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Grid-connected Renewable Energy Sources

In the face of energy challenge, the demand for new primary energy sources
worldwide is evolving. But reserves of oil and fossil fuels in our planet are going
to be exhausted in the near future. On the other hand, global warming becomes
a more serious issue due to the greenhouse effect. The production of electrical
energy from the oil, natural gas, coal, and nuclear sources is one of the main
sources of greenhouse gases. For reducing the greenhouse gas emission and
assuring the energy security, renewable energy sources (RESs) performeffective
alternative solutions for clean and sustainable electrical power production.
In this chapter, the renewable power generation is briefly described.Theprin-

ciples for integration of wind power and solar power to the grid are presented.
Then, the modeling procedure and control structures of the grid-connected
wind and photovoltaic (PV) energy systems are emphasized.Theproblemof the
primary energy intermittency is tackled and the PV and wind energy sources
in hybrid configurations are also discussed. To investigate the proposed mod-
eling and control schemes for the grid-connected wind and PV sources, some
simulations and experimental results are provided, and finally the chapter is
summarized.

1.1 Introduction

Today, global warming becomes more serious due to the greenhouse effect.
Some emissions of greenhouse gases come from the human activities. The
production and processing of electrical energy is one of the main sources of
greenhouse gases. Directly or indirectly, environmental concerns dominate
the thrust for an expanded deployment of renewable energy technologies.
Climate change concerns, which arose during the late 1980s, have created
a new input for clean, low-carbon energy technologies, such as renewable
energy technologies. In December 1997, the Kyoto protocol was established
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2 1 Grid-connected Renewable Energy Sources

in order to reduce global emissions of greenhouse gases. In the area of power
generation, this protocol promotes RESs [1]. In the 11th session of the Paris to
the 1997 Kyoto protocol, the 2015 United Nations Climate Change Conference
in Paris drafted an agreement to set a goal of limiting global warming to less
than 2 ∘C [2]. In the adopted version of the Paris agreement, the party will also
pursue efforts to limit the temperature increase to 1.5 ∘C, which may require
zero emissions sometime between 2030 and 2050.
Renewable energy is the energy generated from natural renewable resources

such as sunlight, wind, ocean, hydropower, biomass, geothermal resources, bio-
fuels, and hydrogen. The contribution potential of renewable energies in all
countries is growing as the technologies mature. The RESs contribute to the
diversity of energy supply portfolio and reduce the risks of continued/expanded
use of fossil fuels and nuclear power. The RESs provide interesting options to
consumers and are also themost environmentally benign energy supply options
available in current and near-term markets. Moreover, the RESs contribute to
a healthy economy, both in their contribution to the efficiency of the energy
system and in the employment/investment opportunities that arise from con-
tinued rapid market growth.
Nowadays, governments and public organizations are concerned about the

production of energy with technologies as clean as possible [3, 4]. As a con-
sequence, the guidelines for future energy production are established accord-
ing to the Kyoto protocol in 1997 and reemphasized by the Paris agreement
in 2015. The energy production technologies based on hydro, wind, PV, and
geothermal energies can be considered to be clean and renewable alternatives
to the nonclean conventional technologies based on fossil fuels and nuclear fis-
sion. Among the clean technologies, PV and wind turbines have experienced a
tremendous growth in the last years.
Wind power generators (WPGs) and solar power generators (SPGs) are able

to provide the electrical power to supply a grid load. The energy conversion
systems provided by wind turbines and PVs enable to extract the maximum
wind/solar power by adjusting the wind turbine’s rotational speed and solar
plate effective surface. The obtained electrical power must be adapted before
being sent to the grid. Therefore, an effective grid-following power balancing
strategies must be used, while the WPGs/SPGs are working in the maximum
power point tracking (MPPT) operating mode.
In order to reduce RES power variations, the energy storage systems (ESSs)

can be used to build a hybrid power system (HPS). It is known that the HPS
as a microgrid (MG) can be a good solution for the integration of distributed
RESs in a power network. In this chapter, theWPG- and SPG-based hybrid sys-
tems modeling and control are presented. Some proper power control strate-
gies such as “grid-following” and “power dispatching” strategies are also briefly
addressed. In the performed power control strategies, the DC-bus voltage is
regulated with the powers from the WPG/SPG and the ESSs.
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1.2 Renewable Power Generation

The RESs convert natural energy sources (sunlight, wind, ocean, hydropower,
biomass, geothermal resources, biofuels, and hydrogen) into consumable
energy forms (electricity and heat), which are suitable to transport and to
use. Solar, wind, water, biofuel, and geothermal power are known as the main
sources of the renewable electric power.

Solar power: Solar power comes from the radiant light and heat from the sun.
Sunlight can be converted directly into electricity by using PV panels or indi-
rectly with concentrating solar power. The concentrating solar power nor-
mally focuses on the solar energy to boil water, which is then used in a steam
turbine to provide electrical power.The PV technologies use semiconductor
materials to convert sunlight into electricity.They have gradually dropped in
price in the last two decades.The PV is nowwidely considered as a cost com-
petitive option for many grid-connected, building-integrated, and off-grid
applications as in telecommunications and local power supply.

Wind power: Wind power is considered as one of themost promising technolo-
gies for electricity production and the costs, with goodwind regimes, that are
comparable to fossil alternatives, particularly when the environmental bene-
fit is considered. Airflow can runwind turbines for generating electricity.The
rated power of present wind turbines ranges from 0.5 to 10 MW.The power
output of awind turbine depends on thewind speed and so, as thewind speed
increases, the power output increases. The location of wind turbine installa-
tion is usually chosen in the areas with strong and constant winds, such as
offshore and high-altitude sites. The offshore wind power experience shows
that the mean wind speed is about 90% greater than the onshore one, so it
may contributemore significantly to the supply of future power. Globally, the
long-term technical potential of wind energy is believed to be several times
the total current global energy production.

Water power: Water power can be exploited in a form of kinetic energy.
Since water is about 800 times denser than the air, a slow flowing stream
of water can yield considerable amount of energy. Water power exists
in many forms. Hydroelectric energy is a term which is usually reserved
for large-scale hydroelectric dams. Microhydro systems are hydroelectric
power installations that typically produce up to 100 kW power, which are
often used in water-rich areas as a remote area power supply. Ocean energy
describes all the technologies to harness energy from the ocean and the
sea including marine current power, ocean thermal energy conversion, and
wave power.

Biofuel power: Plants use photosynthesis to grow and produce biomass. The
biomass can be used directly as fuel or to produce biofuels. Agriculturally
produced biomass fuels such as biodiesel, ethanol, and bagasse can be burned
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in internal combustion engines or boilers. The biofuel is typically burned to
release its stored chemical energy.

Geothermal power: Geothermal power comes from the heat of the earth itself,
from hundreds of meters deep into the earth crust in some places of the
globe or from tens of meters in geothermal heat pump in all the places of
the planet. Geothermal technology is mostly used for thermal power pro-
duction; the space heating is becoming increasingly important. Geothermal
electricity production is a base load technology, which can be a low-cost
option if the hot water or steam resource is at a high temperature and near
the earth surface.

The energy security, environment protection, and economic growth are the
main primary benefits of renewable energy options. Dependency of power
energy on the limited stock of fossil fuels over an extended period is unsus-
tainable and unsecure. Renewable energy may relieve the increasing need of
the fossil fuels and reduces the mentioned dependency. On the other hand,
the distributed capability of renewable energies brings the power production
closer to the end-use, and minimizes energy transportation concerns and
costs. Moreover, a greater use of RESs in the power energy portfolio may
decrease overall generation costs relative to the probable risks [2]. Energy
policies should focus on developing efficient generating portfolios that do not
solely rely on stand-alone costs but also on expected portfolio risk, including
year-to-year cost fluctuations.
Renewable energy has several important economic benefits. In developed

countries, some economic benefits are employment creation and increased
trade of technologies and services. An additional advantage is the insensitivity
to fuel prices since they are free natural resources, which decreases the
operational cost of renewable energy systems and reduces economic operation
risks.
The initial investment in renewable-energy-based power generating systems

can be considered as a drawback. It is often more expensive to build renew-
able energy systems than conventional energy systems, since the environmen-
tal deterioration has not yet been taken into account for the cost calculation.
However, this investment cost will be reduced with the fast developing tech-
nologies (such as the development of computer industry and communication
systems in the last three decades). Specific requirements of the site and the
unpredictability of the generated power can be considered as other disadvan-
tages of theRESs.The intermittent availability of theRESsmeans to pay a higher
cost for regulation issues and maintaining reserve capacity. These quality and
security problems have already been encountered in some countries with a high
penetration of wind turbines.
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1.2.1 Renewable Energy Development

Different kinds of renewable energy technologies have been established in the
world markets. Some renewable energy technologies are becoming quickly
competitive in growing markets, and some are widely recognized as the lowest
cost options for the stand-alone and off-grid applications. The capital costs
of certain renewable energy technologies have been obviously reduced over
the last two decades and it is possible to be drastically reduced again over
the next decade. During the last few years, the installed PV and wind powers
dramatically increased.
The development of different renewable sources is limited by different

constraints depending on their intrinsic characteristics. The hydropower and
geothermal powers are naturally limited because of the lack of geographic sites.
Biomass requires large storage places for the natural resources. That is why, a
large development in PVs and wind turbines can be seen. But it is noteworthy
that these RESs are intermittent power sources (Fig. 1.1a). The production
of electricity from solar sources depends on the amount of light energy in a
given location. Solar output varies throughout the days and seasons and is
affected by cloud cover. Wind-generated power is also a variable resource, and
the amount of produced electricity depends on wind speed, air density, and
turbine characteristics. If the wind speed is too low (less than about 2.5 m/s),
then wind turbines are not able to generate electricity. If it is too high (more
than about 25 m/s), the turbines have to be shut down to avoid damage. Since
the primary sources of renewable energy are uncertain, the RESs may produce
a large amount of power when loads in the grid are very low, and they are not
always available, such as solar power in the nighttime and wind power when
the wind is not blowing.
The addition of intermittency increases the complexity of the use of RESs.

The renewable-energy-based generations with intermittency decrease the
reliability of a power system. The nature of intermittency is different for the
respective renewable energy technologies, and this difference could be a rele-
vant factor as far asmitigating the impacts of intermittency is concerned. As the
percentage of intermittent generation capacity in a grid increases and becomes
more significant, additional uncertainty to be created in the management of
real-time demand and generation balance. This may require the increasing
amount of conventional power reserve (spinning reserve) to manage the grid
securely [5].
Most of RESs such as wind and PV generators may not individually partic-

ipate to the grid management effectively, because they are dependent on the
availability of the primary renewable sources. Most of the time, they may not
work in their nominal capacity (Fig. 1.1a), and theirmaximumpower variations
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Power

Nominal power

Time
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Time

Nominal power

(a)

(b)  

Figure 1.1 Power
characteristics of renewable
and conventional generators:
(a) renewable power and
(b) conventional power.

degrade the system reliability and efficiency. So without ESSs and more power
generation systems, a high reliability and efficiency for a power system cannot
be ensured.
In contrary, conventional power generators are easily controllable and can

supply necessary power to satisfy the grid requirements. They can usually pro-
vide some ancillary services to the grid. They are mostly fossil and nuclear
fueled and rely on the abundant fuel supply such as coal, oil, natural gas, or
nuclear fuels. Most of the time, they can work at any power level below the
nominal power (Fig. 1.1b) by controlling the fuel supply.
Energy storage devices can serve as backup power plants. They can be used

to store or release electrical power such as an energy buffer, supporting the
operation of sources, transmission, distribution, and loads. Therefore, as will
be discussed later, they are useful to solve the problems of power intermittency
and system low inertia in an RES-based power grid.
The combination of energy storage devices and RESs constitutes a hybrid

power generator system, which can provide power not only for the local load
but also can supply ancillary services to the main grid as the conventional gen-
erators [6]. Among all the RESs, the PV and wind turbines are known as the
most popular renewable power sources.

