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Symbols 

A Matrix 

ACE Area Control Error 

𝑐𝑖  Contribution to the primary power/frequency control in a control 
block or area 𝑖 

𝑐(𝑥) Function representing constraints 

𝐶𝐷𝐶1,2  Capacitors 1 and 2 at the output of the bidirectional DC/DC 
converters of HBESS II 

𝐶𝐷𝐶𝐿𝑖𝑛𝑘
𝑃𝑉1,2  DC link capacitor of the PV systems 1 and 2 

𝐸𝑖  Annual energy production within a control block or control area 𝑖 

𝐸𝑢 Annual energy production of the synchronous area 

𝐹𝑖  Cost rates of the generation unit 𝑖 

𝑓 Amplitude  

𝑓(𝑡) Space phasor 

𝑓𝑛 Nominal frequency 

𝑓𝑠𝑒𝑡 Frequency set point 

𝑓𝑥(𝑡) Sinusoidal function of the phase 𝑥 

𝑓𝛼 Real component of the space phasor 

𝑓𝛽 Imaginary component of the space phasor 

�̃�(𝑠) Transfer function matrix 

𝐺𝑥𝑦(𝑠) Transfer functions part of the transfer function matrix �̃�(𝑠) 

𝑖𝑎𝑏𝑐
𝑥  Current in abc-Frame at the output of the DG/DS 𝑥 in the 

demonstrator 

𝑖𝑏𝑎𝑡
𝐻𝐵𝐸𝑆𝑆𝐼 DC current at the output of the battery model of HBESS I 

𝑖𝑏𝑎𝑡1,2  Current 1 und 2 at the output of the battery modules 1 and 2 in 
HBESS III 

𝐼 Current phasor 

𝐼𝑏  Load of the branch 𝑏 

𝐼𝑖  Current at the bus 𝑖  

𝐼1,2 Current phasor flowing through the impedance 𝑍𝐾,𝑁𝑒𝑡  

𝑖𝑑𝑞  Current in dq-Frame at the output of a VSI 

𝑖𝑑,𝑞
𝐿𝑜𝑎𝑑 Current of the load in dq-Frame 

𝑖𝐻𝐵𝐸𝑆𝑆𝐼,𝑑,𝑞
𝑔

 Current at the output of HBESS I in global dq-Frame 

𝑖𝑑𝑞
𝐺𝑟𝑖𝑑  Current at the grid side in dq-Frame 

𝑖𝑑,𝑞
𝐻𝐵𝐸𝑆𝑆𝐼  Current in dq-Frame at the output of HBESS I 

𝑖𝑖,𝑑,𝑞𝐻𝐵𝐸𝑆𝑆𝐼  Current after the integrator in the inner control loop of HBESS I 
(dq-Frame) 

𝑖𝑟𝑒𝑓,𝑑,𝑞
𝐻𝐵𝐸𝑆𝑆𝐼  Reference current in dq-Frame for the inner loop controller of 

HBESS I (dq-Frame) 

𝐼𝑑𝑞,𝑟𝑒𝑓
𝑥  Reference current in dq-Frame for the inner loop controller of the 

DG/DS 𝑥 in the demonstrator 

𝑖 Space phasor equivalent of 𝑖𝑥(𝑡) 
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𝐼𝐾
"  Subtransient fault current (RMS) 

𝐼𝑚𝑎𝑥  Maximum loading of a branch 

𝐼𝑀𝑃𝑃 Current at MPP (data sheet) 

𝑖𝑝𝑣1,2  DC current at the output of the strings 1 and 2 

𝑖𝑥(𝑡) Current of the phase 𝑥 flowing at the AC side of a VSI 

𝐾 Factor analogous to the network power frequency characteristic 

𝑘 Sum of the number of elements of the interval of reactive power 
for the nanogrid 𝑝 

𝐾𝑃
𝐻𝐵𝐸𝑆𝑆𝐼(𝑠) Transfer function of the power controller of HBESS I 

𝐾𝑃
𝐻𝐵𝐸𝑆𝑆𝐼𝐼(𝑠) Transfer function of the power controller of HBESS II 

𝐾𝑃
𝑃𝑉1,2(𝑠) Transfer function of the power controller of the PV systems I and II 

𝐾𝑉
𝐻𝐵𝐸𝑆𝑆𝐼𝐼(𝑠) Transfer function of the voltage controller of HBESS II 

𝐾𝑉
𝑃𝑉1,2(𝑠) Transfer function of the voltage controller of the PV systems I and II 

𝐾𝐼
𝐻𝐵𝐸𝑆𝑆𝐼(𝑠) Transfer function of the current controller of HBESS I 

𝐾𝐼
𝐻𝐵𝐸𝑆𝑆𝐼𝐼(𝑠) Transfer function of the current controller of HBESS II 

𝐾𝐼
𝑃𝑉1,2(𝑠) Transfer function of the current controller of the PV systems I and II 

𝑘𝑖𝑃𝐿𝐿 Integral gain of the PLL controller 

𝑘𝑝𝑃𝐿𝐿 Proportional gain of the PLL controller 

𝑘𝑠𝑃𝐿𝐿 Smoothing gain of the PLL controller 

𝐿 Inductance representing the output impedance of a VSI 

𝐿1,2 Inductances in the bidirectional DC/DC converter of HBESS II or 
cable connecting HBESS I with PCC 

𝐿5 Equivalent inductance of the load and cable in the nanogrid 

𝐿𝐺𝑟𝑖𝑑  Inductance representing the cable connection between the 
nanogrid and the external grid 

𝐿𝐷𝐶
𝐻𝐵𝐸𝑆𝑆𝐼 Inductance of the bidirectional DC/DC converter of HBESS I 

𝐿𝐷𝐶
𝑃𝑉1,2  Inductance of the DC/DC converter of the PV system 1 and 2 

𝐿𝑒𝑞
𝑥  Equivalent output inductance of the DG/DS 𝑥 in the demonstrator 

�⃗⃗�𝑝 Number of elements of the interval for a nanogrid 𝑝 

𝑂(𝑥) Objective function 

𝑃0 Active power programmed schedule values at the tie-lines 

𝑃2 Active power at the load 

𝑃𝑏𝑎𝑡𝑠𝑒𝑡1,2  Set points 1 and 2 for the controllers of the bidirectional DC/DC 
converters of HBESS II 

