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Abstract— With an imperative demand of clean and reliable
electricity generation in some countries, the increasing adoption
of new photovoltaic (PV) systems pushes the Distribution System
Operators (DSOs) to expand the transmission/distributed lines.
However, the potential cost brought by such extensions and
increased maintenances introduce new obstacles. In view of this
concern, the DSOs starts to reduce PV installations in order to
avoid an extension of the power infrastructure. Besides, another
alternative solution is to limit the maximum feed-in power of
the existing PV systems to a certain level. It can contribute to a
weakened requirement of grid expansion and at the same time
an increased penetration level. Therefore, to meet the need of
this emerging ancillary service provided by future PV systems,
a Constant Power Generation (CPG) control concept of PV
inverters is proposed in this paper. Accordingly, it is worth
investigating into two main issues: a) analyzing the reduction of
the energy yield due to CPG control to study its feasibility from
an economic point of view and b) developing robust CPG control
methods, otherwise, it may introduce instabilities. Thereby, the
implementation possibilities for PV systems in CPG operation
mode are also discussed in this paper. Additionally, the loss of
energy is calculated to reveal the viability of the proposed CPG
control method. Operation examples of a PV system are presented
to show the effectiveness of the CPG control method to unload
the distributed grid.

I. INTRODUCTION

Traditionally, the electricity generated from fossil-source-
based power plants is transferred to the customers through long
transmission lines. Today, more Renewable Energy Sources
(RESs), e.g. PhotoVoltaic (PV) systems and wind turbine
systems, have been connected to the grid, which is mainly
pushed by advanced power electronics technologies [1]-[4].
The power of RESs is dependent on environmental conditions
(e.g. wind speed, solar irradiance and ambient temperature),
and thus aging transmission lines and local substations have to
cope with an increasing amount of fluctuated power. Moreover,
the imperative demand of clean, environmental-friendly, and
reliable electricity generation has been another principal driver
for a wide-scale adoption of RESs to reduce carbon-dioxide
emissions from conventional power plants. This also makes
the power system highly decentralized and vulnerable.

Consequently, the aging grids will experience severe over-
loading issues [5], [6], introducing further stability problems
and follow-up maintenance tasks, if the distributed grid re-
mains at its current capacity. This situation tends to be even
worse in those countries, where ambitious goals have been
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set for RESs. For example, in Germany, electricity generation
from RESs is expected to be over 80% by 2050 [7]. Thus, it
calls for grid reinforcement measures, and it is of importance
and necessity for those countries to realize high RES accep-
tance plans. Alternatively, the Distributed System Operators
(DSOs) have to reduce the RES installations. However, with
power infrastructure expansion, the existing systems have to
be retrofitted and thus the total cost increases. Hence, the
line extension approach is not the optimal solution to increase
renewable energy utilizations, including PV power, when it is
seen from a total cost perspective.

Among variable renewables, wind turbine power systems
have been witnessed as one of the most successful technologies
in some countries, e.g. Denmark [8]. As a result, many grid
codes have been developed to flexibly regulate the connection
situations, such as output power control and voltage support
capability [9]-[12]. Regarding PV systems, they still account
for a minor share of the overall electricity production in most
countries. Therefore, it is required PV systems to operate with
Maximum Power Point Tracking (MPPT) control, and they are
not allowed to participate in the grid voltage regulation [6],
[13]-[15]. As aforementioned, the increasing adoption of PV
systems poses more challenges for the distributed grid, which
requires infrastructure upgrades. Thus, some of the grid codes
are undergoing a major revision to enable the grid support
capability for PV systems at a high penetration level [15]—
[22]. In that case, similar to wind power systems, the PV
systems should be able to flexibly control the active power,
e.g. curtailment control and power ramp limitation, in order
to maintain the grid stability.