1.3 Grid-connectedWind Power

In general, the WPGs can be classified into three categories [7].
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1.3.1 Wind Power Generator Without Power Electronic Converters

Most of these topologies are based on a squirrel-cage induction machine
(SCIM), which is directly connected to the grid. A soft starter is usually used
to reduce the inrush current during start-up. Moreover, a capacitor bank is
necessary for the reactive power compensation (Fig. 1.2a). By adding power
electronic converters into the wind generator, a variable-speed wind generator
can be achieved. Although the system complexity and the solution cost are
increased, a better control of the converted primary power and of the grid
connection can be obtained. For example, maximum power can be extracted
from a large variation of wind speed.The use of power electronic converters in
the wind generator can be further divided into two categories: systems using
partial- and full-scale power electronic converters.

1.3.2 Wind Power Generator Using Partial-Scale Power Electronic
Converters

A particular structure is based on a wounded rotor induction machine. An
extra resistor controlled by power electronic converters is added in the rotor
and gives a variable speed range of 2–4%. The power converter for the rotor
resistor control is for low voltage but high currents. This solution also needs
a soft starter and a reactive power compensator. Another solution is to use
a back-to-back power electronic converter with the wounded rotor induction
machine (WRIM), as shown in Fig. 1.2b.
In this case, a power converter connected to the rotor through slip rings con-

trols the rotor currents. If the generator is running supersynchronously, the
electrical power is delivered through both the rotor and stator. If the genera-
tor is running subsynchronously, the electrical power is only delivered into the
rotor from the grid. A speed variation of 60% around synchronous speed may
be obtained by the use of a power converter of 30% of the nominal power.

1.3.3 Wind Power Generator Using Full-Scale Power Electronic Converters

By implementing a full-scale power converter between the electrical machine
and the utility grid, additional technical performances of the wind generator
can be achieved. Normally, as shown in Fig. 1.2c, an SCIM or a synchronous
machine (SM) is used in this configuration. By using a multipole wound rotor
(or permanent magnet) synchronous machine, a high frequency of electrical
quantities is generated and the gearbox can be eliminated (Fig. 1.2d).
In this section, a variable-speed WPG, as shown in Fig. 1.2c, is considered

for extracting the maximum available wind power. Such kind of WPG supplies
continuously varying powers, which depend on the intermittent and fluctuant
wind velocity. When a large scale of WPGs is connected to the grid, stability
problems occur due to the dependence of the power production on the wind
condition [8–10].
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1.3 Grid-connected Wind Power 9

1.3.3.1 Wind Energy Conversion System: Modeling, Control, and Analysis
A classical wind energy conversion system consists of a three-blade turbine,
a gearbox, an electrical machine, a three-phase rectifier, a DC-bus capacitor, a
three-phase inverter, and line filters that are connected to the grid through a
grid transformer (Fig. 1.3).
When the wind energy conversion system works in the MPPT strategy, a

fluctuated power is delivered to the grid. A typical wind-speed-power profile
recorded in a wind farm in the north of France is shown in Fig. 1.4 [11].

1.3.3.1.1 Electrical Conversion Chain Model Using equivalent average modeling
of power electronic converters, the average model of the electrical power con-
version chain can be obtained for the wind energy conversion system (Fig. 1.5).
The grid with transformer is considered as three-phase voltage sources and
the electrical machine is considered as three-phase current sources. Two
back-to-back voltage source converters introduce control inputs for the
power control. As the DC bus has a relatively slow dynamic, three different

DC

AC

AC

DC

Control system

Turbine
Shaft and
gearbox

Electrical
machine Three-phase rectifier Line filtersDC bus Three-phase inverter Grid with transformer

Figure 1.3 A conventional variable-speed WPG.

Figure 1.4 Real recorded
wind speed-power pattern:
(a) wind speed and (b) wind
power.
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(urec13) (uinv13)
ugrid13

ugrid23(uinv23)

il1

il2

(iinv)

(urec23)

(mrec) (minv)

(irec)

uDC

iDC

Three-phase inverterThree-phase rectifier

DC bus Grid with transformer 

imac2

imac1

Wind generator

imac3

Figure 1.5 Equivalent average model of the power electronic converters.

subsystems with their inner dynamic and control tasks (wind generator, grid
connection system, and the DC bus) can be considered.

Three-phase rectifier: The equivalent average model is used with average
modulation functions. It yields the average values (⟨urec⟩= [(urec13, urec23]T)
of the modulated voltages from the DC-bus capacitor voltage (uDC) and the
average value (⟨irec⟩) of the modulated current from the machine currents
(imac = [imac1, imac2]T):{⟨urec⟩ = ⟨mrec⟩uDC⟨irec⟩ = ⟨mT

rec⟩imac
(1.1)

where mrec is the vector of modulation functions of the grid inverter.
Three-phase inverter: The three-phase inverter is modeled in the same way.
The average value of the modulated voltages (⟨uinv⟩= [(uinv13, uinv23]T) is cal-
culated from the DC-bus voltage (uDC) and the average value (⟨iinv⟩) of the
modulated current from the line currents (il = [il1, il2]T):{⟨uinv⟩ = ⟨minv⟩uDC⟨iinv⟩ = ⟨mT

inv⟩il
(1.2)

where minv is the vector of modulation functions of the grid inverter.

1.3.3.1.2 Wind Generator Model The modeling of the wind energy generation
system is presented in detail in the block diagram shown in Fig. 1.6.

Wind: The wind is modeled by a mechanical source, which sets the wind veloc-
ity (vwind) to the blades.

Turbine: The turbine is modeled as a mechanical converter. The torque (Ttur),
which is produced by the turbine, depends on the wind velocity (vwind) and
the blade pitch angle (𝛽):

Ttur(t) =
1
2

CT (𝜆, 𝛽)𝜌SbRbv2wind(t) (1.3)

where Sb is the area that is swept by the blades, Rb is the blade length, 𝜌 is
the air density, CT is the torque coefficient that is a nonlinear function of the
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0
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Figure 1.7 Blade
characteristic: CT versus 𝜆 for
a fixed blade angle.

tip-slip ratio (𝜆) (Fig. 1.7), and 𝜆 is the tip-slip ratio depending on the wind
velocity and the rotational speed (Ωtur).

𝜆(t) =
RbΩtur(t)
vwind(t)

(1.4)

For the present study, a normal turbine operating with a constant pitch angle
is considered.

Inertia: The shaft is an element with energy accumulation, which imposes the
rotational speed (Ωtur) with the torque difference between the blade torque
(Ttur) and the gear torque (Tgear),

Jshaft
dΩtur(t)

dt
= Ttur(t) − Tgear(t) − fshaftΩtur(t) (1.5)

where the Jshaft is the equivalent inertia moment of the shaft and the fshaft is
the friction coefficient of the equivalent shaft.

Gearbox:The gearbox is amechanical converter and adapts the low speed of the
turbine with the high speed of the electrical machine. It yields the rotational
speed (Ωmac) and the torque (Tgear) through the gear ratio (mgear):{

Ωmac(t) = mgearΩtur(t)
Tgear(t) = mgearTmac(t)

(1.6)

Electrical machine:The electrical machine can be generally modeled as an elec-
tromechanical converterwith the rectifier voltages (urec = [urec13,urec23]T) and
the gear speed (Ωmac) as the inputs. The stator currents (imac = [imac1, imac2]T)
and the machine torque (Tmac) are the outputs.

For understanding the electrical machine dynamic, first one needs to use a
mathematical transformation from phase-to-phase voltages (urec) to machine
line voltages. Then, the Park transformation expresses stator voltages and cur-
rents in a d–q rotational frame (usdq):{

usdq = P(𝜃s)urec

imac = P−1(𝜃s)isdq
(1.7)
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where 𝜃s (or 𝜃sdq) is the angle of the rotating d–q frame with respect to the
stator stationary frame. In the d–q frame, the equivalent stator windings set
the stator currents (isdq = [isd, isq]T) as state variables, which are calculated
with the stator voltages (usdq = [usd, usq]T) and the electromotive force (emf)
(esdq = [esd, esq]T),

⎧⎪⎨⎪⎩
Ls

disd

dt
= usd + esd − Rsisd

Ls
disq

dt
= usq − esq − Rsisq

(1.8)

Rs is the resistor of the stator winding and Ls is the cyclic inductor of the stator
winding.
Finally, such as an electromechanical converter, it leads to themachine torque

(Tmac) and the emf (esdq) from the stator currents and the rotor’s electrical angu-
lar speed (Ωmac).

Tmac =
3
2
𝜌(𝜙rdisq − isd𝜙rq)

The rotor flux orientation is achieved by aligning the d-axis of the syn-
chronous reference frame with the rotor flux vector 𝜙r . The resultant d- and
q-axis rotor flux components are 𝜙rq = 0 and 𝜙rd = 𝜙r .

Tmac =
3
2
𝜌𝜙rdisq (1.9){

esd = LsΩmacisq

esq = LsΩmacisd
(1.10)

where 𝜌 is the number of pole pairs and 𝜙rd is constant rotor flux of the perma-
nent magnet.

1.3.3.1.3 Modeling of the Grid Connection The modeling of the grid connection
system is presented in Fig. 1.8.

Grid filter: The line currents (il) are calculated from dynamic equations of the
filter with the inverter phase-to-phase voltages (uinv) and the phase-to-phase
grid voltages (ugrid):

Lline
dil

dt
= 1

3

[
2 −1
−1 2

]
(uinv − ugrid) − rlineil (1.11)

where Lline is the equivalent inductor of the grid filter and rline is the equiv-
alent resistor in series of the grid filter. The electrical network with the grid
transformer is considered as ideal sinusoidal phase-to-phase voltage sources
ugrid = [ugrid13, ugrid23]T.
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DC/AC

inverter
Filter

uDC

iinv

uinv

il

il

ugrid

minv

Grid

Figure 1.8 Block diagram of the grid connection system.

DC bus

irec

uDC

uDC

iinv

uDC

Capacitor

iDC

Figure 1.9 Block diagram of the DC bus.

1.3.3.1.4 Modeling of the DC Bus The model of the DC bus is presented in
Fig. 1.9. In order to control the power exchanges around the DC bus, the DC
coupling should be modeled in detail:

iDC = irec − iinv (1.12)

where irec is the rectifier’s modulated current and iinv is the inverter’s modulated
current.
TheDC-bus capacitor is an element with energy accumulation and its voltage

is calculated from the dynamic equation:

CDC
duDC

dt
= iDC (1.13)

where CDC is the DC-bus capacitor and uDC is the DC-bus voltage.