𝑃𝐵𝑃  Active power break point of the PV inverter in the demonstrator 

𝑃𝐹𝑚𝑎𝑥  Maximum power factor of the PV inverter in the demonstrator 

𝑃𝐻𝐵𝐸𝑆𝑆𝐼 Actual active power of HBESS I 

𝑃𝐻𝐵𝐸𝑆𝑆𝑎𝑐𝑡  Actual active power of the home battery storage system 

𝑃𝑖  Active power at the bus 𝑖  

𝑃𝑖
𝑠𝑐ℎ  Scheduled active power at the bus 𝑖 

𝑃𝐷𝐶
𝑃𝑉1,2 Transfer function of the power controller of the DC/DC converter in 

the PV systems I and II 
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𝑃𝑙𝑜𝑎𝑑 Active power of the load 

𝑃𝑙𝑜𝑠𝑠𝑒𝑠 Active power losses 

𝑃𝑀𝑃𝑃 Active power at MPP (data sheet) 

𝑃𝑀𝑃𝑃1,2  Active power at MPP of the PV system I and II (modelling) 

𝑃𝑛 Nominal active power 

𝑃𝑃𝑉𝑎𝑐𝑡 Actual AC active power of the PV inverter in the demonstrator 

𝑃𝑃𝑉  Active power of the PV system 

𝑃𝑝𝑣1,2  Actual DC active power of the PV systems 1 and 2 

𝑃𝑟𝑒𝑑1,2 Active power reduction of the PV systems 1 and 2 

𝑃𝑟𝑒𝑑1,2
𝑄  Active power reduction of the PV systems 1 and 2 (for reactive 

power provision) 

𝑃𝑟𝑒𝑓
𝑥  Active power set point of the DG/DS 𝑥 in the demonstrator 

𝑃𝑠𝑢𝑟𝑝𝑙𝑢𝑠  Active power surplus 

𝑃ü Addition of all active power measurements at the tie-lines 

𝑄2 Reactive power at the load 

𝑄𝐹𝑎𝑟𝑚𝑦
𝑖  Reactive power of the farm 𝑦 in the time step 𝑖 

𝑄𝐻𝐵𝐸𝑆𝑆𝐼 Actual reactive power of HBESS I 

𝑄𝐻𝐵𝐸𝑆𝑆𝑚𝑎𝑥 Maximum reactive power of the home battery storage system 

𝑄𝑖  Reactive power at the bus 𝑖 

𝑄𝑖
𝑠𝑐ℎ  Scheduled reactive power at the bus 𝑖 

𝑄𝑙𝑜𝑠𝑠𝑒𝑠
𝑖  Reactive power losses at the time step 𝑖 

𝑄𝑚𝑎𝑥  Maximum reactive power of the PV inverter in the demonstrator 

�⃗⃗�𝑛𝑎𝑛𝑜 Vector representing the reactive power of all nanogrids 

𝑄𝑁𝑎𝑛𝑜𝑔𝑟𝑖𝑑𝑥
𝑖  Reactive power of the nanogrid 𝑥 in the time step 𝑖 

𝑄𝑃𝑉max _𝑏𝑙𝑢𝑒  Maximum reactive power of the PV inverter in the demonstrator 
(blue zone) 

𝑄𝑃𝑉max _𝑔𝑟𝑒𝑒𝑛 Maximum reactive power of the PV inverter in the demonstrator 
(green zone) 

𝑄𝑟𝑒𝑓
𝑥  Reactive power set point of the DG/DS 𝑥 in the demonstrator 

𝑄𝑠𝑒𝑡,𝑇𝑃𝑃
𝑖  Reactive power set pint at the PC of the TPP at the time step i 

𝑅 Resistance representing the output impedance of a VSI 

𝑅1 Resistance of the cable connecting HBESS I and PCC 

𝑅5 Equivalent resistance of the load and cable in the nanogrid 

𝑅𝑔𝑟𝑖𝑑  Resistance representing the cable connection between the 
nanogrid and the external grid 

𝑅𝑒𝑞
𝑥  Equivalent output resistance of the DG/DS 𝑥 in the demonstrator 

𝑠 Droop of a generator 

𝑆𝐻𝐵𝐸𝑆𝑆𝑟𝑎𝑡𝑒𝑑  Rated apparent power of the home battery storage system 

𝑆𝑥  Duty cycle of the switch 𝑥 

𝑆𝐾
"  Subtransient short circuit power 

𝑆𝑛𝑎𝑛𝑜𝑝  Intervals of reactive power for a nanogrid 𝑝 



13 

𝑆𝑃𝑉𝑟𝑎𝑡𝑒𝑑  Rated apparent power of the PV inverter in the demonstrator 

𝑇𝑎
𝑥 Delay due to the switching frequency of the inverter in the DG/DS 𝑥 

of the demonstrator 

𝑈 Voltage magnitude (slack) 

𝑈𝑛 Rated line-to-line voltage 

𝑣𝑎𝑏𝑐
𝑥  Voltage in abc-Frame at the output of the DG/DS 𝑥 in the 

demonstrator 

𝑣𝑑𝑞
𝑔,𝐺𝑟𝑖𝑑

 Voltage at the grid side in global dq-Frame 

𝑣𝑑𝑞
𝑔,𝐻𝐵𝐸𝑆𝑆𝐼  Voltage in global dq-Frame at the output of HBESS I 

𝑣𝑑𝑞
𝑃𝐶𝐶  Voltage at PCC in dq-Frame 

𝑣𝑑,𝑞
𝐻𝐵𝐸𝑆𝑆𝐼  Voltage in dq-Frame at the output HBESS I  

𝑣𝑎𝑏𝑐𝑥
′  Input signal for the voltage source in the simplified model of the 

DG/DS 𝑥 in the demonstrator 

𝑣𝑑,𝑞𝐻𝐵𝐸𝑆𝑆𝐼
′  Input signal for the voltage source in the simplified model of HBESS 

I (dq-Frame) 

𝑣𝑖,𝑑,𝑞𝐻𝐵𝐸𝑆𝑆𝐼  Voltage after the integrator in the inner control loop of HBESS I 
(dq-Frame) 

