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Abstract— The paper presents the operation and frequency 

control in the Smart Grid region during overfrequency. The 

studied region consists of a PV power plant, a conventional source 

represented by a small synchronous generator with the speed 

controller and a load. The frequency control defined by the recent 

ENTSO-E Grid Code for generating units of type B is applied on 

the PV power plant operation and the influence of such control on 

frequency changes is studied. Obtained simulation results are used 

to outline a possible solution for future Smart Grid regions’ 

frequency control.  

Keywords—frequency control; Smart Grids, renewables, Grid 

Code 

I.  INTRODUCTION 

The future of electric networks is more and more connected 
with the Smart Grid concept. The term Smart Grid covers more 
than only one feature. It should help to improve the operation of 
electric networks, bring benefits both for electricity suppliers 
and consumers and lead to the fulfillment of goals defined by the 
directive 2009/28/EC.  

One of the most discussed and promising Smart Grid 
features is the covering of local demand by a local electricity 
generation being provided by distributed generation consisting 
mainly of renewable energy sources (RESs). Such application of 
RESs brings a lot of changes to their operation, especially in the 
field of frequency control. The frequency control, being 
previously provided by big conventional power plants on power 
transmission level, should be now transferred to RESs, the 
sources with an intermittent generation and a strong dependence 
on weather conditions.  

However, a lot of control strategies enabling RESs to provide 
the frequency control have been designed by the scientific 
community so far. Generally, they can be divided among three 
following groups. The first group of control strategies is based 
on the use of frequency droop algorithms, either applied directly 
in the MPPT control of primary DC source [1], [2], [3] or in the 
network tied inverter [4]. Algorithms in the second group add 
some energy balance mechanism to the RESs operation. It is 
usually a load shedding [5] or a combination with battery energy 
storage systems (BESS) [6], [7]. The last group of control 
strategies is based on the combination of one or both previous 
ones with some kind of a prediction, based either on multi agent 

systems or genetic algorithms [8], [9] or on a weather prediction 
[10]. 

The majority of proposed control strategies were developed 
and tested on sources with a small output, from 2 to 48 MW, 
which are expected to be sufficient for feeding a specific 
part/region of the Smart Grid (nowadays more represented by 
micro grids). Unfortunately, in most cases, the authors did not 
take care of regulations for electricity generators specified in 
valid grid codes, e.g. ENTSO-E Grid Code, which specify the 
regulations for the frequency control as well. 

It does not mean, that designed control algorithms are wrong. 
They only do not meet valid legislation regulations. So a 
question arises, what should be changed in the future – the 
algorithms or requirements for generators in grid codes? This 
paper introduces a possible answer for this question, based on 
the simple simulation of an overfrequency case in a small Smart 
Grid region consisting of a photovoltaic power plant, a diesel 
generator and a local load.  

Firstly, the ENTSO-E requirements relevant to the analyzed 
problem will be pointed out in Section II. Then a short summary 
of RESs control capabilities will be given in Section III. Section 
IV will be devoted to the description of the used study case and 
its simulation model as well. Obtained simulation results will be 
presented and analyzed in Section V. The last Section of this 
paper will be devoted to conclusions as well as to the outline of 
future work.  

II. APPROPRIATE ENTSO-E REQUIREMENTS 

As many of RESs need an inverter interface in order to 
export power to a 50 Hz distribution network, they are classified 
as Power Park Modules (PPM) according to the recent version 
of Requirements for Generators part (NC RfG) of the  
ENTSO-E Grid Code [11].  

Power park module (PPM) is a unit or ensemble of units 
generating electricity, which is either non-synchronously 
connected to the network or connected through power 
electronics, and that also has a single connection point to a 
transmission system, distribution system including closed 
distribution system or HVDC system [11]. 