1.3.3.1.5 Modeling of the Entire Wind Energy Conversion System The model of the
entire wind energy conversion system can be obtained by combining all block
diagrams (Figs 1.6, 1.8, and 1.9), as shown in Fig. 1.10.

1.3.3.2 Hierarchical Control Structure
Thewind energy conversion system transfers power from theWPG to the elec-
trical grid. Two power converters are used to regulate the power exchange. A
hierarchical control structure, such as shown in Fig. 1.11, can be considered
to implement the control system. Two switching control units (SCUs) and two
automatic control units (ACUs) are used separately in the control system for
the mentioned power converters. A common power control unit (PCU) and
a common mode control unit (MCU) are used for the instantaneous power
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Figure 1.11 Hierarchical control structure of the wind energy conversion system.

balancing and the long-term energy management of the entire power system,
respectively.
In the SCU of each converter, the insulated-gate bipolar transistors (IGBT)

drivers and pulse width modulation (PWM) techniques are used to control the
semiconductors in power electronic converters. The control algorithms in the
ACU should be presented in order to highlight the physical quantities, which
can be used for the power flow control among the different energy sources.

1.3.3.2.1 WindGenerator Control The electrical power versus speed curves of a
typical wind turbine is given in Fig. 1.12. For example, if the wind velocity is
v1, the output power can be raised to the maximum value at point A by setting
the mechanical speed to𝛺1. If the wind speed changes to v2, the power output
jumps to point B. For this wind velocity, the maximum power can be extracted
by setting the speed at point C (𝛺2).This shows that, as thewind speed changes,
the generator speed should track these changes in order to extract the maxi-
mum power. This is called MPPT strategy.
The block diagram of the wind energy conversion system modeling (Fig. 10)

shows that the speed (Ωtur) can be controlled by acting on two inputs: aerody-
namic torque (Ttur) and torque of the generator (Tgear). As here we consider a
normal operation with a constant pitch angle, the aerodynamic torque must be
considered as a perturbation input (linked to the wind speed) for the system.
So the turbine speed can be controlled by acting on the gearbox torque (Tgear)
via the control input (mrec) of the power electronic converter.
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Figure 1.12 Turbine power-speed characteristic.

From the block diagram of the wind energy conversion system, an action
chain appears from the control inputs (mrec) of the rectifier to the gear’s
mechanical torque (Tgear) (Fig. 1.10). The control scheme of the wind energy
generation system is obtained by inverting this action chain (Fig. 1.13). It
involves calculating the reference of the rectifier’s duty ratios (mrec_ref )
according to a torque reference (Tgear_ref). It is composed of a torque control, a
field-oriented control, and a rectifier control.
Torque control: The calculated mechanical torque reference (Tgear_ref) from an
MPPT strategy is converted into the machine torque reference (Tmac_ref) by
inverting (1.6):

Tmac ref =
1

mgear
Tgear ref (1.14)

Field-oriented control: A standard field-oriented control is used to control the
electrical machine (Fig. 1.14) [12]. The inversion of (1.9) leads to the current
references (isdq ref = [isd_ref isq_ref]T), isq_ref is obtained from the torque refer-
ence (Tmac_ref) with the constant rotor flux (𝜙rd) of the permanent magnet
and isd_ref is set to zero with a properly chosen frame orientation:{

isq ref =
(2∕3)
𝜌𝜙rd

Tmac ref

isd ref = 0
(1.15)

As the stator windings are accumulation elements, closed-loop controllers
are needed to invert (1.8):

usdq ref = PI(isdq ref −
⌢i sdq) + ẽsdq (1.16)

where PI(xref–x) is the controller of the variable x. In practice, the emf (esdq)
cannot be measured, but it can be estimated through the sensed rotor’s rota-
tional speed (Ωmac) by using (1.10):{

ẽsd = LsΩmac
⌢i sq

ẽsq = LsΩmac
⌢i sd

(1.17)
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Figure 1.14 Block diagram of the oriented field control of the electrical machine.

Finally by inverting (1.7), the inverse Park transformation (P−1(𝜃s)) leads to
the references of the rectifier voltages (urec ref ):

urec ref = P−1(𝜃s)usdq ref (1.18)

Rectifier control: The reference modulation functions mrec ref are obtained by
inversion of (1.1) through the measurement of the DC-bus voltage uDC:

mrec ref =
1

⌢u DC
urec ref (1.19)

1.3.3.2.2 Grid Connection Control Considering the block diagram of the grid
connection system (Fig. 1.8), a path from the control inputs (minv) of the inverter
to the line currents (il) can be seen. The control scheme of the grid connection
system is obtained by inverting this path (Fig. 1.15). It involves calculating the
reference of the inverter’s duty ratios (minv ref ) according to the line currents’
references (il ref ).

Line current control: The grid is a voltage source (ugrid), so the line current
should be controlled in order to regulate the exchanged power with the grid.
In order to control this current, a current controller is needed with a Park
transformation (P) and an inverse Park transformation (P−1) as shown in
Fig. 1.16:

uinv ref = P−1(𝜃dq) uinv dq ref{
uinv d ref = PI(il d ref − il d) +

⌢ugrid d − ẽlq

uinv q ref = PI(il q ref − il q) +
⌢ugrid q + ẽld

(1.20)
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Figure 1.15 Control scheme of the grid connection system.

PI

controllers

il_d

il_q

+
–

elq

PI+
–

+

eld

PI+
– +

uinv_q_ref

il_d_ref

il_q_ref

uinv_ref

il

∼

∼

Decoupling

terms

+
+

+
+

Voltage

feedforward

ugrid_q

ugrid_d

uinv_q_ref

u grid

)
)

)

)

)

)

P–1 (θdq)

P (θdq)

2πfLline

2πfLline

θdq

Figure 1.16 Block diagram of the line current control in the grid connection system.

where il dq ref = P(𝜃dq)il ref ,
⌢i l dq = P(𝜃dq)

⌢i l,
⌢ugrid dq = P(𝜃dq)

⌢ugrid, ẽlq =
2𝜋f Lline

⌢i l q, ẽld = 2𝜋f Lline
⌢i l d, and f is the frequency of the grid voltage.

Inverter control: The modulation functions of the inverter are obtained by
inverting (1.2):

minv ref =
1

⌢uDC
uinv ref (1.21)

1.3.3.2.3 DC Bus Control The wind energy conversion system can be decom-
posed into three independent subsystems if theDC-bus voltage is constant.The
DC-bus voltage should be well regulated for the stability of the grid connection
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Figure 1.17 Control scheme
of the DC bus.

uDC_ref

)

uDC

CDCs

1
iDC uDC

System modelingControl scheme

PI+
–

iDC_ref

because it is used in a division operator in the converter control algorithms
((1.19) and (1.21)), so a voltage controller is needed (Fig. 1.17):

iDC ref = PI(uDC ref −
⌢uDC) (1.22)

1.3.3.2.4 Control of the EntireWind EnergyConversion System The control scheme
of the entire wind energy conversion system is obtained by combining all the
control schemes presented earlier. The result is drawn in Fig. 1.18. The corre-
sponding block diagram of the ACUs is shown in Fig. 1.19.

1.3.3.2.5 Power Control Unit In the studied wind energy conversion system, all
power exchanges are performed via the DC-bus (Fig. 1.20) and have an impact
on the DC-bus voltage:

dEDC

dt
= CDCuDC

duDC

dt
= uDCiDC = pDC = pwg − pgc (1.23)

where EDC is the stored energy in the DC-bus capacitor, pDC is the exchanged
power with the DC-bus capacitor, pwg is the injected power into the DC bus
from the wind generator, and pgc is the extracted power from the DC bus into
the grid.

• General layout
The PCU can be divided into two levels: the power control level (PCL) and
the power sharing level (PSL). The PCL involves calculating the reference
of the related quantities (Tgear_ref, iDC ref , il ref ) from the power references
(pwg_ref, pDC_ref, pg_ref, qg_ref). The PSL coordinates the power flow exchanges
among the different energy sources.

• Power control level
Each controlled quantities implies a power, which is calculated in Table 1.1.
For the wind generator, an MPPT strategy is used to extract the maximum
power. The power reference (pwg_ref) can be set by calculating the corre-
sponding torque reference (Tgear_ref) with the sensed value of the rotational
speed (Ωtur) according to the inverse equation (iii_c). The powers, which are
exchanged with the grid, can be calculated through the “two-wattmeter”
method with the equation (ii) and the line current references are calculated
by the inverse equations (ii_c). The output of the DC-bus voltage control
loop is a reference for the required DC current (iDC_ref), and its product with
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the measured DC-bus voltage (uDC) gives the necessary power reference
(pDC_ref) for the DC-bus voltage regulation according to (i_c).

• Power sharing level
The choke filters are sized to obtain a small voltage drop across them and
their losses and reactive powers are small. Moreover, these powers will be
considered as disturbances and can be attenuated by the various closed-loop
controls used. So we will not discuss in detail the power estimation of losses
and compensation algorithms in order to focus on the power balancing algo-
rithms.

We can assume that the wind power (pwg) is divided into two parts (Fig. 1.21).
One part (pDC) is sent to the DC-bus capacitor.The other part is sent to the grid
(pg). The power exchange can be expressed as

pg = pwg − pDC (1.24)

minv_ref

Sinv
Sinv_ref

mrec_ref

Srect
Srec_ref

iDC_refTgear_ref il_ref

SCU 1SCU 2

Field-

oriented

control

Line

current

control

Figure 1.19 Block diagram of the automatic control units for the wind energy conversion
system.

Wind

generator

Grid

connection

DC-bus capacitor

Power flow exchange

in the DC bus via

power conversion systems

pwg pgc

pDC

Figure 1.20 Power flow exchanges around the DC bus.
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Table 1.1 Power calculation and control algorithms for the wind energy conversion system.

Energy
source Power calculation Power control

DC-bus
capacitor

pDC = uDCiDC (i) pDC ref =
⌢uDCiDC ref (i_c)

Grid
connection

{
pg = u13i1 + u23i2
qg =

√
3(u13i1 − u23i2)

(ii)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

il1 ref =
(2⌢u13 −

⌢u23)pg ref +
√
3⌢u23qg ref

2⌢u2
13 − 2⌢u13

⌢u23 + 2⌢u2
23

il2 ref =
(2⌢u23 −

⌢u13)pg ref −
√
3⌢u13qg ref

2⌢u2
13 − 2⌢u13

⌢u23 + 2⌢u2
23

(ii_c)

Wind
generator

pwg = ΩturTgear (iii) Tgear ref =
1

⌢

Ωtur

pwg ref (iii_c)

pg

pwg

pDC

DC bus Wind generation Grid

Figure 1.21 Power flow exchange inside
the wind energy conversion system.