𝑣𝑑
𝑥  Direct component of the voltage at PCC of the DG/DS 𝑥 in the 

demonstrator 

𝑉𝐷𝐶𝐿𝑖𝑛𝑘
𝐻𝐵𝐸𝑆𝑆𝐼 DC link voltage of HBESS I 

𝑉𝐷𝐶𝐿𝑖𝑛𝑘𝑟𝑒𝑓
𝐻𝐵𝐸𝑆𝑆𝐼  Set point of the DC link voltage controller of HBESS I 

𝑉𝐷𝐶𝐿𝑖𝑛𝑘_𝑟𝑒𝑓
𝐻𝐵𝐸𝑆𝑆𝐼𝐼  Set point of the DC link voltage controller of HBESS II 

𝑉𝐷𝐶𝐿𝑖𝑛𝑘_𝑟𝑒𝑓
𝑃𝑉1,2  Set point of the DC link voltage controller of the PV systems I  and II 

𝑉𝐷𝐶  DC link voltage of HBESS II 

𝑉𝐷𝐶𝑟𝑒𝑓
𝑃𝑉1,2  Set point of the DC link voltage controller of the PV system I and II 

𝑉𝐷𝐶𝑟𝑒𝑓  Set point of the DC link voltage controller of HBESS II 

𝑉𝐷𝐶
𝑃𝑉1,2  DC link voltage of the PV systems I and II 

𝑣𝑝𝑣1,2  Voltage at the output of the strings 1 and 2 

𝑉2 Voltage phasor at the load 

𝑉𝑑  Voltage of the bus bar 𝑑 

𝑣𝑚𝑎𝑥  Maximum voltage of bus bar 𝑑 

𝑣𝑚𝑖𝑛 Minimum voltage of bus bar 𝑑 

𝑉𝑖,𝑗 Voltage at the bus 𝑖 or 𝑗 

�⃗⃗�𝑠(𝑡) Space phasor equivalent of 𝑉𝑠𝑥(𝑡) 

�⃗⃗�𝑡(𝑡) Space phasor equivalent of 𝑉𝑡𝑥(𝑡) 

𝑉𝑀𝑃𝑃  Voltage at MPP (data sheet) 

�̂�𝑠 Amplitude of the function 𝑉𝑠𝑥(𝑡) 

𝑉𝑠𝑥(𝑡) AC voltage of the phase 𝑥 at the PCC of the VSI 

𝑉𝑡𝑑𝑞 Voltage in dq-Frame at the terminals of the DC/AC converter 

𝑉𝑡𝑥(𝑡) Voltage of the phase 𝑥 at the terminals of the DC/AC converter 

𝑦𝑖𝑗  Admittance between the bus 𝑖 and 𝑗 



14 

𝑍 Magnitude of the impedance representing transmission lines 

𝑍𝐾,𝑁𝑒𝑡 Magnitude of the internal impedance of the network 

𝑍𝐿 Magnitude of the load impedance 

∆𝑓 Quasi-steady-state frequency deviation 

∆𝑃 Power deviation due to a disturbance in a power system 

∆𝑃𝑖  Power deviation due to a disturbance in a control block or area 𝑖 

∆𝑄 Reactive power step 

∆𝑈1,2 Voltage at the impedance 𝑍𝐾,𝑁𝑒𝑡 

𝛿𝑖,𝑗  Angle related to the voltage at the bus 𝑖 or 𝑗 

𝜀 Phase shift 

𝜃 Angle of the impedance representing transmission lines 

𝜗 Angle of the load impedance 

𝜃0 Initial phase angle of the function 𝑓𝑥(𝑡) 

𝜃𝑖𝑗  Angle related to the admittance 𝑦𝑖𝑗  

𝜃𝑟𝑒𝑓,𝐻𝐵𝐸𝑆𝑆𝐼  Set point of the PLL (HBESS I) 

𝜃𝐻𝐵𝐸𝑆𝑆𝐼  Feedback signal of the PLL (HBESS I) 

𝜆𝑖  Network power frequency characteristic in a control block or area 𝑖 

𝜏 Time delay 

𝜌 Phase shift 

𝜑 Angle of the slack in a transmission system 

𝜔 Angular frequency of the function 𝑓𝑥(𝑡) 

𝜔𝑟𝐻𝐵𝐸𝑆𝑆𝐼  Angular frequency of the PLL (HBESS I) 

𝜔𝑠 Angular frequency of the global frame 
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1 Introduction 

Power systems have changed tremendously not only in the generation, but also from 
the legal perspective (Schwab, 2020). Moreover, two main processes have caused  
in-depth changes in the energy supply, especially in Europe. These are: 

• Liberalization of the electricity market 

• Climate change 
Before 1998, the energy supply market in Europe was completely different from the 

energy supply market today. Each energy supply company had its own defined supply 
area (monopole); this means that the customers could be supplied only by one 
provider. The liberalization of the electricity market in 1998 meant that customers were 
able to choose the electricity supplier independent of the local connection to the grid. 

On the other hand, the rise of the temperature on Earth due to the climate change is 
being produced mainly by the high emission of greenhouse gases, especially CO2 or 
carbon dioxide. The decarbonization (substitution of primary energy sources such as 
hard coal through solar radiation, wind, water or biomass) and the decommission of 
conventional power plants (e.g., lignite and hard coal) are a measure to reduce the CO2 
emissions and thus fight against the climate change. The European Union has five aims 
related to its energy policy, two of them regarding energy efficiency and reduction of 
CO2. The five main objectives are (Parliament, 2021): 

• To ensure energy security through solidarity and cooperation between European 
countries 

• To ensure the functioning of a fully integrated internal energy market 

• To improve energy efficiency and reduce dependence on energy imports 

• To decarbonize the economy and move towards a low-carbon economy in line with 
the Paris Agreement 

• To promote research in low-carbon and clean energy technologies 
Due to the European Union’s energy policy, the presence of the renewable energy 

sources (RESs) in electric power systems in the continent has been increasing 
tremendously in the last years. This and the shutdown of conventional power plants are 
modifying the traditional electric power systems to a more decentralized structure. 
Moreover, a reorganization of the conventional voltage and frequency control must be 
considered by the application of new methods dealing with this issue. In addition, tasks 
performed by conventional power plants must be taken over more and more by RESs 
when big power plants are being decommissioned step by step in the future. 
Otherwise, the change will lead to an instability of the transmission grid. 

With the installation of RES and the decommissioning of conventional power plants 
taking place, current power systems will be modified to a system of systems that should 
operate as one (ENTSO-E, Vision on Market Design and System Operation towards 
2030). These systems should have a special characteristic, which is interoperability. 
Microgrids and nanogrids are important contributors to that, since they facilitate 
interoperability by clustering controllable loads as well as RES. Indeed, this clustering 
offers not only interoperability with other systems within the system, but also can 
provide a proper coordination between TSOs (Transmission System Operators) and 
DSOs (Distribution System Operators).    