Solutions to realize these advanced features include in-
tegrating energy storage systems and expanding the grid
capacity [7], [15], [22]. However, the increased cost, which
may severely exceed the initial project outlay, hinders the
development of both technologies. According to a study of
a grid-connected PV system based on a yearly mission profile
(ambient temperature and solar irradiance level), limiting the
maximum feed-in power can contribute to the unloading of the
distributed grid. Consequently, achievement of an even wide-
scale adoption of PV systems is quite feasible. Reducing the
maximum feed-in power will violate the MPPT function for
PV systems with current control methodologies. Thus, it is
necessary to develop more robust control solutions.
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Fig. 1. A two-stage single-phase grid-connected PV system with MPPT
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In view of the above issues, a Constant Power Generation
(CPG) control concept of PV inverters is proposed in this
paper. Since the total energy loss in CPG operation mode is
limited, its feasibility is discussed in §II. The detailed imple-
mentation of this control method is presented in §III, followed
by operation examples to show the potential contributions to
the reduction of grid expansion requirements, and thus pave
the way for the next generation PV systems to take a major
part in electricity generation. Finally, §V concludes this work.

II. VIABILITY OF LIMITING FEED-IN POWER OF
PHOTOVOLTAIC SYSTEMS

A typical single-phase grid-connected PV power generation
system is shown in Fig. 1. Maximizing the feed-in power
from such systems, also known as MPPT control, is required
in current grid integration policies. This objective can be
achieved with a dedicated MPPT system as it is shown in Fig.
1, and normally a DC-DC boost stage is adopted. The resultant
two-stage system offers a flexible controllability of the input
PV power, and an extension of operational hours when the
solar insolation reduces. Moreover, the PV systems have to
disconnect from the grid in the case of disturbances, e.g. volt-
age variations and frequency deviations. Those requirements
were introduced initially based on a low penetration level of
PV systems, where adverse impacts were negligible. However,
catering for a vast amount of PV hosting capacity magnifies
the influences from PV systems on the grid, and thus those
policies are going to change [1], [9], [15]

A. Active Power Control Functions

The rapid installation of PV systems can cause voltage
rise, which could damage household appliances in worst case
scenarios. In order to solve the problem of voltage rise on the
distributed feeders, the PV inverters have to either enable reac-
tive power control or to limit the active power generation [12],
[15], [23]-[25]. Due to the high R/X ratio of low-voltage
grids, reduction of active power shows more effectiveness
in voltage regulation than reactive power control. Curtailing
active power output is similar to constant power production
when the voltage amplitude reaches the upper level. Moreover,
frequency control through active power has been introduced
for PV systems as well to stabilize the grid frequency [8],

Active Power

,,,,,
'

Possible active power

MPPT Control

,,,,,,,,,

N

Absolut (cbnstant)
production constraint

—
h |

\" Power ramp !
i constraint

Gradient productibnf

constraint P
o

Delta production
constraint

—_—

i i Time

Fig. 2. Active power control functions for wind turbine power systems

defined in the Danish grid code [10].

[12], [15], [25]-[27]. It can be achieved by the droop function
of the grid frequency and the active power.

Besides, when a high penetration degree of PV systems is
achieved, imbalances in or overloading of the grid will appear
due to intermittency and/or reconnection from fault situations.
Hence, similar to the requirements for wind power systems
in Denmark [10], [28], it is better for PV systems to be
equipped with active power control functions, such as active
power production constraint, delta production constraint, and
power ramp constraint. Those active power control functions
are indicated in Fig. 2. In that case, the PV systems have to
provide a wide range of active power controllability, including
constant power generation, the feasibility of which will be
detailed in the following.

B. Constant Power Generation Viability

Integrating energy storage systems into PV systems seems
to be a good solution to desirably control the active power, as it
has been presented in [7], [16], [18] and [19]. However, it will
introduce additional cost and additional lifetime-limited energy
storage components, making it not an optimal approach [27].
Considering the expenses, energy storage systems are mostly
installed at the substation side instead of integrated in the PV
inverters in order to achieve constant power production.