The wind generator is connected to a three-phase rectifier and various
control strategies can be used. For example, when the wind velocity is not
too high, the wind generator can work with an MPPT strategy to improve
the global energy efficiency. When the wind velocity becomes too high, the
wind generator can work with the rated power strategy by reducing the power
efficiency for security reasons. In our study, we assume that the wind velocity
is medium and we use an MPPT strategy in the form of a searching algorithm
for the maximum power as shown in Fig. 1.12. Therefore, with the fluctuant
wind, the wind power is very fluctuant. This fluctuant power is rectified
and sent to the DC bus. Hence, a “grid-following” power balancing strategy
should be used (Fig. 1.22) because the availability of the wind power is not
ensured for the DC bus control, and the DC-bus voltage is regulated by the
line current controller through the three-phase inverter. The wind power
(pwg) must be seen as a fluctuant disturbance. In order to regulate the DC-bus
voltage, the only way is to use the grid power (pg), as shown in the closed loop
(uDC_ref → pDC_ref → pg_ref →minv → pg → pDC →uDC) in Fig. 1.22.
So the grid power reference (pg_ref) is obtained by taking into account the

DC-bus power reference (pDC_ref) for the voltage regulation and the estimated
wind power p̃wg . In practice, we can set p̃wg = pwg ref . The hierarchical control
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Figure 1.23 Block diagram of the hierarchical control for the wind energy conversion
system.

system of the wind energy conversion system is then extended as shown in the
block diagram of Fig. 1.23.

pg ref = p̃wg − pDC ref (1.25)

1.3.3.2.6 Mode Control Unit The operating mode of the wind generator
depends on the wind speed condition and the grid requirements (Fig. 1.23).
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The wind generator can work normally while the grid capacity is large enough
to receive the fluctuant wind power without much impact. If the wind speed
is low or medium, the wind generator works in an MPPT strategy. Otherwise,
the wind generator should be limited with the rated power value (pwg_rated)
with high wind speed, or even be shut down with extremely high wind speed
for security reasons.

pwg ref =
⎧⎪⎨⎪⎩
MPPT(Ωtur) withweak ormediumwind
pwg rated with strongwind
0 with extremely strongwind

(1.26)

These strategies can be switched in the PCU by a signal (operating mode)
coming from the MCU (Fig. 1.23).

1.3.3.3 Simulation and Experimental Examination

1.3.3.3.1 Hardware and Software Implementation To show the validity of the
proposed model, wind generator emulators have been used in the laboratory.
In this section, a simplified version is presented to obtain the same power vari-
ation as from the real wind generator (Fig. 1.4). In order to have a flexible and
“easy-to-use” wind energy conversion system for testing control algorithms,
an emulator with a reduced rated power (1.2 kW) has been developed.
The wind power emulator is a controllable power source, which must pro-

vide the same power profile as the wind energy generation system. So, the wind
generator in Fig. 1.5 is replaced experimentally by the wind power emulator as
shown in the equivalent average modeling (Fig. 1.24).
In this case, the average value of the modulated current from the chopper

(⟨im_wg⟩) in Fig. 1.24 is proportional to the average value of the modulated cur-
rent from the three-phase rectifier (⟨irec⟩) in Fig. 1.5.The power electronic stage
of the wind power emulator is implemented with a step-up power conversion
circuit (Fig. 1.25), including a constant DC voltage source (120 V), a choke fil-
ter (20 mH), and a DC chopper. By controlling the current (iwg) of the filter

uDC

(uinv13)

(uinv23)

ugrid13

ugrid23

(iinv) il1

il2

Three-phase inverter

DC  bus Grid connection

(im_wg)

(um_wg)

(mwg) (minv)

DC chopper

uwg

iwg

Wind power emulator

iDC

Figure 1.24 Equivalent average modeling of the power conversion chain with a wind power
emulator.
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uDC

im_wg

DC

DC

um_wg

DC chopper Choke filter DC-bus

Lwg 20 mH

DC source

iwg

uwg
120 V

mwg

Figure 1.25 Power electronic stage of the wind power emulator.

inductor, the power of the emulator can be well controlled through the duty
ratio (mwg) as control input.
The dynamic representation and relevant equations can be easily obtained

as described in the previous sections. For modeling the DC chopper, the choke
filter is an element with accumulation and the state variable is the current
(iwg):

Lwg
diwg

dt
= ⌢uwg − um wg (1.27)

where Lwg is the inductor and um_wg is the modulated voltage of the chopper.
The chopper is a conversion element:{

um wg = mwg
⌢uDC

im wg = mwg
⌢i wg

(1.28)

where mwg is the duty ratio of the chopper and uDC is the DC-bus voltage.
The power electronic stage of the emulator performs a path between the

control input (mwg) and the choke current (iwg). The objective is to control
this current. The control scheme of the wind power emulator is obtained
by inverting this path. So a converter controller and a current controller
are required.
A current controller is needed to make equal the inductor current (iwg) to a

reference value (iwg_ref):

um wg ref =
⌢uwg − PI(iwg ref −

⌢i wg) (1.29)

A converter controller is obtained by inverting (1.28):

mwg ref =
1

⌢uDC
um wg ref (1.30)

The generated power can be described as follows:

pwg = uwgiwg (1.31)
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Then, this power reference (pwg_ref) for the emulator leads to a current refer-
ence (iwg_ref) for the control system.

iwg ref =
1

⌢uwg
pwg ref (1.32)

In normal operation, theDC-bus voltage is regulated to a prescribed constant
value and then from (1.24), we obtain

pg = pwg (1.33)

So the objective is to make the produced power from the emulator equal to a
previously recorded wind power profile (Fig. 1.4),

pwg ref = pg record (1.34)

The “wind power profile,” which is implemented in the digital signal proces-
sor (DSP), sets this power reference (pwg_ref) according to the recorded wind
speed profile (Fig. 1.4). The experimental test bench is built with a 1.2 kW
rated power; thus, the coefficient (kwg) is adapted to have a wind power profile
(pwg_ref = kwgpwg_ref) below 1.2 kW. The grid connection system is experimen-
tally implemented with a wind power emulator through a DC-bus capacitor
(2300 μF), a three-phase inverter, three line filters (10 mH), and a three-phase
grid transformer. The implementation of the wind energy conversion experi-
mental test bench is shown in Fig. 1.26.
The modeling and control is obtained by replacing the wind energy gener-

ation system by the wind power emulator using the proposed modeling and
control scheme (Fig. 1.22).The representationmodel of the entire experimental
test bench can be drawn as shown in Fig. 1.27. The proposed hierarchical con-
trol system (Fig. 1.23) is experimentally applied and tested with the real DC bus
and grid connection system by taking into account the fluctuant wind power.

1.3.3.3.2 Simulation and Experimental Results In order to validate our mathe-
matical modeling and control design, it is first simulated for the given case
study in theMATLAB/SimulinkTM software environment. It can be seen that the
obtained simulated active power (pg) in Fig. 1.28a is very close to the recorded
grid active power (Fig. 1.4). Hence, this mathematical model gives us the same
power dynamics as from a real wind generator. Moreover, we have now some
knowledge about the internal physical quantities and also about the different
control functions.
The grid connection test of the wind energy conversion system is performed

with the same wind power profile during 150 s. The experimental results are
compared with the previous simulation results. We can see that the similar
power profile (Fig. 1.28b) can be generated as the recorded wind power profile
(Fig. 1.4). The DC-bus voltage is well regulated (around 400 V) by the line cur-
rent control loop in a “grid-following” power balancing strategy. The emulated
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DC

AC

AC

DC

DSP

DC bus Grid with transformerInverterWind power emulator

(a)

Grid transformer

Grid choke filter

DSP

Wind power emulator

DC source Choke

filter

DC chopper

DC bus capacitor

(b)

Three-phase-network

Three-phase inverter

Figure 1.26 Implementation of the wind energy conversion experimental test bench;
(a) block diagram and (b) laboratory experiment.

fluctuant wind power is totally delivered to the grid through the three-phase
inverter.
This experimental test bench enables us to have similar power dynamics and

characteristics as a real wind generator. We will use it to validate our proposed
improvement in order to design a wind-based active generator. The fluctuant
power from the wind generator depends entirely on the wind condition, but
not on the grid’s requirements. Therefore, the wind energy conversion system
working in MPPT strategy behaves like a passive generator. It cannot supply
smooth powers to the grid and cannot supply any ancillary services for the
power system. It can only generate continuously varying powers depending on



�

� �

�

S
y
st

em

m
o
d
el

in
g

C
o
n
tr

o
l

sc
h
em

e

W
in

d
 e

n
er

g
y

 g
en

er
at

io
n

 s
y

st
em

G
ri

d
 c

o
n

n
ec

ti
o

n
 s

y
st

em

D
C

 b
u
s

D
C

/A
C

in
v
er

te
r

F
il

te
r

A
C

/D
C

re
ct

ifi
er

u w
g

i m
_w

g
i w

g

m
w

g

i w
g

u D
C

u m
_w

g

u D
C

i in
v

u i
nv i l

i l

u g
ri

d

m
in

v

u D
C

C
ap

ac
it

o
ri D

C

V
o
lt

ag
e

so
u
rc

e
G

ri
d

V
ec

to
r

co
n
tr

o
l

C
u
rr

en
t

co
n
tr

o
ll

er i l
_

re
f

D
C

 v
o
lt

ag
e

co
n
tr

o
ll

er
u i

nv
_r

ef

u m
_w

g_
re

f
i w

g_
re

f

u i
nv

_r
ef

u i
nv

dq
_r

ef

i ld
q

u g
ri

dd
q

In
v
er

te
r

co
n
tr

o
l

u D
C

_r
ef

i D
C

_r
ef

R
ec

ti
fi

er

co
n
tr

o
l

P
w

g_
re

f
W

in
d
 p

o
w

er

p
ro

fi
le

P
D

C
_r

ef

+
–

P
g_

re
f

q g
_r

ef

P
o
w

er

co
n
tr

o
ll

er

u g
ri

d

P
–
1
(θ

s)

P
–
1
(θ

s)
P

–
1
(θ

s)

P
 (θ

s)

P
 (θ

s)

Fi
g
ur
e
1.
27

M
od

el
re

p
re

se
nt

at
io

n
of

th
e

w
in

d
en

er
gy

co
nv

er
si

on
ex

p
er

im
en

ta
lt

es
tb

en
ch

.



�

� �

�

S
im

u
la

te
d
 w

in
d
 p

o
w

er
 p

w
g 

(W
)

E
m

u
la

te
d

 w
in

d
 p

o
w

er
 p

w
g_

em
u 

(W
)

D
C

-b
u

s 
v

o
lt

ag
e 

u D
C

 (
V

)
D

C
-b

u
s 

v
o

lt
ag

e
 u

D
C

 (
V

)

G
ri

d
 c

u
rr

en
t i

d 
(A

)
G

ri
d

 c
u

rr
en

t i
d 

(A
)

(a
) 

S
im

u
la

ti
o

n
 r

es
u

lt
s

(b
) 

E
x

p
er

im
en

ta
l 

re
su

lt
s

1
0
0
0

1
0
0
0

8
0
0

6
0
0

4
0
0

4
1
0

4
0
0

3
9
0 6 4 2

8
0
0

6
0
0

4
0
0

4
1
0

4
0
0

3
9
0 6 4 2

Fi
g
ur
e
1.
28

Te
st

re
su

lt
s

of
th

e
w

in
d

en
er

gy
co

nv
er

si
on

ex
p

er
im

en
ta

lt
es

tb
en

ch
.