This scientific work presents a new approach for providing voltage and frequency 
control from distribution grids. This thesis compromises the provision of active and 
reactive power for voltage and frequency control by topological power plants (TPPs), 
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which include nano- and microgrids. Regarding frequency control this work is focusing 
on delivering active power for secondary and tertiary power/frequency control. Firstly, 
this research work focuses on the modelling of the dynamic behaviour of a nanogrid in 
grid-connected mode as well as on the distributed generation (DG) and distributed 
storages (DS) part of it. The models are validated by specific measurements at a 
demonstrator in Wildpoldsried, which is a small village located in the south of Germany. 
Finally, this scientific work concentrates on the development of a method to minimize 
power losses when providing reactive power by a TPP. In this part of the research, load 
flow calculations and optimization methods are applied. 

1.1 Thesis Objectives 

The main goal of this scientific work is to research and develop a new approach for  
the contribution to voltage control and frequency control in power systems based on 
the provision of active and reactive power by nano- and microgrids as well as TPP. 
Additional objectives of this scientific work are: 

• To develop detailed and simplified models of DG and DS for dynamic analysis 
of a nanogrid in grid-connected mode 

• To analyze the stability of a nanogrid in grid-connected mode considering 
time delays 

• To develop an optimization method for the provision of reactive power at 
the PCC with the goal to minimize power losses within TPP 

1.2 Hypotheses 

The main hypotheses of this thesis are: 

• For control and stability analysis, the switching of the IGBT of the inverters 
in DS and DG can be neglected. 

• The stability of a nanogrid in grid-connected mode can be influenced by 
time delays present in communication infrastructures. 

• New method based on local optima enables a TPP in a LV network to 
provide reactive power to the MV level with a maximum relative error of 5%. 

• New method based on local optima will make it possible to reduce power 
losses significantly when providing reactive power to the MV level by a TPP. 

1.3 Research Tasks 

The main research tasks of this thesis are: 

• Analysis of the integration of RES and provision of ancillary services by them 
in modern power systems 

• Definition and categorization of ancillary services  

• Definition of a nanogrid, a microgrid and a TPP 

• Detailed mathematical explanation of the development of simplified models 
for subsystems in a nanogrid when neglecting IGBT 

• Development and validation of detailed and simplified mathematical 
models of subsystems in a nanogrid  

• Development and validation of a complete system (including subsystems of 
a nanogrid as well as control centre) 

• Stability analysis of a nanogrid considering communication delays 
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• Development of a method for the optimal provision of ancillary services by 
a TPP 

• Development of a method for the optimal provision of ancillary services by 
a TPP as well as for the minimization of active power losses within the TPP 

1.4 Contribution and Dissemination 

This thesis presents an extensive view into the provision of ancillary services by nano- 
and microgrids as well as topological power plants. Contributions were made in the 
modelling of distributed generation, distributed storages as well as in combining them 
for time domain simulations. Moreover, contributions include operation strategies for 
the provision of ancillary services by interlinked nanogrids. This work is recommended 
for network studies (transient and steady state) in the distribution and transmission 
systems. 
  

Scientific Novelties: 

• Detailed and simplified mathematical models of home battery storage 
systems as well as photovoltaics part of a nanogrid in grid-connected mode 
were developed to be used in power system analysis. 

• A novel systematic approach was developed for analyzing the impact of 
time delays on the stability of nanogrids in grid-connected mode. 

• A novel method based on local optima for the provision of ancillary services 
by a TPP was developed. 

• A novel method was introduced to minimize active power losses within the 
TPP when delivering ancillary services at the PCC. 

 
Practical Novelties:   

• Concepts for the provision of ancillary services were developed to be used 
in distribution systems as a measure to compensate the decommissioning 
of conventional power plants and thus guarantee the stability of power 
systems. 

• A method of supplying scheduled values of reactive power by a TPP was 
developed to contribute to a stable power system operation when 
conventional power plants are decommissioned. 

The scientific work presented in this thesis was published and presented orally in 6 
international publications. In addition, the research was introduced in 1 doctoral 
school.  

The outcomes of this thesis are part of the investigations carried out in the projects 
“IREN2” and “DeCAS”, which were funded by the German Federal Ministry for Economic 
Affairs and Climate Action. Also, the research of “ZEBE Center of Excellence for zero 
energy and resource efficient smart buildings and districts” (TAR16012) and “FinEst 
Centre for Smart Cities (VFP19031 / 856602)” is provided.   
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2 State of the Art 

Due to political decisions and climate change, conventional power plants are being 
decommissioned. At the same time, the integration of RES is experimenting a tremendous 
increase, especially in LV networks. Additionally, the decommissioning of conventional 
power plants means the reduction of the provision of ancillary services, which need to 
be taken over by RES.  
  Since the focus of this thesis is on the contribution of nano- and microgrids to a TPP 
regarding the ancillary services frequency and voltage control, the state the art of this 
scientific work is structured according to the following topics: 

• Transition from traditional to modern power systems 

• Ancillary services 

• Voltage-sourced inverters 

• Clustering generation and load 

2.1 Transition from Traditional to Modern Power Systems 

Power systems followed a centralized structure, which is basically composed of 
generation, transmission and distribution systems. However, this centralized structure 
is being modified due to the integration of RES and the decommissioning of 
conventional power plants, as seen in Figure 2-1 (mainly in the distribution systems). 
This generates a bidirectional load flow (Henninger, 2019), (Birkelbach, Woiton, Thiele, 
& Westermann, 2018). On those bases, the main characteristics of modern power 
systems are described in the following sections (in sections 2.1.2 and 2.1.3, the focus is 
on Germany). 