As it was mentioned above, the expected power output of 
RESs feeding smart regions/micro grids varies from 2 MW to 
48 MW. The NC RfG classifies such PPMs working in the 

This paper has been supported by the Educational grant agency (KEGA)
Nr: 030ŽU-4/2014: The innovation of technology and education methods
oriented to area of intelligent control of power distribution networks (Smart
Grids). 
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Continental Europe as generating units of the type B (with the 
maximum installed capacity under 50 MW), that should be 
capable of remaining connected to the network and operate 
within the frequency ranges 49.0 – 51.0 Hz. Moreover, if 
needed, they shall be capable of activating the provision of 
active power frequency response according to the Fig. 1. Such 
operation is called limited frequency sensitive mode - 
overfrequency (LFSM-O). The frequency point (|∆f1|/fn), at 
which the PPM’s output should start to follow defined droop, 
can be set by the Transmission System Operator (TSO) between 
50.2 – 50.5 Hz. The droop settings shall be between 2 % and 
12 % [11]. 

 
Fig. 1. Active power frequency response capability of power generating 

modules in LFSM-O mode 

III. RESS’ CONTROL CAPABILITIES 

The RESs control strategy capabilities mainly include a 
maximum power point tracking (MPPT) control strategy, a 
storage battery charging and discharging control strategy (if 
equipped with the storage battery), an inverter control strategy 
and a network control strategy. 

A. MPPT control 

Renewables utilizing a wind or a solar irradiance as a prime 
source of their energy are usually operated at their instantaneous 
maximum power point (MPP) in order to achieve the maximum 
system output and so improve the system power efficiency. 
Nowadays, there are a lot of methods how to reach the MPP 
(MPPT). Methods used in photovoltaic systems are the constant-
voltage method, the electric conductance incremental method, 
the disturbance of observation, the hysteresis comparison 
method, the optimal gradient method, the fuzzy logic control 
method and the artificial neural network intelligent control 
method, etc. The control is usually done at the DC converter 
level, where the MPPT controller changes the duty cycle of the 
converter to achieve the maximum power point [12]. 

B. Inverter Control 

Due to the very large variety of PV inverter topologies used 
in RESs systems, the applied control structures are also very 
different. The modulation algorithm has to be specific for each 
topology [13].  

Basic functions (common for all grid connected inverters) 
are a grid current control, a DC voltage control and a grid 
synchronization. The grid current control tries to meet the THD 
limits imposed by standards and ensures the stability in the case 
of large grid impedance variations. The DC voltage control does 
the adaptation to grid voltage variations and the grid 
synchronization ensures the operation at the unity power factor 
as required by standards. All three functions provide ride-
through grid voltage disturbances [13]. 

C. Network Control 

The network control is carried out according to the grid code 
established for the specific TSO’s responsibility area.  

IV. STUDY CASE 

A study case was created in order to analyse the influence of 
valid legislative requirements, represented by the grid codes of 
Slovak TSO and ENTSO-E, on the RESs ability to provide the 
frequency control in the Smart Grid region at overfrequency.  
A created simulation model, consisting of the power park 
module represented by photovoltaic power plant (PV), a 
synchronous power generating module represented by a diesel 
generator (SG) and a local load (Load) is shown in Fig. 2. The 
voltage level of the system is 22 kV. 

 
Fig. 2. Simulation case block diagram 

A. Model of Synchronous Power Generating Module 

The synchronous power generating module is represented by 
the diesel generator with the nominal output 2.5 MW (SG). Its 
simulation model is represented by a swing equation [14]: 

 ( )em
m

m PP
Jdt

d
−

⋅
=

ω

ω 1
, (1) 

where m is the mechanical speed of the rotor (in case of 2 pole’s 
machine m= e), J is the inertia of the synchronous generator 
(SG), Pm and Pe are the mechanical and electrical power of the 
SG, respectively. 

The SG has the constant output voltage but it is equipped 
with a speed control system, which consists of a PI regulator. 
The control of speed is implemented within the range of 
70 – 100 % of the SG rated power (1.75 – 2.5 MW). 

B. Model of Power Park Module 

The power park module is represented by the model of 
photovoltaic (PV) power plant (1 MW) consisting of 
mathematical models of a PV array, a DC boost converter with 
a maximum power point tracking (MPPT) controller and a 
voltage source converter (VSC) with a phase locked loop 
controller (PLL) (Fig. 3). The PV array, the DC boost converter 
and the MPPT controller are more described in [15]. 
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The inputs of the PV array model are a solar irradiance , an 
air temperature T and a load current I from the DC boost 
converter. They are used to calculate the PV array voltage V that 
is used as an input for the model of DC boost converter and the 
PV array open circuit voltage VOC that is used in the MPPT 
controller. The DC boost converter calculates the increased 
output voltage VDC and the load current I.  