�

� �

�

G
ri

d
 a

ct
iv

e 
p

o
w

er
 p

g 
(W

)
G

ri
d

 p
o

w
er

 p
g 

(W
)

G
ri

d
 c

u
rr

en
t i

q 
(A

)
G

ri
d

 c
u

rr
en

t i
q 

(A
)

G
ri

d
 r

ea
ct

iv
e 

p
o

w
er

 p
g 

(W
)

0
2

0
4
0

6
0

8
0

1
0

0
1

2
0

T
im

e 
(s

)

G
ri

d
 r

ea
ct

iv
e 

p
o

w
er

 p
g 

(W
)

0
2

0
4
0

6
0

8
0

1
0

0
1

2
0

T
im

e 
(s

)

(a
) 

S
im

u
la

ti
o

n
 r

es
u

lt
s

(b
) 

E
x

p
er

im
en

ta
l 

re
su

lt
s

1
0

0
0

8
0

0

6
0

0

4
0

0 2 0

–
2

1
0

0 0

–
1

0
0

1
0

0
0

8
0

0

6
0

0

4
0

0 2 0

–
2

1
0

0 0

–
1

0
0

Fi
g
ur
e
1.
28

(C
on

tin
ue

d)



�

� �

�

W
in

d

g
en

er
at

o
r

H
2

H
2

O
2

H
2

H
2

O
2

H
2

H
2

O
2

A
C D

C

D
C A

C

D
C A

C

D
C D

C

D
C A

C

D
C D

C

D
C A

C

D
C D

C

A
C

m
ac

h
in

e

S
u
p
er

ca
p
ac

it
o
r

F
u
el

 c
el

l

E
le

ct
ro

ly
ze

r

W
in

d

g
en

er
at

o
r

A
C D

C

D
C A

C

D
C D

C

D
C D

C

D
C D

C

A
C

m
ac

h
in

e

S
u
p
er

ca
p
ac

it
o
r

F
u
el

 c
el

l

E
le

ct
ro

ly
ze

r

W
in

d

g
en

er
at

o
r

A
C D

C

D
C A

C

D
C D

C

D
C D

C

D
C D

C

A
C

m
ac

h
in

e

S
u
p
er

ca
p
ac

it
o
r

F
u
el

 c
el

l

E
le

ct
ro

ly
ze

r

D
C A

C

(a
)

(b
)

(c
)

Fi
g
ur
e
1.
29

St
ru

ct
ur

es
of

hy
b

rid
p

ow
er

sy
st

em
s

fo
rd

is
tr

ib
ut

ed
ge

ne
ra

tio
n.



�

� �

�

1.4 Grid-Connected PV Power 35

meteorological conditions. Moreover, it becomes a considerable disturbance
input for the grid power quality if many wind generators are used. ESSs can
help to solve the fluctuation problem of the wind power and can ensure a good
energy availability. However, additional control functions should be added to
coordinate the different sources.

1.3.3.4 Wind Power Generators with Embedded Energy Storage Units
in Hybrid Power Systems
TheWPGs can work as distributed generators (DGs) together with other RESs
and ESSs to perform an HPS.The DGs are usually smaller than 50MW and are
connected to the distribution network (directly or through an HPS), which has
a low or medium operating voltage level.
The structures of HPSs can be classified into two categories: AC- and

DC-coupled. In an AC-coupled HPS, all sources are connected to a main
AC-bus before being connected to the grid (Fig. 1.29a) [13]. In AC-coupled
structure, different sources can be located anywhere in the MG with a long
distance from each other. However, the voltage and the frequency of the main
AC bus should be well controlled in order to ensure the stability of the DG and
the compatibility with the utility network.
In a DC-coupled HPS, all sources are connected to a main DC-bus before

being connected to the grid through a main inverter (Fig. 1.29b). In a
DC-coupled structure, the voltage and the frequency of the grid are inde-
pendent from those of each source. The DC-coupled structure is flexible
and expandable since the number and the type of the energy sources may be
freely chosen. Even more, the grid frequency is independent from the sources
through the use of the DC bus. The grid voltage is also independent from the
DC-bus voltage and each source’s voltage through the use of different power
converters. So even if both control structure and power management are
developed properly for a specified HPS, the number and type of the power
sources do not alter the global control structure of the HPS and the main idea
of the power management. However, not all HPSs can be classified into AC-
or DC-coupled system, since it is possible to have both coupling methods
(Fig. 1.29c) [14], then a mixed HPS is obtained. In this case, some advantages
can be taken from both structures.

1.4 Grid-Connected PV Power

Large PV plants are being built all over the world, commonly having ratings up
to 1MWand reaching the level of 250MW.These plants could be an alternative
energy source for conventional ones and solving the energy dilemma of human
community. However, the associated electronic systems, mainly inverters used
for interfacing with the grid, have to solve some problems related to the opera-
tion in the electric distribution system.These systems should be reliable, robust,
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and manageable. This section presents and discusses the most existing critical
points in actual inverters, summarizing, explaining, and proposing approaches
to solve or mitigate them.
Similar to the WPGs, the PV systems as SPGs are becoming economically

viable, even without government subsidies. The PV system capacity is increas-
ing continuously over the world reaching values of hundreds of megawatts;
thus, making these plants would be a crucial part of future electric energy sys-
tems, MGs, and smart grids. These large/medium SPGs operate as distributed
energy resources (DERs)mostly in rural areas where require enough surface for
installing. They can be connected to radial distribution grids as shown in the
example of Fig. 1.30.

1.4.1 Solar Power Generators with Embedded Energy Storage Systems

Electrical systems must ensure a balance between production and consump-
tion at all times, while maintaining a satisfactory voltage. Grid reliability can be
mainly ensured by having excessive capacity in the system with unidirectional
flow from centrally dispatched large power plants to dispersed consumers. Dis-
patched production refers to sources of electricity that can be dispatched at the
request of system operators. They are able to change their power production
upon demand.
The large-scale development of intermittent PV sources causes large amount

of variable power [15].The RESs with intermittency decrease the reliability of a
power system. As the percentage of intermittent generation capacity increases
and becomes more significant, an additional uncertainty is appearing in the
real-time management of the electrical system balance between demand and
generation. This requires increasing amounts of conventional power reserve
capacity (spinning reserve) that can be available immediately and of plants
capable of providing ancillary services (e.g., frequency response and voltage
control), which are required to manage the electrical power system securely
[16]. However, an electrical generation system depending entirely on the RESs
is not reliable because the availability of the RESs cannot be constantly ensured.
Because of the intermittency of PV power generation, the SPGs may not be

used as a stable, reliable, and controllable power source and may not provide
ancillary services such as conventional generators. One solution is to upgrade
SPG with an embedded ESS and a local energy management system (LEMS)
for the coordination of inner power flows. Storage technologies are varying
and first it is essential to characterize the required need and complementary
performances they must offer. Typically, an energy reserve must be provided
to the electrical system and can be implemented by long-term energy storages.
Moreover, the supply of power with fast dynamics is also mandatory to smooth
the generated PV power, compensate the power gap, and absorb instantaneous
high power peaks. At the present state of the art, a high energy storage unit
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delivering high power with fast dynamics in a reduced volume does not exist
and a mix of storage technologies has to be considered. Lead acid batteries for
long-term energy storage device and ultracapacitors for fast dynamic power
regulation are today realistic and economic choices, but other technologies can
also be considered, for example, fuel cells, REDOX batteries, and flywheels.
Storage devices can be used to store or release electrical power such as an

energy buffer.Therefore, they can help to solve problems due to renewable ener-
gies’ intermittent availabilities and fast transients.The SPGs combinedwith the
ESSs perform an HPS, which can be considered as an active PV generator for
the grid since it can supply ancillary services as conventional generators.More-
over, it can be dispatched and then provide a power reference that is demanded
by the grid operator [17].
A general structure that has been widely used in isolated power systems for

integrating the ESSs is based on the direct connection of a battery bank to the
DC-bus of the grid-connected inverter. A PV controller is used to extract the
maximum power from PV panels and send it to the battery bank. However,
the stochastic nature of PV and demand powers lead to fast charge/discharge
actions of batteries and a fast battery aging.
To enable a more efficient use of batteries, AC- and DC-coupled power elec-

tronic converters can be considered in order to have control abilities of the
exchanged powers with the batteries, thanks to the development of power elec-
tronics. In an AC-coupled HPS structure, all sources are connected to themain
AC network (Fig. 1.31a) [17]. A communication network is required to imple-
ment the coordination of this set. In a DC-coupled HPS, all sources are con-
nected to a common inner DC-bus before being connected to the grid through
a main inverter (Fig. 1.31b) [18]. One advantage is that the battery bank is con-
nected to the DC-bus via a DC/DC converter, which can be used to implement
an optimized charge/discharge operation mode. The second advantage is that
a supercapacitor bank is added and is also connected to the DC bus via another
DC/DC converter. Hence, a fast power compensation can be performed. The
PV array is connected to the DC bus via a PV converter. Similar to the WPGs
(Fig. 1.29), apart from these two coupling structures, a mixed structure can
be also used (Fig. 1.31c) with some advantages of both DC- and AC-coupled
structures.

1.4.2 Solar Energy Conversion System: Modeling, Control, and Analysis

The interest for a PV-based hybrid active generator and the need for grid oper-
ator to get more dispatched DGs have been already justified. As mentioned, in
order to have a local energy reserve and to filter fast PV power fluctuations, ESS
is used to build a PV/ESS HPS in a DC-coupled structure.
The power flows between the different sources must be controlled in

order to supply the real and reactive power required by the grid operator
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(Pag ref ,Qag ref ). This is performed by the control of different power electronic
converters, which must be then coordinated (Fig. 1.32). Different control
strategies have been presented to design the energy management of HPSs and
for various applications.
In this section, first the entire PV-based active generator is modeled and then

a hierarchical control structure is used and the design of the control system,
including the power balancing and energy management strategies are detailed.
Similar to the WPGs modeling method, in order to design the control system
of the PV active generator, the model of the entire system has to be analyzed.
For the modeling of the PV-based active generator, all the modulated values
can be replaced by their average values during the modulation period. So each
power electronic converter can be replaced by an equivalent double modulated
generator (Fig. 1.33).
The equivalent electrical diagram with the equivalent average modeling

of power electronic converters makes appear three parts corresponding to
the PV conversion system: the ESS, the grid connection, and the DC bus.
The three power converters are used to introduce control inputs for each
power conversion system, in order to control the power generated by the PV
panels, to maintain a constant DC-bus voltage, to supply the required power
exchange with the grid, and to ensure the power buffering of each energy
storage unit.