 

 

Figure 2-1. Overview of the current situation of a power system: Decommissioning of conventional 
power plants, integration of RES as well as change in the direction of the power flow (Henninger, 
2019). 
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2.1.1 Generation 
In Europe, power is generated by conventional power plants and RES. Conventional 
power plants are categorized as nuclear power plants, lignite power plants, hard coal 
power plants, and gas power plants. On the other hand, RESs are basically classified as 
hydropower plants, wind power systems, PV power plants, electrical energy storages, 
biomass/biogas power plants, geothermal power generation, and fuel cells. In particular, 
conventional power plants are being decommissioned due to climate change policies. 
For example, in Germany, 132 of these power plants were shut down from 2012 until 
2020 (Bundesnetzagentur, Krafwerkliste, 2021). Next, a brief explanation of each 
conventional power plant as well as RES is presented: 

Nuclear power plants: Electricity is generated by the process of nuclear fission 
(splitting apart nuclei) in a reactor. The heat generated by the reactor boils the water 
circulating in the system into steam, which rotates a turbine and a generator. Nuclear 
power plants have generally cooling towers (heat exchanger), where steam or water 
vapor is released (Schwab, 2020). The number of operable reactors in Europe is 106; 
the reactors under construction, planned as well as proposed are 4, 7 and 15, 
respectively. This data corresponds to the European member states as of February 
2021 (Association, 2021). In Germany, in order to increase nuclear safety, the last three 
power plants (Isar 2, Emsland and Neckarwetheim 2) were shut down in April 2023. 

Lignite and hard coal power plants: The principle is the same for these two kinds of 
power plants. They produce electrical energy based on lignite or hard coal, which is 
crushed, dried, and reduced to dust. The dust is burnt, which is a combustion process 
that emits carbon dioxide (CO2). Then, it heats water to produce steam. The steam is 
guided to the turbines. The rotary movement of the turbines in combination with a 
generator produces electrical energy, which is sent to the electric power system (LEAG, 
2021). Most of these power plants employ cooling towers, where water taken from a 
river circulates for cooling purposes. One part of this water is reutilized after the 
cooling process; the other part is lost due to evaporation and thus steam is released 
from the cooling towers. There are around 707 coal power plants in the European 
member states. These plants are either already closed or pledged to shut down 
(Analytics, 2021), (Europe, 2021). 

 

 

 

Figure 2-2. Example of a hard coal power plant in Georgia (USA) (Survey, 2021). 
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Gas power plants: These power plants burn natural gas to produce electrical energy. 
The principle of functionality is the same as in lignite and hard coal power plants,  
the difference is that air is compressed to spin the turbine. CO2 is emitted when burning 
natural gas, but according to (Quaschning, 2021), specific CO2-emissions in relation to 
one kWh electricity by natural gas are around 60% and 57% lower than the  
CO2-emissions of lignite and hard coal, respectively. In Europe, there are around 760 of 
these power plants (Ltd., 2021). 

Hydropower plants: They work in a way similar to lignite and hard coal power plants. 
In the case of hydropower plants, water is used to produce the rotary movement of the 
turbines, which in combination with a generator produces electrical energy. According 
to (Nature, 2021), by the end of 2019, there were 21,387 hydropower plants in Europe 
and 8,785 were planned or under construction. 

Wind power plants: Wind power plants convert wind into electricity. Additionally, 
they consist of a mechanical, electrical subsystem. The mechanical subsystem has usually 
a hub, main bearing, shafts, brakes, and a gear box, as seen in Figure 2-3. On the other 
hand, the electrical system has one generator and power electronics. Three types of 
generators can be distinguished here: DC, asynchronous as well as synchronous 
generators.  

 

Regarding the installed capacity in Europe in 2020 (see Figure 2-4), The Netherlands 
led the installation of wind power plants with 1.979 GW, followed by Germany and 
Norway with 1.650 GW and 1.532 GW, respectively. Figure 2-5 shows the installed 
capacity in Europe from 2011 until 2020. Europe installed 14.7 GW of new wind power 
plants in 2020. This is reduction of around 5.7% compared to the previous year.   

 

Figure 2-3. Typical configuration of a mechanical subsystem in a wind power plant (Novakovic, 
Duan, Solveson, Nasiri, & Ionel, 2016).  
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PV power plants: In these power plants, the solar radiation is transformed to electricity 
by using PV cells (arranged in a module, a string of series-connected modules, or an array 
of parallel-connected strings). These cells generate DC current and DC voltage, which,  
in turn, are transformed by a DC/AC inverter and then passed through a filter. Sometimes 
DC/DC converters are applied so that the minimum DC voltage at the input of the 
DC/AC inverter is achieved, otherwise the power cannot be supplied at the AC side.         

The stacked bar graph of Figure 2-6 shows the annual installed capacity of PV in the 
27 member states of the European Union (2000-2020). It shows the increase of the 
installed capacity by 110% in 2020 compared to 2019. Moreover, by the end of 2020, 
European countries installed 18.2 GW; the second-best year after 2011, whose annual 
installed capacity was 21.4 GW.  

 

 

Figure 2-4. New installations of wind power plants in European countries in 2020 (WindEurope, 
2021). 

 

Figure 2-5. Installed capacity of wind power plants in Europe from 2011 until 2020 (WindEurope, 
2021). 
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Electrical energy storages: These are systems that storage electrical energy depending 
on the energy used, as seen in Figure 2-7. For example, electrochemical energy storage 
systems store chemical energy that will be later converted to electrical energy. 
Electrical energy storages can be applied to provide the following services (Zhang, et al., 
2017): 

• Electricity energy time-shift 

• Peak load management 

• Reduced curtailment of RES 

• Primary frequency response, fast frequency response and synthetic inertia-like 
response 

• Reactive power and voltage support 

• Critical load support during islanding and black-start capability 
 

The market of electrical energy storage systems is growing. For instance, from 2013 
until 2019, home storage systems (battery capacity lower than 30 kWh) in Germany 
showed an exponential behaviour in their cumulative installed storage capacity and 
inverter power, as depicted in Figure 2-8. 

 

Figure 2-6. EU27 Annual solar PV installed capacity 2000-2020 (Schmela, 2020). 

 

Figure 2-7. Classification of electrical energy storage systems (Commission I. E., 2021). 
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Biomass/Biogas power plants: In this kind of power plants, electrical and thermal 
energy are generated by applying biogas or biomass as energy source. Such a process is 
called cogeneration or also named combined heat and power (CHP) (Valov, 2020). 
According to (Commission E., 2021), the total CHP electrical capacity in the 27 European 
Union countries was around 133.60 GW. 

Geothermal power generation: These power plants use the heat within the Earth to 
produce electrical energy. The principle of functionality is the same as in lignite and 
hard coal power plants, with the difference of the source. In 2020, the installed power 
capacity in Europe was 3000 MWel (Sanner, 2019). 