The switching of the DC boost converter is controlled by the 
MPPT controller, which changes its duty cycle D according to 
the voltage from the PV array and the open circuit voltage of the 
PV array. The MPPT controller´s algorithm determines the duty 
cycle needed to operate the PV array in a point of its maximum 
power. 

 
Fig. 3. Block diagram of the PV power plant model. 

The increased voltage VDC from the DC boost converter (to 
simplify inverter’s modelling an array’s power PPV is used 
instead), together with phase angle  and the amplitude of the 
grid voltages Vd from the PLL, is consequently used in the 
voltage source converter for the three phase currents i 
determination. The phase angle and the amplitude of the grid 
voltages is identified from the grid voltage using the phase 
locked loop algorithm. 

The VSC is represented by the Northon equivalent using dq0 
transformation [16]. Assuming that the PV power plant should 
operate at a unity power factor and at maximum power point of 
the PV array, the current injected to the grid would be only for 
the active power and so the amplitude of the output current is: 

  
d

MPP
dG

V

P
II

⋅

⋅
==

3

2
, (2) 

where Vd is the direct-axis projection of the grid voltage     
defining the amplitude of the voltage, Id is the direct-axis 
projection of the source current defining its amplitude  and PMPP 

is the maximum power of the PV array. 

An inverse Park transformation and phase angle from the 
phase-locked loop algorithm are then used to convert the current 
Id to the three-phase current system.   

The ability of LFSM-O operation has been added to the PV 
power plant model, with the frequency threshold set to 50.2 Hz 
and droop value equal to 5 %, with respect to definitions 
required in [11] and shown in Fig. 1. So the decreasing of the 
PV power plant output (PPM) was defined as [11]: 

 ,
0.50

2.50
20 network

m

f
PP

−
⋅=∆  (3) 

where P is the power reduction and fnetwork is the actual grid 
frequency. 

C. Model of the Load 

The model of local demand is represented by the impedance 
to the bus voltage. The power demand varies from 2.4 MW to 
2.2 MW during the simulation in order to simulate the 
overfrequency in the modelled Smart Grid region.  

V. SIMULATION RESULTS 

The performance of simulation model was checked at 
normal operation conditions first [17]. Then a demand drop 
resulting in overfrequency was applied to test the frequency 
control in the Smart Grid region. The testing was done for two 
cases. In the first case, the LFSM-O operation of PV power plant 
(PPM) was not applied and it operated only within the frequency 
range ∆f < ± 200 mHz. Such operation is in accordance with the 
ENTSO-E Grid Code requirements for generators of the type B 
and is also required by the Slovak TSO. In the other case, the PV 
power plant decreased its output according (3) and Fig. 1. 

A. Normal Operation 

The output of PV power plant changes according to the 
changes of solar irradiance’s value (Fig. 4). The synchronous 
power generating module (diesel generator) also changes its 
output within its pre-set regulation range and according to its 
droop characteristic. Since the power demand stays constant 
during the first five seconds, the changes of PV power plant 
generation are compensated by the frequency control of the 
diesel generator (SG). The comparison of load demand (Pload), 
the PV power plant output (Ppv) and the diesel generator output 
(Psg) during the normal operation is shown in Fig. 5. 

 

Fig. 4. Changes of solar irradiance 

 

Fig. 5. Power balance in the Smart Grid region during the normal operation 

B. Overfrequency without the LFSM-O Activation 

The operation of power generating unit during the 
overfrequency is defined by the grid code of a local TSO. If the 
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LFSM-O operation is not required for RESs, the TSO should 
define rules for RESs’ operation at overfrequencies.  

For example, the Slovak TSO defines in its grid code that a 
PV power plant has to be disconnected from the network, if the 
frequency exceeds 50.2 Hz [18]. 

To test such an operation of Smart Grid region, the decrease 
of demand from 2.4 to 2.2 MW was modeled (Fig. 6).  