1.4.2.1 PV Power Conversion System
In the PV power conversion model, the PV panels are usually considered as a
current source (iPV) and it must be supplied by a voltage (uPV) [19].The voltage
comes from a filter (C1, L1), which is fed by the modulated voltage (Fig. 1.34).

uDC

(im_PV)

(uINV23)

ug13

ug23

(uINV13)(iINV) ig1

ig2

InverterPV chopper

(minv)

(im_ESS)

ESS chopper

isour

IESS

(um_ESS)UESS

IESS

(mESS)

ESS

Grid connection

iDC

(um_PV)uPV

(mPV)

iPV

PV panels DC bus

Figure 1.33 Equivalent electrical diagram of the PV-based active generator.
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uDC

(im_PV)

PV chopper

iDC

(um_PV)

uPV

(mPV)

iPV

PV panels 

C1

L1

iL1

iCPV

L1C1

Figure 1.34 Equivalent electrical diagram of PV power conversion system.

The choke is also modeled as a current source (iL1). This current depends on
the PV voltage and the modulated voltage of the chopper output (um PV ):

diL1

dt
= 1

L1
(um PV (t) − uPV (t)) (1.35)

Losses in the filter and the capacitor are neglected. The capacitor (C1) can
stabilize the voltage (uPV) across the terminals of the PV panels. This capacitor
can be modeled by using the PV current (iPV) and the filtered current (iL1):⎧⎪⎨⎪⎩

duPV

dt
= 1

C1
iCPV (t)

iCPV (t) = iPV (t) − iL1(t)
(1.36)

iCPV is the injected current in capacitor.Themean value of the terminal voltage
of the chopper (um_PV) is obtained from the DC voltage (uDC) and the duty cycle
ratio (m_PV):{⟨um PV ⟩ = mPV ⋅ uDC(t)⟨im PV ⟩ = mPV ⋅ iL1(t)

(1.37)

It is noteworthy that the notation ⟨x⟩means “the average values of the instan-
taneous electrical quantities” x(t), but since here all quantities are in mean
values, the notation ⟨x⟩ will not be used later.

1.4.2.2 Energy Storage System
In the models of ESSs, an ESS is usually considered as a voltage source (uESS),
which is connected to a choke filter (L2) (Fig. 1.35).
By neglecting losses in the filter, the dynamic equation of the filtered

current (iESS) is expressed with the ESS voltage (uESS) and the modulated
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uDC

(im_ESS)
iDC

(um_ESS)uESS

iESS

(mESS)

ESS

L2

ESS chopperFilter

Figure 1.35 Equivalent electrical diagram of the batteries energy storage system.

voltage (um ESS):
diESS

dt
= 1

L2
⋅ (uESS(t) − um ESS(t)) (1.38)

where L2 is the inductor of the filter.
The mean value of the terminal voltage of the ESS chopper (um ESS) is

obtained from the DC voltage and the duty cycle ratio (mESS):{
um ESS = mESS ⋅ uDC(t)
im ESS = mESS ⋅ iESS(t)

(1.39)

In the same way, the filtered current (iESS) is modulated by the chopper, and
then this modulated current (im_ESS) is injected into the common DC bus. The
average value of the output current (im_ESS) of the chopper is equal to the ESS
current (iESS) multiplied by the duty cycle ratio (mESS).

1.4.2.3 Grid Connection
A three-phase inverter within a choke as filter is used for the grid connec-
tion. Hence, an equivalent mean modeling of this three-phase inverter is suffi-
cient for representing fundamental components of voltage/current (Fig. 1.36)
as dependent phase-to-phase voltage sources (uINV 13 and uINV 23) with the
DC-bus voltage (uDC) through modulation indexes (mINV 13 and mINV 23) and
a dependent current source (iINV ) with AC currents through the same modula-
tion indexes.
Then mean values of modulated phase-to-phase voltages and of the average

currents are expressed as{
uINV 13 = mINV 13 ⋅ uDC

uINV 23 = mINV 23 ⋅ uDC
(1.40)

⟨iINV ⟩ = mINV 13 ⋅ ig1 + mINV 23 ⋅ ig2 (1.41)
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uDC
(uINV23)

ug13

ug23

(uINV13)
(iINV) ig1

ig2

Grid-connection inverter

(mINV_23)

isour

Grid

iDC

Rg, Lg

DC bus

(mINV_13)

Grid filter

Figure 1.36 Electrical diagram of the grid connection.

By assuming that grid voltages are balanced, line voltages are obtained
through{

vINV1 =
2
3
⋅ uINV 13 −

1
3
⋅ uINV 23

vINV2 = − 1
3
⋅ uINV 13 +

2
3
⋅ uINV 23

(1.42)

The filter currents are deduced from the following differential equations:⎧⎪⎪⎨⎪⎪⎩

dig1

dt
= 1

Lg
(vINV1 − Rg ⋅ ig1 − vg1)

dig2

dt
= 1

Lg
(vINV2 − Rg ⋅ ig2 − vg2)

(1.43)

Three-phase inverter voltages, grid voltages, currents, and duty cycles can be
expressed as vectors, respectively, by

vINV =
⎡⎢⎢⎣

vINV1
vINV2
vINV3

⎤⎥⎥⎦ , vg =
⎡⎢⎢⎣

vg1
vg2
vg3

⎤⎥⎥⎦ , ig =
⎡⎢⎢⎣

ig1
ig2
ig3

⎤⎥⎥⎦ , mINV =
[

mINV 13
mINV 23

]
(1.44)

1.4.2.4 DC Bus
In this hybrid generating system, three energy sources (PV panels, ESS, and the
electrical grid) are all connected to the common DC bus via different power
electronic converters (Fig. 1.33). So according to this DC-coupling, the capac-
itor current of the DC bus (iDC) is expressed as

isour(t) = iESS(t) + im PV (t) (1.45)
iDC(t) = isour(t) − iINV (t) (1.46)

where im_PV is the modulated current from the PV chopper, im_ESS is the mod-
ulated current from the ESS chopper, and iINV is the modulated current from
the grid inverter.
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DC-bus voltage is expressed as
duDC

dt
= 1

CDC
iDC(t) (1.47)

The CDC is the capacitor of the DC bus.

1.4.2.5 Modeling of the Entire PV Energy Conversion System
By combining the all mentioned sources’ power conversion system models,
which is discussed in the previous sections, the block diagram of the entire
active PV generator can be obtained as shown in Fig. 1.37. Three action paths
appear from the control inputs of the three power converters to the different
electrical quantities (uPV, iESS, ig): from the PV chopper (mPV) to the PV panels
terminal voltage (uPV) in yellow, from the ESS chopper (mESS) to the batter-
ies current (iBAT) in green, and finally from the grid connection three-phase
inverter (mINV ) to the line currents (ig) in blue.

1.4.2.6 Hierarchical Control Structure
LikeWPGhierarchical system (Fig. 1.11), a hierarchical structure of the control
system is proposed for this active PV generator.The structure of this hierarchi-
cal control system includes four levels (Fig. 1.38). Each one has precise control
tasks depending on its hierarchical position: SCU, ACU, PCU, and MCU.
TheMCUdecides the operatingmode for thewhole hybrid generator accord-

ing to the availability of the PV production, the states of each storage unit and
the actual power demand from the grid. The PCU calculates the power refer-
ence for each source according to the sensed values and the selected operating
mode from the MCU.The ACU applies the control algorithm to meet the cur-
rent or voltage references.TheSCU level implements themodulation technique
to each converter and generates the semiconductor signals ({−5,+15}) to apply
wished ideal states ({0, 1}).
In the studied active PV generator, three sources are considered: the PV pan-

els (PV), the ESS, and the grid connection. Three power electronic converters
are used to regulate the power exchanges among them. So in the control sys-
tem, three SCUs and three ACUs are used for the control of the three sources, a
common PCU and a commonMCU are used for the power dispatching among
the different sources, the real-time power balancing and the long-term energy
management of the entire active generator (Fig. 1.38).
In the SCU of each power electronic converter, the IGBT and PWM tech-

niques are used to control the switches. The control algorithms in the ACU
level should be presented in order to highlight the physical quantities, which
can be used for the power flow control among the different energy sources.

1.4.2.6.1 Automatic Control Unit The task of the ACU is to calculate duty cycles
for each SCU in order to set dynamical quantities equal to their references (cur-
rent and voltage), which are coming from the PCU.



�

� �

�

P
V

 e
n
er

g
y
 g

en
er

at
io

n
 s

y
st

em
G

ri
d
 c

o
n
n
ec

ti
o
n
 s

y
st

em

C
1
 L

1

fi
lt

er
D

C
 b

u
s

D
C

/A
C

co
n
v
er

te
r

F
il

te
r

D
C

co
u
p
li

n
g

i P
V

i s
ou

r
i L

1

m
P

V

u P
V

u m
_P

V

u D
C

i IN
V

u I
N

V

i g

i g u g

m
in

v
u D

C

C
ap

ac
it

o
ri D

C

P
V

G
ri

d
P

V

ch
o
p
p
er

i m
_P

V

u D
C

L
2

fi
lt

er

u E
SS

m
E

SS

i E
SS

u m
_E

SS

E
S

S
E

S
S

ch
o
p
p
er

u D
C

i E
SS

u D
C

i s
to

Fi
g
ur
e
1.
37

Th
e

b
lo

ck
di

ag
ra

m
of

th
e

PV
ac

tiv
e

ge
ne

ra
to

r.



�

� �

�

1.4 Grid-Connected PV Power 47

PCU 

MCU 

Grid requirements 

Power reference/operating mode

{–5 V, +15 V}

SCU 3

PV

ACU

PV

{0,1}

uPV_ref

{–5 V, +15 V}

SCU 2

ESS

ACU

ESS

{0,1}

Iess_ref

{–5 V, +15 V}

SCU 1

Inverter

ACU

Inverter

{0,1}

Ig_ref

M
ea

su
re

m
en

t 
an

d
 c

o
m

m
u
n
ic

at
io

n

PV

chopper

ESS

chopper

Inverter

DC/AC

Figure 1.38 Hierarchical control structure for the active PV generator.

PV Controller The ACU of the PV power conversion system must regulate the
terminal voltage across the PV panels in order to implement anMPPT strategy
or a power limitation (PL) strategy. The variation of this voltage modifies the
generated PV power (Fig. 1.39).
The PV power conversion system provides an action chain from the duty

cycle ratio (mPV ) and pointing to the PV terminal voltage (uPV ). According to
the inversion rules of the CSU, the automatic control system is achieved by

• a closed-loop control of the filtered current (iL1) with a simple controller (K1),

um PV ref = K1(iL1 ref − iL1 mes) + uPV mes (1.48)

• a closed-loop control of the terminal voltage (uPV) with a simple controller
(K2),

iL1 ref = K2(uPV ref − uPV mes) + iPV mes (1.49)

• a converter control for the calculation of the duty cycle, which will be sent to
the SCU:

mPV reg =
um PV ref

uDC mes
(1.50)
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Figure 1.39 Power characteristics of one PV module.