The constant (absolute) power production control can also
be attained at the PV inverter level. A representative study
of a 3 kW single-phase PV system in a certain place with a
yearly mission profile has revealed its feasibility. The yearly
mission profile shown in Fig. 3 includes recorded ambient
temperature and solar irradiance level, and hence the annual
energy production of the same place has little variation in
different years. As it is shown in the results (Fig. 4), a 20%
reduction of the maximum feed-in power from PV systems
only leads to a 6.23% reduction of yearly total energy yield.
Thus, it is viable and reasonable to increase PV penetration
degree without violating the grid capacity by limiting the
maximum feed-in power from current existing PV systems. At
the same time, frequency stability can potentially be improved
by enabling absolute power control [27]. Such issues are
already being discussed in some countries [1], [6], [7], where
the PV systems share a considerable proportion of electricity
generation, e.g. Germany.
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As it has been illustrated, reducing the maximum feed-in
power from the PV systems can contribute to decreased burden
of the distributed grid with a high penetration level. This
means that a certain percentage of the energy from the current
PV systems is cut off arbitrarily in a long-term operation,
which is shown in Fig. 4, and thus in a short-term operation,
the PV systems should be able to operate in CPG mode when
the output power reaches a certain level (e.g. 80% of the
nominal maximum power). The following section presents the
implementation of the CPG approach.

III. IMPLEMENTATION OF CONSTANT POWER
GENERATION CONTROL

The objectives of active power control functions include:
1) further increasing the penetration degree of PV systems
without the necessity of grid expansion and 2) participating in
frequency regulations to ensure grid stability. Hence, the PV
system should be able to enter into a CPG mode when the
output reaches a certain level (e.g. 80% of the peak power).
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Fig. 5.

Voltage reduction by cutting off PV systems during peak
production period in a highly PV-penetrated system.

This control strategy can be implemented by means of: a)
enabling the energy storage systems, b) managing the total
power of an aggregated PV system, and c) modifying the
MPPT control of the PV inverters.

A. Integrating Energy Storage Systems

Although integration of energy storage systems into highly
PV-penetrated grids will increase the total expenses, signifi-
cant improvements of active power control functions can be
achieved [7], [16], [19]. Mostly, energy storage systems are
installed at the medium-voltage side (substations), and thus for
large PV power plant applications. This technology has several
advantages and gives flexibility to the active power control by
providing an energy “reservoir”, and thus smoothing the active
power [16], [19]. One important feature with energy storage
system is that the PV output power can be free of fluctuations
and higher than its nominal value by continuously discharging
the energy storage systems. The penalty is additional cost and
the introduction of lifetime-limited energy storage components
into the system. Nevertheless, due to the significance in the
increase of self-consumption abilities and the reduction of
energy bills, many efforts have been made into the integration
of PV systems with batteries or mobility energy storage
systems (e.g. electric vehicles) [21], [29], [30].

B. Power Management Control

Inspired by the concept to alleviate voltage rise through
active power curtailment, appropriately managing the power
at the secondary control level in an aggregated PV system can
contribute to a constant power production. As it is shown in
Fig. 5, when the distributed grid voltage exceeds the limitation
due to strong solar insolation in a highly PV-penetrated system,
several PV systems have to be cut-off in order to bring the
voltage back [25]. Similarly, the total output power can be
maintained constant by properly managing the power of each
PV unit, as it is shown in Fig. 6, where the entire system is
controlled centrally. The power reference command for each
PV system is sent out from a central control system. The total
output power can be expressed as,

> B,

n
when Z Pma:m' < Plimit
i=1 ]

ot (1
ZDlimit, when Z Pm,a:z:i 2 Plimit
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Ptotal =
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Fig. 6. Power management control to achieve a total constant power
production in an aggregated PV system.

where P,,,.; is the maximum power of each PV system
achieved by MPPT control and Py, is the total power
limitation of the distributed grid.

As it is illustrated in Fig. 6, in this control strategy, some
PV units operate in MPPT mode, while some in CPG mode.
This means that an individual PV inverter should be able to
adjust its output power (e.g. constant power) according to
the power set-points from the central control unit. Moreover,
this system can also operate in delta power production mode
or in a controlled power ramp-rate mode, only when the
power reference for each PV unit is allocated appropriately.
Notably, the implementation of this control strategy requires
the knowledge of the forecasted mission profiles (a better
monitoring system and forecast algorithms) and an enhanced
communication system.

C. Modifying MPPT Control

For an individual PV inverter, the controllability of active
power can be achieved by modifying the MPPT algorithm [6].
In contrast to constant power production with energy storage
systems, with modified MPPT control in the CPG operation
mode, there is no need to install extra devices and thus there
are no additional expenses in order to increase the penetration
degree of PV systems.