 

Fig. 6. The result of demand’s change without LFSM-O activation 

Because the output of PV power plant stays constant (since 
the value of solar irradiance did not change and the frequency is 
lower than 50.2 Hz) and the diesel generator is operating on its 
minimum regulation limit, the frequency of the Smart Grid 
region starts to rise (Fig. 7). When it reaches the value 50.2 Hz, 
the PV power plant is automatically disconnected (Fig. 6), what 
results in the change of power balance within the Smart Grid 
region, represented by the frequency drop (Fig. 7). When the 
frequency falls down under 50.0 Hz, the diesel generator 
increases its output, as shown in Fig. 6 (according its droop 
characteristic), in order to return the frequency to the nominal 
value (Fig. 7).  

 

Fig. 7. Frequency’s changes due to the PV power plant disconnection 

Such operation looks to be good for the region. 
Unfortunately, when the nominal frequency is reached, there is 
no reason for the PV power plant to stay disconnected. So, when 
it is reconnected again, e.g. after some time delay or at 
dispatcher’s command, and the region’s demand does not 
change, the situation presented by Fig. 6 and Fig. 7 will repeat, 
thus resulting in cycles of PV power plant disconnections and 
reconnections (Fig. 8).  

These repeated frequency changes could result in frequency 
oscillations. An example of such oscillations can be seen in 
Fig. 9, which was recorded at Duisburg training centre during 

the studies of generator behaviour during extreme states or faults 
in the electrical system. Fig. 9 shows frequency vibrations in the 
TenneT system caused by repeating one-minute reconnecting 
cycles of the PV power plant with the installed capacity more 
than 1 000 MW. This effect is possible in the regions with large 
installed power capacity of the power park modules and it is very 
dangerous. 

 

Fig. 8. Cycles of frequency changes caused by PV power plant reconnections 

 

Fig. 9. Frequency vibrations in the TenneT system 

C. Overfrequency with the LFSM-O Activation 

If the LFSM-O operation is activated for the PV power plant 
at overfrequency, the PV power plant changes its output 
according the Fig. 1 and equation (3).  

If the same situation, as in previous simulation case, is 
applied, the PV power plant generate a constant output up to the 
frequency 50.2 Hz. Then it decreases its output (Fig. 10) 
according the defined droop and the frequency deviation. The 
value, at which the frequency is stabilized, is given by the 
achieved power balance between generation and demand in the 
Smart Grid region. 

The frequency in our simulation case is stabilized at the 
value bigger than 50.2 Hz (Fig. 11). Since the PV power plant 
remains connected, the frequency oscillations are neglected. 
However, the frequency deviation is too big and some actions 
needs to be done in order to restore the nominal frequency. 
Because the diesel generator operates on its minimum regulation 
limit and the output of the PV power plant is defined by 
frequency deviation, the regulation action has to be done through 
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auxiliary services provided either by the load (load shedding) or 
the main grid.  

 

Fig. 10. The output of the PV power plant during LFSM-O operation 

 

Fig. 11. The frequency of Smart Grid region after the LFSM-O activation 

Despite the frequency stabilisation and frequency 
oscillations’ elimination, the frequency deviation in the Smart 
Grid region is still too big. If the load shedding or the help of the 
main grid would not be possible, the generation units, including 
PPMs represented by the PV power plant, could not ensure the 
required quality of frequency control. A possible solution is the 
application of control features required for bigger generating 
units (type C or D). 

VI. CONCLUSIONS 

Installed capacity of renewable energy sources (PV power 
plant) mentioned to feed smart regions/microgrids usually varies 
from 2 MW to 48 MW. Such sources are classified, according to 
the valid ENSTO-E Grid Code, as generating units of type B. 
The way of their operation at frequencies bigger than 50.2 Hz 
has to be defined by the local TSO.  

If they are disconnected and then repeatedly connected, 
when a system frequency returns bellow 50.2 Hz, it may result 
in repeating frequency oscillations with the negative influence 
on smart grid/microgrid operation. 

If the LFSM-O mode is required by the TSO, the frequency 
oscillations can be neglected and the frequency can be stabilized. 
However, its value can be higher than 50.2 Hz. It strongly 
depends on the power balance in the given smart grid/microgrid. 
If so, some other actions should be applied to restore the 
frequency within allowed limits. Hence the application of 
requirements defined for bigger generating units (e.g. type C), 
based on the droop characteristics, should be considered for 
application in RESs based power park modules. 
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