EES Controller From the ESS, an action chain from the duty cycle ratio (mESS)
and pointing to the ESS current (iESS) can be considered. A control chain is
obtained by inversing this action chain. The inversion rules of the CSU yields
two control functions:

• A closed-loop control of the current with a controller (K3)

um ESS ref = K3(iESS ref − iESS mes) (1.51)

• A converter controller to calculate the duty cycle ratio, which will be sent to
the SCU:

mESS reg =
um ESS ref

uDC mes
(1.52)

Grid Connection Control The block diagram of the grid connection system
modeling makes appear a path in blue from the control inputs (minv) of the
inverter to the line currents (ig). The control scheme of the grid connection
system is obtained by inverting this path. It involves calculating the reference
of the inverter’s duty ratios (minv ref ) according to the line currents’ references
(ig ref ). The objective of the grid connection control is to regulate the delivered
active power and reactive power to the grid. The grid is a voltage source (ugrid),
so the line current should be controlled in order to regulate the exchanged
power with the grid. Hence, the delivered power control is based on the grid
current control. According to the inversion rules of the CSU, the automatic
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control system is achieved by an inverter controller and a closed-loop control
of currents.
For the design of controllers, a Park transform is used. The voltages and cur-

rents in the three-phase frame (a,b,c) can be transformed to two voltages and
two currents in the two-phase rotating frame (d,q) with synchronization with
the first line voltage:⎧⎪⎪⎨⎪⎪⎩

vinv dq = P(𝜃)vINV

vg dq = P(𝜃)vg

ig dq = P(𝜃)ig

(1.53)

P(𝜃) is the matrix of the Park transformation.

P(𝜃) = 2
3

⎡⎢⎢⎢⎢⎣
cos 𝜃 cos

(
𝜃 − 2𝜋

3

)
cos

(
𝜃 + 2𝜋

3

)
sin 𝜃 sin

(
𝜃 − 2𝜋

3

)
sin

(
𝜃 + 2𝜋

3

)
1
2

1
2

1
2

⎤⎥⎥⎥⎥⎦
(1.54)

Hence in this frame, filter current equations are expressed as⎧⎪⎨⎪⎩
dig d

dt
= 1

L
(vinv d − vg d − Rgig d − Lg ⋅ 𝜔s ⋅ ig q)

dig q

dt
= 1

L
(vinv q − vg q − Rgig q + Lg ⋅ 𝜔s ⋅ ig d)

(1.55)

where 𝜔s = 2𝜋f and f is the grid frequency.
Therefore, similar to the block diagram shown in Fig. 1.16, the control of these

currents is organized in three parts: proportional–integral (PI) control, grid
voltage compensation, and current decoupling. The modulated voltage refer-
ences of the inverter outputs can be expressed as{

vinv d ref = PI1(ig d ref − ig d mes) + vg d mes − Lg ⋅ 𝜔s ⋅ ig q mes

vinv q ref = PI2(ig q ref − ig q mes) + vg q mes + Lg ⋅ 𝜔s ⋅ ig d mes

(1.56)
with two current PI correctors (PI1, PI2).
The obtained voltage references in the dq frame can be transformed to the

three voltage references in the abc frame with an inverse Park transformation:
vinv ref = P−1(𝜃)vinv dq ref (1.57)

Phase-to-phase voltages are obtained with the following equations:{
uinv13 ref = vINV1 ref − vinv3 ref

uinv23 ref = vINV2 ref − vinv3 ref
(1.58)
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Mean values of the modulation functions are calculated by using the inverse
equation (1.40):

minv13 reg =
uinv13 ref

uDC mes
, mINV23 reg =

uinv23 ref

uDC mes
(1.59)

DC Bus Control The decomposition into the different subsystems relies on the
assumption that the DC-bus voltage (uDC) is constant. The control scheme of
the DC bus is obtained by inverting the block diagram of the system modeling
(similar to Fig. 1.17) and requires a closed-loop control of the DC-bus voltage
(uDC) with a PI corrector (PI):

iDC ref = PI(uDC ref − uDC mes) (1.60)

The current flowing through the capacitor of the DC bus (iDC) can be
expressed as

iDC = im PV + im ESS − iinv (1.61)

Thus, the regulation of the current in the capacitor can be achieved by con-
trolling the currents of each source (PV panels and ESS) corresponding to the
power control of each source.

Control of the Entire PV Energy Conversion System The global control scheme
of the entire active PV generator can be obtained by combining all control
schemes, which have been explained in the previous parts, as shown in Fig. 1.40.
A block diagram of all control functions inside the ACU is also presented in
Fig. 1.41. Four references (iDC_ref, ig_ref, uPV_ref, and iESS_ref) must be set to inter-
face the automatic control level with the PCL.

1.4.2.6.2 Power Control Unit The PCU is divided into two levels: the PCL and
the PSL. The PCL involves calculating the reference quantities (ig_ref, uPV_ref,
iESS_ref) from power references. The PSL coordinates the power flow exchanges
among the different energy sources with different power balancing strategies.
To implement the power control, the inner power flow of the active gener-

ator has to be calculated. In order to focus on the power exchanges with the
different sources around the DC bus, the instantaneously exchanged power
with the choke, the losses in the filters and the losses in the power convert-
ers are neglected. Only the sources’ powers and the exchanged power with the
DC-bus capacitor are taken into account here (Fig. 1.42). Powers in the DC part
are easily calculated by multiplying DC currents and DC voltages (Table 1.2).
All the variables with hat symbol are the sensed variables. The expressions of
the powers are inverted to obtain the control equations (Fig. 1.42).
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Figure 1.41 Block diagram of the automatic control units for the active PV generator.

Table 1.2 Power calculation and power control algorithms for the active PV generator.

Energy
source Power calculation Power control

DC-bus
capacitor

pDC = uDCiDC (iv) pDC ref =
⌢uDCiDC ref (iv_c)

Grid con-
nection

⎧⎪⎨⎪⎩
pag = ug13 ⋅ ig1 + ug23 ⋅ ig2

qag =
√
3(ug13 ⋅ ig1 − ug23 ⋅ ig2)

(v)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

ig1 ref =
(2⌢u13 −

⌢u23)pag ref +
√
3⌢u23qag ref

2⌢u2
13 − 2⌢u13

⌢u23 + 2⌢u2
23

ig2 ref =
(2⌢u23 −

⌢u13)pag ref −
√
3⌢u13qag ref

2⌢u2
13 − 2⌢u13

⌢u23 + 2⌢u2
23

(v_c)

PV panels pPV = uPV iPV (vi) uPV ref =
1

⌢i PV

pPV ref (vi_c)

ESS pESS = iESSuESS (vii) iESS ref =
1

⌢uESS
pESS ref (vii_c)
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Power control of PV panels: A reference value for the PV power can be
set by calculating the PV voltage reference (uPV_ref) with the sensed PV
current:

uPV ref =
pPV ref

iPV mes
(1.62)

Power control of storage units: For the storage systems, the powers are calcu-
lated bymultiplying currentswith the voltages ((vii) inTable 1.2).The current
references are given by dividing corresponding power references with the
sensed voltages.

Power control of the grid connection: The powers, which are exchanged with
the grid, can be calculated through the “two-wattmeter” method ((v) in
Table 1.2). According to the grid power reference and the measured phase-
to-phase voltages of the grid, the current references for the inverter can be
deduced by inverting this equation ((v_c) in Table 1.2).

Power control of the DC bus: The output of the DC-bus voltage control loop
is the current reference (iDC_ref) of the DC-bus capacitor, and its product
with the measured DC-bus voltage gives the power reference (pDC_ref) for the
DC-bus voltage regulation (iv_c).This regulation power for the DC-bus volt-
age control can be satisfied by the difference between the sources power and
the grid power.

The DC bus directly leads to the stability of the generator. All power
exchanges are performed via the DC-bus and have an impact on the DC-bus
voltage (uDC):

CDCuDC
duDC

dt
=

dEDC

dt
= pDC = psour − pag = pESS − pag (1.63)

where EDC is the energy stored in the DC-bus capacitor; pDC is the resulted
power into the DC-bus capacitor; pPV is the power injected into the DC bus
from the PV generator; pESS is the power exchanged between the EES and the
DCbus; pag is the power extracted from theDC bus into the grid; and psour is the
total power from the sources. So to get a constant DC-bus voltage, the instan-
taneous powers must be balanced. For different studied modes, the power flow
must be then modeled in order to be controlled in a second step.

Power sharing: The PSL is used to implement the power balancing strategies in
order to coordinate the various sources in the HPS.The power references for
each source are set according to different power control strategies, which are
specific to different operating modes. Operating modes are defined accord-
ing to the various conditions (the power demand from the grid, the availabil-
ity of the PV power, the state of the energy storage units, etc.). In order to
set the power reference of each source, the power flow between each source
should be determined and balanced. So a modeling of the power flow in the
active generator for each mode is necessary.
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1.4.3 Experimental Results

Figure 1.43a outlines the used DC-coupled active PV generator as an HPS pro-
totype test system.The grid connection is performed by a three-phase inverter.
Chokes and capacitors are used to filter the modulated electrical waveforms.
Here, the EES includes two sets of lead-acid batteries (48 V, 106 Ah) and ultra-
capacitors (48 V, 112 kWmin). A DC current source is used for simulating the
PV panels. The control system is implemented into a DSP card. Figure 1.43b
shows the experimental laboratory systems.
In order to ensure an optimal operation and coordination, an LEMS of the

active PV generator must calculate and send control signals to each power
electronic converter in order to enable production of power demand for the
grid operator, management of renewable energy intermittency, management
of storage state of charges (SOC), power system protection, and provision of
grid ancillary services.
A hierarchical control structure for the given HPS system (Fig. 1.38) similar

to the one in Fig. 1.41 can be considered. The SCU implements the modula-
tion technique to each converter and generates the switching signals.The ACU
performs control algorithms in order to meet the current or voltage references.
The PCU calculates these references according to the power references from
the MCU and measured values. The MCU decides the operating mode for the
whole hybrid generator according to the availability of the PV production, the
state of each storage unit, and the actual power demand from the grid.
The power reference for the PV generator, pPV_ref(t), is classically calculated

from a maximum PV power tracking algorithm. The inner power balancing
shows that powers from the PV, pPV(t), the battery, pBAT(t), the ultracapacitor,
pUC(t) must be decreased by the required power to regulate the DC bus, pDC(t),
and constitutes the total generated power [21]:

pag(t) = pBAT(t) + pUC(t) + pPV (t) − pDC(t) (1.64)

There are two operation strategies for an active PV generation system:
grid-following strategy (GFS) and source supplying strategy (SSS). The GFS
and SSS are conceptually shown in Fig. 1.44a,b, respectively. Using the GFS,
the reference for the power (generated by the inverter) is deduced using the
measured power and contributes to the regulation of the DC bus:

pag ref (t) =
⌢pBAT(t) +

⌢pUC(t) +
⌢pPV (t) − pDC ref (t) (1.65)

Then the required power reference from the grid operator is provided by the
storage units taking into account the available PV power.

psto ref (t) = pgc ref (t) −
⌢pPV (t) (1.66)

A simplemethod to dispatch the power between batteries and ultracapacitors
can be realized using a slope-limited low-pass filter [22]. Ultracapacitors are
controlled to supply the required transient power from storage units.
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(b)

Ultracapacitors Batteries
Power electronic converters

Control system

Figure 1.43 (Continued)