Fuel cells: These are devices that convert chemical energy into electrical energy, 
without the emission of polluting gases. When applying hydrogen as fuel, heat, water, 
and electricity are generated (Melo, Yahyaoui, Farias, Frizera, & Tadeo, 2018). Fuel cells 
are applied in transportation (buses, trains, personal vehicles) and power generation. 
For example, surplus energy from wind and solar parks can be used to produce 
hydrogen by applying electrolysis of water (decomposition into oxygen and hydrogen 
gas). The produced hydrogen can be used later as fuel. 

2.1.2 Transmission 
There are three possible types of transmission in power systems:  single-phase and 
three-phase systems as well as the HVDC power links (Heuck, Dettmann, & Schulz, 
2013).  

Single-phase systems are applied in electric railways. In Germany, for example, the 
nominal voltages for these single-phase systems are 110 kV, 60 kV, and 15 kV.  

HVDC power links are currently required in Germany since more and more 
decentralized generation units are being installed far away from the consumers.  
In Germany, the distance between the offshore wind power plants located in the north 
and the consumers situated in the south of the country (high presence of industry) 
could reach 1,000 km. HVDC power links are a very good solution in these situations 
(Valov, 2020). In order to transport power through long distances, DC technology is 
fundamental, since AC transmission lines are technically and economically 
disadvantageous (Pisani, Bruno, Saad, Rault, & Clerc, 2019). Technically, as stated in 
(Heuck, Dettmann, & Schulz, 2013), the voltage drop in steady state depends on the 
ohmic resistances; the capacitive and inductive reactances are not decisive. Undoubtedly, 
there is no reactive power and no eddy currents. This means that conductors with smaller 
cross-sections can be applied. As a consequence, economical advantages are obvious 

 

Figure 2-8. Cumulative battery capacity and battery inverter power of home storage systems in 
Germany (Figgener, et al., 2020). 
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compared to AC technology. Figure 2-9 shows a single-line diagram of a HVDC power 
link. The AC power is transformed to DC through a rectifier and then turned again into 
AC by applying an inverter.   

 

The public transmission system is a three-phase system. There are grids with meshed 
topology that are required for the transportation of electrical energy to the distribution 
system. This means that each node is supplied from at least two sides. If one line fails, 
the other can take over the full power transmission. This is the so-called n-1 criterion 
(Schwab, 2020). Conventional power plants, offshore wind power plants, and 
hydroelectric power plants are directly connected to the transmission systems. 
Moreover, transmission systems are control areas, which are spatially defined grids 
under the responsibility of the transmission system operators (Bundesnetzagentur, 
Control area, 2021). These control areas are interconnected with tie-lines. In the case of 
Germany, there are four control areas located in the EHV level. These are the 380 kV 
and 220 kV grids. The latter are older grids and the 380 kV voltage level has gained 
acceptance through the years (Heuck, Dettmann, & Schulz, 2013). The German 
transmission system operators are 50Herzt, Amprion, Tennet, and TransnetBW; they 
have the following tasks: 

• Provision of ancillary services such as power/frequency control (for keeping the 
balance between generation and demand), voltage control and loss compensation. 
These ancillary services should be also provided by RES connected in the 
transmission systems.  

• Transport of electrical energy over long distances not only with conventional AC 
systems but also with HVDC power links.  

 

 

Figure 2-9. HVDC power link (Heuck, Dettmann, & Schulz, 2013).   
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The presence of RES has caused modifications in the transmission systems. Before 

their integration, the load flow was unidirectional. The compensation of voltage drops 
at the MV level are/were carried out by applying transformers with voltage control 
(Valov, 2020). Furthermore, the cross-sections of overhead lines are increased and the 
Flexible AC Transmission Systems (FACTS) are being deployed so that the transmission 
capacity can be improved. Additionally, tie-lines, which are the physical connection 
between control areas (see section 2.2.4) were not designed for transporting electricity 
surplus from RES. This issue produces congestions in the network, such as node 
voltages out of the allowed limits. Congestion management methods, such as power 
curtailment or redispatch (see section 2.2.1), are applied to eliminate these problems.  

The integration of RES and the decommissioning of conventional power plants have 
brought new questions regarding the reactive power provision in EHV levels 
(transmission systems). The active power produced by RES in all voltage levels is 
transported through long distances, which, in turn, can originate in an inductive 
behaviour of the transmission lines. This inductive behaviour is produced when the 
transported active power is greater than the natural load or surge impedance load (SIL) 
of the transmission line (Kundur, 1993). Usually transmission lines have a capacitive 
behaviour, since the natural load is high compared to the transported active power 

 

Figure 2-10. German 380 kV and 220 kV EHV level including HVDC networks (Schäfer K. , 2022). 
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(Biechl, 1992), (Nayak, Sehgal, & Sen, 2006). When the inductive behaviour of the 
transmission lines is imminent at EHV levels, the lack of capacitive reactive power could 
occur. Thus, this must be provided nowadays by the RES (e.g., hydropower plants as 
well as by wind power plants connected at EHV levels), as conventional power plants 
are being decommissioned. On the other hand, on HV and MV levels, RESs have an 
inductive behaviour for voltage support (reduction of the voltage at PCC) due to the 
active power supply into the network (active power supply increases the voltage at 
PCC). From the EHV voltage level, this will cause a voltage drop at this voltage level 
(Valov, 2020), which, in turn, increases the risk of voltage collapse. Voltage collapse 
occurs when the system voltage decreases slowly as the active power demand rises, 
until a critical point is reached (Crow & Lesieutre, 1994), (Dobson, Glavitsch, Liu, Tamura, 
& Vu, 1992), (Liang, Chai, & Ravishankar, 2022). Figure 2-11 shows the equivalent circuit 
of a transmission system (source, impedance due to the transmission line and load) 
with its respective power-voltage curve in per units (also called P-V curve). This curve is 
used for stability analysis, and it is created with a set of load flow results by varying the 
active and reactive power of the load. There is a point where the load flow cannot 
converge anymore; this is the so-called 𝑉𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 . Furthermore, at this point, the derivate 
of the P-V curve is infinite. Only above this point, a stable operation of the transmission 
system is possible and if the load is inductive, then the system can reach the critical point 
faster than in the capacitive case (Schwab, 2020). To counteract these issues, reactive 
power compensation devices are being installed in transmission systems. For example, 
the transmission system operator TransnetBW (located in the south of Germany) 
applies the following technologies (TransnetBW, 2023): 