In regard to Fig. 1, the control structure of a two-stage
single-phase PV system with CPG control by modifying the
MPPT control algorithm can be represented as shown in Fig.
7. As it is shown in Fig. 7(a), the CPG control is implemented
in the control of the DC-DC stage, and hence the whole system
can be divided into two operation modes based on the output
power of the PV panels - the MPPT control mode and the
constant power production mode. Hence, the actual power
production can be expressed as,

Ppy (1),
P, =
{Plimit,

when Ppy (t) < Plimit

when Ppy (t) > Plimit @

in which P, is the output power, Ppy (t) is the instantaneous
power of the PV system, and Pj;,,;; is the power limitation.
During a day, the output power of PV strings is changing
with the environmental conditions, which means that the
operation modes will also alter with solar insolation and/or
ambient temperature, especially in a cloudy day. Fig. 8 shows
an example of different operation regions for a single-phase

Operation Mode

 E— va< Plfmit 3
T~ PWM,

L Ppv2 Plimit

Current
Controller

Fig. 7. Control diagram of a two-stage single-phase PV system with
constant power generation ability by modifying MPPT control: (a) boost
control diagram and (b) PV inverter control system.
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Fig. 8. Operation regions for a single-phase PV system during a day.

PV system during a day. Then, the energy production in
different operation modes can be calculated as ,

t
Eppp = [ Ppy (t)dt
'y b 3)
Ecpg = [ Pimitdt + [ Plimirdt
t1 t3

where E,,,, is the available energy during a day with MPPT
control, and E,, is the energy production in CPG operation
mode in regions of II and IV in Fig. 8. Subsequently, the cut-
off energy can be expressed as Fegs = Fp,pp — Eepg, Which
could be used to size, e.g. an energy storage system.
According to Fig. 7, Fig. 8, and (3), the operation principle
of CPG control for a PV inverter can be described as follows.
When P,, > P, the system enters into CPG operation
mode and the MPPT control is deactivated. The PV output
power is regulated by a proportional controller (k.py). The
proportional controller is able to maintain the output power
constant during the operation. When P,, < P, the system
should deliver as much energy as possible to the grid with an
advanced MPPT control algorithm, and thus the CPG control
is disabled. In both operation modes, the DC-link voltage (v..)
is regulated via a Proportional Integrator (PI) controller to
be constant to ensure the power injection. Current controllers
should be selected in terms of good harmonics rejection.



TABLE I
PARAMETERS OF THE BP 365 SOLAR PV PANEL.

Rated power Prpp =65 W
Voltage at Prpp Vinpp =176 V
Current at Ppypyp Limpp = 3.69 A

Open circuit voltage Voo =217V
Short circuit current Isc =3.99 A

TABLE II
PARAMETERS OF THE TWO-STAGE SINGLE-PHASE PV SYSTEM.

Boost converter inductor L1 =5 mH
Cge = 2200 uF
Cpy = 220 uF

Inverter-side inductor:
Liny = 2 mH, Grid-side
inductor: Ly ¢ = 3 mH,
Capacitor: Cy = 4.7 uF

Rg=10Q
fo = fino = 10 kHz
fmppt = 300 Hz
V, =230V

wo = 27 X 50 rad/s

DC-link capacitor

PV-side capacitor

LCL-filter

Damping resistor of LCL-filter

Switching frequencies

MPPT sampling frequency
Grid nominal voltage (RMS)

Grid nominal frequency

The constant power production control discussed in this
paper is achieved by changing the operation modes. An
alternative way to attain constant power production is to
directly modify the MPPT algorithm, as it is presented in [6].
Both solutions require a better knowledge of MPPT control
algorithms. Typically, the Perturb-and-Observe (P&O) and
incremental-conductance MPPT methods can be adopted in
a PV system. However, a sudden change of the operation
condition (e.g. from MPPT operation to CPG operation mode)
may introduce instability [31], being a challenge for those
MPPT control systems, which needs in-depth investigations.

IV. OPERATION EXAMPLES OF CONSTANT POWER
GENERATION CONTROL

In order to verify the effectiveness of the proposed CPG
control concept, simulations of a two-stage single-phase PV
system are carried out in MATLAB/Simulink referring to Figs.
1 and 7. The model of BP 365 PV panel [32] is adopted
in the verifications. Parameters of the PV panel are given in
Table I. Three PV strings are connected in parallel to the DC-
DC converter, and each consists of 15 PV panels in series.
Thus, the rated maximum power iS P, = 2925 W. Other
specifications of the system are listed in Table II.

