However, in the case of fast changing
solar irradiance, the P&O-CPG scheme presents large over-
shoots during the MPPT to CPG transition, as it is shown in
Figs. 14 (¢) and (d). Similar power overshoots also appear
in the P&O-CPG algorithm under a cloudy day irradiance
condition in Figs. 16 (c) and (d). In contrast, it is observed in
Figs. 14 and 16 that the P- and I-CPG algorithms have a very
fast dynamic response almost without any overshoots during
the CPG transients.

B. Steady-state responses

In the steady-state, the CPG algorithm should regulate the
PV power P,y with minimum deviations, as discussed in 8
III. Most of the CPG algorithms have a satisfactory steady-
state performance (see Figs. 13 and 15). However, when the
P&O-CPG algorithm is employed to regulate the PV power
at the right side of the MPP (i.e., the CPP-R), large power



oscillations appeared as shown in Figs. 13(c) and 15(c). This
is due to the large dP,,/dup, at the CPP-R (see Fig. 2).

C. Stability

Stability is another important aspect for the CPG control
schemes. Thus, the proposed CPG strategies are also bench-
marked in terms of stability. Instability can occur in the case of
the P- and P&O-CPG algorithms when the operating point is
chosen at the CPP-R. The operating point may go to the open-
circuit condition if the PV power is regulated too far at the
right side of the MPP, since the open-circuit voltage in the P-V
curve decreases as the irradiance level drops. Figs. 16 (a) and
(c) verify that the P-CPG or the P&O-CPG at the right side of
the MPP can go into instability during transients. Furthermore,
the I-CPG algorithm can also introduce instability to the
PV system under a decreasing irradiance condition as it is
shown in Figs. 15(b) and 16(b). However, in this case, it
is due to the less robust MPPT schemes, which may result
in a short-circuit condition, as it is explained in Fig. 5. In
fact, it can be seen in Figs. 15 and 16 that the P&O-CPG
algorithm can always ensure a stable operation regardless of
the irradiance conditions, only when the PV system operating
point is regulated at the CPP-L.

D. Complexity

When comparing all the above CPG strategies, it is found
that the I-CPG algorithm has the simplest control structure,
where only one additional current limiter needs to be added
to the original MPPT controller in Fig. 4(b). Besides, the
calculation of the i}y is also simple by dividing Bjipie by
the measured PV voltage v,y. The control structure of the
P-CPG algorithm is more complicated, basically due to the
MPPT controller in Fig. 4(c). In the case of the P&O-CPG
algorithm, the modification needs to be done at the MPPT
algorithm level as it can be seen from Fig. 10. This makes the
design of a P&O-CPG controller more complicated than the
other two CPG algorithms.

Table II further summarizes a comparison of the results
of the proposed CPG control schemes, in terms of dynamic
and steady-state performances, stability, and complexity. The
benchmarking results have validated the effectiveness of the
proposed CPG strategies, and that the P&O-CPG algorithm
(when operating at the CPP-L) is the most suitable approach
to realize the CPG control practically due to its robustness and
feasible to be used for the future grid codes.

V. CONCLUSION

In this paper, three Constant Power Generation (CPG)
control solutions for PV systems have been presented. A
benchmarking of the three CPG control methods has also been
conducted in terms of dynamic and steady-state performances,
stability, and complexity. Comparisons have revealed that the
CPG strategy based on a current limit (I-CPG) has the simplest
control structure. Additionally, the power control based CPG
scheme (P-CPG) has fast dynamics and good steady-state
responses. However, instability may occur in both I-CPG and

P-CPG methods during the operational mode transition, e.g.,
in the case of a fast change in the solar irradiance. It can be
concluded that the CPG based on the P&O algorithm (P&O-
CPG) is the best one in terms of high robustness among the
three CPG control strategies once the PV system is operating
at the left side of the maximum power point.
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