• Shunt reactors for voltage reduction 

• Mechanically Switched Capacitor with Damping Network or MSCDN for 
voltage increase 

• Static Synchronous Compensator or STATCOM for voltage increase and 
reduction 

 
 

Another important characteristic of modern power systems with high presence of 
RES and less conventional power plants (less synchronous machines) is the reduction of 
inertia, which resists to changes in the speed of electrical machines. This inertia is 
provided by the stored kinetic energy in these machines (Mehigan, et al., 2020).  
In power systems with a high number of RES (inverter-based) and low synchronous 
machines, the frequency dynamics is faster, which can lead to large transient frequency 

 

Figure 2-11. Power-voltage curve and equivalent circuit of a transmission system. 
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and oscillations; on the other hand, the presence of mainly synchronous machines 
makes the dynamics of the system slower (Ulbig, Borsche, & Andersson, 2015). 
Furthermore, the complexity grows due to the volatile and random behaviour of RES 
based on the solar and wind energy, which makes the inertia a function of the time. 
However, in the literature, possible solutions to this issue are mentioned. For example, 
in (Li, et al., 2022), wind turbines can contribute to the inertia due to the very high 
kinetic energy stored in their rotating masses. In addition, it is also mentioned that  
DC-link capacitors installed in PV systems as well as in battery storage systems can 
contribute to the inertia; here a virtual inertia constant of a capacitor is defined. 

2.1.3 Distribution 
A distribution system is a grid part of a power system that delivers the electrical energy 
generated in the transmission system to the end consumers (reason for using the word 
distribution). Distribution systems are implemented in the voltage levels between 1 and 
35 kV in Europe according to the standard EN 50160 (DIN) and have usually a radial 
topology. Additionally, in Germany, there are around 900 DSOs and the length of the 
network (LV, MV and HV) reaches about 1.8 MM km (Schäfer K. , 2022). 

In Germany, the 110 kV grid in the HV level of this country is considered as part of 
the distribution system. This is due to the increasing load densities in big cities, which 
pushes structures to appear in the voltage level that can be also found in the MV level 
(Heuck, Dettmann, & Schulz, 2013). The length of this HS network in Germany is around 
95,000 km (Bundesnetzagentur, Netzentwicklungsplan 2030 (2019)). Big cities, big 
industries as well as wind and PV parks are connected here. 

In the case of the MV level in Germany, the usual voltage levels are 20 kV and 10 kV 
for the MV (sometimes also 30 kV), frequently with a ring structure (Schäfer K. , 2022).  
Industry and RES are also connected here. Moreover, the length of that network in 
Germany is around 520,000 km (Bundesministerium für Wirtschaft und Energie). 

The LV level in Germany is mainly operated for households. Besides, the nominal 
voltage is 400 V, and most of the RES are connected in this voltage level. The length of 
that network in Germany is around 1,193,000 km (Bundesministerium für Wirtschaft 
und Energie). 

Nowadays there are important changes due to the integration of RES as well as the 
connection of more and more electronic devices. Distribution systems were designed 
for a unidirectional load flow, but the integration of RES has caused new challenges in 
the planning of distribution grids in the middle and low voltage level. For example,  
the inductive reactive power is provided by the RES so that the voltages at the point of 
connection are within the permitted limits. However, this provision of inductive power 
has a disadvantage, which is the increase of the losses within the distribution system. 
On the other hand, most of the electronic devices are connected in the low voltage 
level. For the conversion from the AC to the DC current, these electronic devices usually 
have capacitors, which change the power factor of the distribution grid in the low 
voltage level from inductive to capacitive. This capacitive behaviour of the distribution 
grid in the low voltage level should be compensated by installing inductive compensators 
within the distribution grid, so that the exchange of reactive power with the upstream 
grid is avoided; thus, the increase of losses is within the power system. 

For unidirectional load flows, the voltage support is performed by the installation of 
capacitor banks. The connection of RES in the distribution system has carried to a local 
voltage support by RES and not only to the reinforcement of the network by installing 
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cables and overhead lines with new cross-sections, but also to the adaptation of 
protection systems to bidirectional load flows. Additionally, the voltage limits are 
exceeded due to the power injection from RES. For this reason, different voltage 
control techniques are being applied in distribution systems to keep the voltage within 
the allowed limits (Xu & Taylor, 2008), (Turiman, et al., 2022), (Zeraati, Hamedani 
Golshan, & Guerrero, 2018): 

o On-load Tap Changers (OLTCs) 
o Reactive power supply by inverters 
o Power curtailment or reduction of the power production 
o Energy storage 
o Network reconfiguration or closing/opening of switches 
o Static synchronous compensator (STATCOM) 
o Demand side management or reduction of the power consumption  

Moreover, one important parameter that has been reduced due the integration of 
RES and the decommissioning of conventional power plants is the RMS subtransient 
fault current 𝐼𝐾

′′. The reason is that RESs are based on inverters with 𝐼𝐾
′′ ≈ 𝐼𝑛 , where 𝐼𝑛 

is the nominal current (Grumm, et al., 2018), (Keller, Kroposki, Bravo, & Robles, 2011). 
On the other hand, conventional power plants with synchronous generators can deliver 
an RMS subtransient fault current that is eight times greater than the nominal current. 
The reduction of the RMS subtransient fault current leads to the reduction of the 
subtransient short circuit power 𝑆𝐾

′′ , as seen in equation (2-1), where  𝑈𝑛 is the rated 
voltage, 𝑐 is the voltage factor according to DIN EN 60909 (VDE, DIN EN 60909-0, 2016), 
and 𝑍𝐾,𝑁𝑒𝑡 is the internal impedance of the network. The latter is important for the 

quantification of harmonics as well as flicker and computation of the voltage variation 
in network planning and integration of RES (Plenz, et al., 2021).  

 
 

𝑆𝐾
′′ = √3.𝑈𝑛 . 𝐼𝐾

′′ =
𝑐. 𝑈𝑛

2

𝑍𝐾,𝑁𝑒𝑡
 

 (2-1) 

 
Network operators usually provide the short circuit power of the network (external 

grid), and thus the internal impedance where the installation of the RES is planned. 
According to (2-2), which is based on Figure 2-12, the reduction of the short circuit 
power (increase of the internal impedance of the network) causes an increase in the 
voltage variation ∆𝑈1,2. 
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 ∆𝑈1,2 = √3. 𝐼1,2. 𝑍𝐾,𝑁𝑒𝑡  (2-2) 

  

2.2 Ancillary Services 

This section presents the state of the art regarding ancillary services and their 
classification. Due to the importance of the ancillary services for frequency stability 
(secondary and tertiary power/frequency control) well as for voltage stability (reactive 
power) in this scientific work, these are described in more detail.  