Control systems are implemented according to Fig. 7. The
P&O MPPT control method is adopted in the MPPT operation
mode [33]. In the CPG operation mode, the control unit
receives the power set-point command, and the PV output
power is regulated using a simple proportional controller.
As for the control of PV inverter, the first objective is to
maintain the DC-link voltage, i.e. v}, = 400 V. The second

TABLE III
CONTROL SYSTEM PARAMETERS.

MPPT control gain kmpp = 23.8
kepg = 0.1
kp =01,k =125

krp = 20, ks = 2000

CPG control gain
DC-link (PI) controller

PR controller for grid current
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Fig. 9. Solar irradiance level profile under a constant ambient temperature.

objective is to ensure the quality of grid current, and thus a
Proportional Resonant (PR) controller shown in (4) is adopted
in the current control loop, since it can track a sinusoidal
reference quickly and accurately [14], [34]. In some cases
of high power quality demands, harmonic compensations are
necessary. Regarding the grid synchronization, a second-order
generalized integrator [34] based phase locked loop is adopted
in this system. Parameters of the control system are shown in
Table III.

km's

Grn(s) = by + —1i%
prr(S) »+ Ry

“)
where wy is the grid nominal frequency, and k,,,, k,; are the
control parameters.

Firstly, the single-phase PV system with CPG control by
modifying MPPT algorithm is tested under a constant ambient
temperature, but the solar irradiance level has experienced
ramp-changes, as it is shown in Fig. 9. The results of the
PV system under this mission profile are presented in Figs.
10 and 11. It has been shown in those test results that, when
the maximum power exceeds the limitation (80% of nominal
power set by the central control system), the CPG control has
been activated and thus constant output power of PV strings
is achieved effectively. Once the output power goes below
the limitation due to low solar insolation or high ambient
temperature, the system returns to the MPPT operation with
ensured stability, as it is shown in Figs. 10 and 11. Then, the
maximum power from the PV strings are fed into the grid.

Fig. 12 demonstrates the performance of the PV system
with CPG control under two daily profiles according to Fig.
3. The energy production is also calculated based on equation
(3). The effectiveness of the proposed method by modifying
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MPPT control to limit maximum feed-in power has been
demonstrated in the results. However, the injected power to
the grid presents large overshoot as shown in Fig. 12(c) due
to rapid solar insolation changes of a cloudy day. This means
that the robustness of the control system has to be enhanced by
optimizing the control parameters. Nonetheless, the proposed
concept is able to control the PV systems with a constant
power output and limited loss of energy, and thus more PV
systems can be installed without upgrading the grid capacity.

V. CONCLUSION

In this paper, a Constant Power Generation (CPG) control
concept of PV systems considering the distributed grid capac-
ity has been explored. Since a certain limitation (e.g. 80%)
of PV maximum feed-in power has an insignificant impact
on the annual total energy production (e.g. 6.23% energy
reduction), the CPG control concept has been proposed, which
can help the DSOs to avoid grid expansion and thus save
money, but at the same time increase the PV hosting capacity.
Moreover, this concept can alleviate overloading issues for PV
systems operating during peak production. The implementa-
tions of CPG control could achieved by power management
control, integration of energy storage systems and modification
of the MPPT control. The results verified the effectiveness
of the CPG control by modifying MPPT algorithm. While
the PV systems with integrated energy storage systems can
contribute to not only the avoidance of grid expansion but
also smoothing of PV feed-in power fluctuations, and thus
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Fig. 11. Simulation results of a single-phase PV system with constant

power generation control by limiting the maximum feed-in power: (a)
output power and (b) PV power v.s. PV voltage.

the system reliability is possible to be enhanced. However,
installations of energy storage systems increase the total cost.
Based on the discussions in the paper, further research can
be put on: stability analysis of MPPT methods and the entire
control system, detailed calculation of energy losses, controller
parameter design, experimental verifications, and application
of the CPG concept in advanced power control strategies.
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