Using the SSS, the power from the storage units is adjusted according to the
sensed PV power to regulate the DC bus.The required power reference is fixed
by the grid operator, which can be directly provided by the inverter.
With both strategies, the PV generator can be dispatched by the grid oper-

ator since it is now able to deliver the prescribed active and reactive powers
(pgc_ref(t), qgc_ref(t)), but only the SSS is able to work without a connection to
the grid because the DC bus is regulated by the inner power. This strategy is
preferred since autonomous/isolated operation is possible and may be used to
store PV energy without grid connection. Another advantage is the possibility
to stay connected in case of undervoltage grid because the DC-bus voltage is
autonomously regulated by inner sources (PV panels and storage units). Hence,
in this situation, the real and reactive power generation is possible to help the
electric network [23].
Using the mentioned strategy, a test scenario is performed in the daytime

having a step change in the injected reference power into the grid (pgc_ref). The



�

� �

�

+
 _ 

p u
c

p D
C

_r
ef

p a
g_

re
f

p B
A

T

L
P

F
 a

n
d

sl
o

p
e 

li
m

it
er

+
 

_ 

+
 

+
 

+
 

+
 

+
 

_ 

p u
c_

re
f

p g
c_

re
f

p P
V

) 

) 

p B
A

T_
re

f

) 

D
C

 b
u

s 
p

o
w

er
 r

eg
u

la
ti

o
n

S
to

ra
g

e

co
o

rd
in

at
io

n
 

p P
V

) 

p s
to

_r
ef

p D
C

_r
ef

p a
g_

re
f 

p B
A

T

L
P

F
 a

n
d

sl
o
p
e 

li
m

it
er

+
 

_ 
+

 
_ 

p u
c_

re
f

p g
c_

re
f

) 

p B
A

T
_r

ef

S
to

ra
g

e

c
o

o
rd

in
a
ti

o
n

p P
V

) 

p s
to

_r
ef

D
C

 b
u

s 
p

o
w

e
r

re
g

u
la

ti
o

n
 

(a
)

(b
)

Fi
g
ur
e
1.
44

O
p

er
at

io
n

st
ra

te
gi

es
:(

a)
gr

id
-f

ol
lo

w
in

g
st

ra
te

gy
an

d
(b

)s
ou

rc
e

su
p

p
ly

in
g

st
ra

te
gy

.



�

� �

�

1.4 Grid-Connected PV Power 59

Ch1 (200 W/div):

Pgc_ref

t

Ch2 (200 W/div):

Ch4 (200 W/div):

Ch3 (200 W/div):

Generated active power

Power from supercapacitors

Power from batteries

Power from PV panels

Figure 1.45 Experimental results for an active PV generator.

records are shown in Fig. 1.45. The PV power production changes between
fourth and seventh second from 250 to 100 W. During the test, the batter-
ies cannot immediately supply all the surplus production when the PV power
production changes or when the PV production decreases fast, so the ultraca-
pacitors help to perform the power balancing.
Next scenario is done at night, when there is no electrical production from

PV power. Figure 1.46 shows the variation of the grid power and the dynamic
currents from both storage units. When a step change from 0 to 200W occurs
in the grid load demand (pg) at the 19 s, the batteries are discharged with a slow
power increase and, at the same time, the ultracapacitors are instantaneously
discharged with a high current to meet the grid load demand (Fig. 1.46).

1.4.4 Control of Grid-Connected Solar Power Inverters: A Review

Over the years, the PWM converters have drastically increased their impor-
tance on the market of energy conversion for PV applications. Two technology
breakthroughs enabled these remarkable developments: (i) innovations in the
field of power electronics, which brings improvements in efficiency (reduction
of switching losses), power density, power quality, common mode voltage,
electromagnetic interference, and so on; (ii) innovations in the field of control
schemes, which currently contain many sophisticated control functions
(Fig. 1.47), for example, inner current/power and outer DC-link controls,
MPPT, monitoring and grid synchronization, special control functions for
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Ch1 (200 W/div): pg; Ch2 (200 W/div): puc; Ch3 (200 W/div): pbat; Ch4 (200 W/div): pPV

Figure 1.46 Experimental results in the nighttime.

DC/DC
converter

Modulator

iinuin uDC
AC/DC

converter
ia,b,c

Output
filter

Grid
Transformer

ua,b,c

u′a,b,c
Modulator

Current
control

MPPT

Current/
power
control

APFF

Special control
functions for proper

operation at distorted
grid

ia,b,c

ua,b,c

Grid monitoring, synchronization, power
estimation, grid parameters estimation,

islanding/anti-islanding operation
Alternative Active functions: energy

storage, harmonic compensation,
synchronous generator emulation.

O
n

/o
ff

ua,b,c

ia,b,c

DC-link
voltage
control

Outer power
commands

External
communication

Figure 1.47 General control structure of a grid-connected SPG. Source: Cadaval et al., 2015
[20]. Reproduced with permission of IEEE.
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DC/AC

converter

uDC

DC/DC

converter
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SA SB SC

Control system

Figure 1.48 Simplified DC/AC PWM converter structure.

proper operation at significantly distorted grid, islanding/anti-islanding oper-
ation, active power feedforward, outer control loop for active/reactive power
control to support power system, energy storage, harmonic compensation,
and synchronous generator emulation [24–28].
Recently, various inner control algorithms have been proposed in recent

works for the type of DC/AC PWM converters in MW PV applications [24,
29], but many of them are still under way and they have not yet placed in
industry. Therefore, using the simplified system structure shown in Fig. 1.48,
this section only describes the most promising and attractive methods for
industry such as voltage-oriented control (VOC), direct power control space
vector modulated (DPC-SVM), and predictive control (PC) approaches.
The conventional VOC uses the closed-loop current control in the rotat-

ing reference frame. A characteristic feature for this current controller is the
processing of signals in two coordinate systems (Fig. 1.49), after converting

i ω

φ

β-axis

(fixed)

id
iq

u = ud

γU = ωt

iα

iβ

uuα

uβ

q-axis

(ro
tatin

g)

α-axis

(fixed)

d-axis

(ro
tatin

g)

Figure 1.49 Coordinate transformation of line current and voltage from the stationary 𝛼–𝛽
to the rotating d–q coordinates.
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three-phasemeasured values to the equivalent two-phase system 𝛼–𝛽 and then
to the rotating d–q coordinate system via a 𝛼–𝛽/d–q block [29].
As the d–q frame rotates with the same speed as the electrical quantities, the

projected coordinates are DC signals. In the voltage-oriented d–q frame, the
AC grid current vector i is split into two rectangular components i= [id, iq].
The component iq determines indirectly the reactive power, whereas id decides
indirectly the active power flow. Thus, the reactive and active powers can be
controlled independently.
The unity power flow (UPF) condition is met when the grid current vector

i is aligned with the grid voltage vector u, which means that the q-axis cur-
rent should be set to zero in all cases, while the reference current id is set by
the DC-link voltage controller and controls the active power flow. As shown in
Fig. 1.50a, the output signals from PI controllers after a dq/𝛼𝛽 transformation
are used to generate switching signals via a space vector modulator (SVM).
An important drawback of the VOC is the algorithm complexity (many coor-

dinate transformations are needed) as well as the sensitivity to the grid voltage
distortion.The last drawback can be eliminated, but it significantly complicates
the algorithm [26]. The VOC can be also realized in the stationary 𝛼–𝛽 coordi-
nate system, but PI controllers cannot be used for current regulation because
they result in a steady-state error. However, this can be solved by replacing PI
current regulators with proportional/resonant (PR) controllers, which consist
of a proportional gain and a resonant integrator. The transfer function of a PR
controller contains a pair of conjugate poles tuned at the fundamental grid fre-
quency𝜔, which allows perfect tracking of sinusoidal signals without any error.
A basic block diagram of the VOC in the stationary coordinate system is

shown in Fig. 1.50b and it is based on an inner current control loop with PR
and an outer voltage control loop with PI. The commanded DC-link voltage
uDC_ref is compared with themeasured uDC voltage.The error is delivered to the
PI controller, which generates the amplitude of the commanded current iDC_ref.
Next, this current is multiplied by the angle of the line voltage uL as cos(𝜔t) and
sin(𝜔t) to get i𝛼_ref and i𝛽_ref. These reference current signals in the stationary
coordinate system are compared with the measured grid currents i𝛼 and i𝛽 and
the errors are delivered to the PR controller. The outputs of the PR controller
are directly (without transformation) used to generate switching signals by an
SVM. An interesting feature of this control is the proper operation under dis-
torted grid voltages by connecting multiple PR compensators, which are tuned
at specific high-order harmonics, for example, fifth, seventh, in parallel [30].
Another less knownmethod is direct power control-space vector modulated

(DPC-SVM), which uses inner loops of active and reactive power control
(Fig. 1.50c) [31]. The commanded reactive power qref (set to zero for UPF
operation) and active power pref values (delivered from the outer PI-DC voltage
controller) are compared with the estimated q and p values, respectively. The
errors are delivered to PI controllers to eliminate steady-state errors because
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they are DC quantities. The output signals from the PI controllers after
transformation from the stationary to synchronous rotating coordinates are
used to generate switching signals by an SVM.
Recently, a control scheme calledmodel predictive control (MPC) (Fig. 1.50d)

has been applied to control inverters. It is based on the mathematical model of
the controlled system and the calculation (prediction) of future values of the
state variables. It is assumed that the system can represent a finite number of
states in every time period [32].Thus, first of all, the model must be as accurate
as possible because the control performance is highly dependent on the param-
eters. Using measured values of grid currents, their values in the forthcoming
sampling can be calculated, with respect to available control states. It must be
done for all switching states in each iteration of the algorithm.
Some features of PC are very interesting, for example, fast dynamics and

the capability of dealing with multiple constraints, which is attractive espe-
cially for high power converters operating at very low switching frequency
(500–1000 Hz). Similar to other methods, the MPC has also some drawbacks,
for example, variable switching frequency (causing difficulties for the design
of the LC input EMI filter), high sampling frequency needed for digital
implementation (demand of fast microprocessor), and sensitivity to parameter
variations of the grid filter, which cause difficulties in implementing MPC in
industry. The advantages and features of the control schemes described above
are summarized in Table 1.3 [20].

Table 1.3 Advantages and features of control schemes for DC/AC converter in PV applications.

VOC
(Fig. 50a)

VOC
(Fig. 1.50b)

DPC-SVM
(Fig. 1.50c)

MPC
(Fig.1.50d)

Operation in stationary coordinate system No Yes Yes/no Yes

Power control – indirect Yes Yes No Yes

Power control – direct No No Yes No

Constant switching frequency Yes Yes Yes No

Low algorithm complexity No Yes/no Yes/no Yes

Low computation intensity Yes Yes Yes No

Low sensitivity to line inductance variation Yes Yes Yes No
Low sensitivity to
line voltage
distortion

THD of line current No Yes Yes No

Power factor Yes No No Yes
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1.5 Summary

This chapter addressed the integration of RESs and described the fundamen-
tals of PV and wind energy conversion systems. The relevant characteristics
and control structures were discussed. The average models for the wind and
PV-based active generators (WPG and SPG) were obtained. The modeling of
these complex generation systems were led by considering each source with
the dedicated power electronic converters. For the design of relevant control
schemes in each energy conversion system, a hierarchical control structure
was used.
The results were evaluated using simulations and laboratory experiments.

The performed simulations showed the performances of themodeling and con-
trol structures. Experimental test results verified the effectiveness of the out-
comes and showed desirable dynamic performances.
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