Ancillary services can be defined as the resources required for reliable and secure 
transmission or distribution system operation (Kaushal & Van Hertem, 2019). A definition 
from ENTSO-E states that ancillary services are a range of functions provided by the 
TSO itself or acquired by the TSO from other users, so that they can guarantee the 
security of the power system (ENTSO-E, Market Committee, 2020). 

In the literature, the classification of ancillary services is not homogeneous.  
For example, ancillary services are classified according to (Braun, 2008) and (Kaushal & 
Van Hertem, 2019) depending on whether an island operation or grid-connected mode 
is required. According to (Schäfer K. , 2022), ancillary services are classified to four 
categories, as seen in Figure 2-13; this categorization is reasonable and is presented in 
this scientific work. The descriptions of the following categories correspond mainly to 
(Schäfer K. , 2022); other sources were also reviewed: 

 

 

Figure 2-12. Connection of a RES unit to an external grid.  
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2.2.1 Congestion Management 
The goal of the congestion management is to ensure that all the sources and resources 
are protected against overloading.  Such tasks as redispatch/congestion management 
belong to that category. Operators of power plants submit schedules to the transmission 
system operators (schedule means how the power plant will operate during a specific 
period). Then, with this information, the transmission system operators perform load 
flow calculations, which help to get an overview of the state of the power system 
(voltages and overloading of branches within the allowed range). If the results of the 
load flow calculations are permissible, then the submitted schedules can be implemented 
by the operator of the power plant. If the results of the load flow computations are 
impermissible, the submitted schedules are intervened and corrected by the transmission 
system operator. In Germany, this modification of the schedule for prevention of 
network congestion is called redispatch, which is nowadays applied due to the high 
presence of RES. 

2.2.2 Network Recovery 
The main task here is to restore the supply as soon as possible after faults within the 
power system. Important topics here are black start capability and island mode.  
A blackout is an uncontrollable and unpredictable fault in a power system that  
leads to a breakdown of supply to consumers in large areas of the power system 
(Bundesnetzagentur, Stromnetz, 2023). Within the network recovery, there are 
important topics such as blackout capability and island mode. The black start capability 
is the faculty of a power plant to start functioning without energy coming from the 
external network. There are power plants that require starting energy from the 
network in order to begin the operation. For such power plants, this is impossible after 
a blackout. 

2.2.3 Voltage Stability 
Voltage stability means keeping the voltage constant within a defined range.  
To guarantee voltage stability, capacitive or inductive reactive power is required.  
In addition, it is important to identify sources of reactive power so that the voltage 

 

Figure 2-13. Ancillary services (Schäfer K. , 2022). 
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stability can be ensured. Reactive power provision from other voltage levels, operation 
of STATCOM (Static Synchronous Compensators), application of tap changers or 
synchronous condensers (generators without active power production) are examples of 
approaches for reactive power provision for voltage stability.  

The tasks of the voltage stability ancillary service are (Biechl, 1992): 

• To compensate reactive power close to a required place by trying to avoid 
the transport over long distances 

• To achieve balanced voltage profiles within the network 

• To optimize the generation and consumption of reactive power so that 
active power losses are minimized. 

The voltage stability ancillary service can be categorized in three types of control 
approaches (Rebours, Kirschen, Trotignon, & Rossignol, 2007): 

Primary voltage control: This is an instantaneous local control similar to the primary 
power/frequency control. This control stabilizes the voltage at the terminals of, for 
example, generation units based on droop control (Braun, 2008) or load tap changers in 
the case of transformers. The response time of this control is in the order of few 
seconds due to local measurements and relative small time constants (Al-Majed, 2008), 
(Biechl, 1992). 

Secondary voltage control: It controls the reactive power provision of multiple 
generation units, inductor or capacitor banks, synchronous condensers or load tap 
changers based on the measurements of one or multiple bus bars, also called pilot 
buses (Al-Majed, 2008), (Taranto, Martins, Falcao, Martins, & dos Santos, 2000) (Biechl, 
1992). For this reason, this control is centralized. Furthermore, the coordination is 
performed by the network operator, which manages the provision of reactive power by 
accessing local generation units or load tap changers for some transformers within a 
regional voltage region and by calling them up to participate in the voltage control 
(Rebours, Kirschen, Trotignon, & Rossignol, 2007). Additionally, the response time of 
this type of control is in the range of 30 and 100 seconds (Al-Majed, 2008). 

Tertiary voltage control: It performs the provision of the reactive power set points 
for the secondary voltage control to optimize the voltage profiles of the power system 
and to minimize the active power losses. These set points are generated based on 
optimal power flows. The response time of the tertiary voltage control ranges from  
15 minutes to several hours (Al-Majed, 2008), (Braun, 2008), (Rebours, Kirschen, 
Trotignon, & Rossignol, 2007). 
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Voltage controllers (primary, secondary, and tertiary) are outlined in Figure 2-14, 
where a very good example of a primary voltage control is an AVR (Automatic Voltage 
Regulator), which is applied for maintaining the output voltage of a synchronous 
generator at a defined value. Figure 2-14 also shows the pilot bus, which is essential for 
the measurements of the secondary voltage control. Regarding this pilot bus, it should 
be selected such that its voltage characteristic represents its region. This is achieved 
when the electrical distance between the pilot bus and the other bus bars within the 
region is small. At the same time, the electrical distance between the pilot bus and the 
adjacent regions should be large enough (Biechl, 1992). An example of pilot busses and 
regions is represented in Figure 2-15. Apart from that, the tertiary control generates 
the set points for the secondary control based on an optimization (optimal power flow 
(Lopera-Mazo & Espinosa, 2018)) process, and as mentioned before, its objective is to 
enhance the voltage profiles and to minimize the active power losses. 

As shown above, the voltage controllers for voltage stability have a hierarchical 
structure.     

 

Figure 2-14. Overview of the primary, secondary and tertiary voltage controller in a specific region 
(Al-Majed, 2008), (Taranto, Martins, Falcao, Martins, & dos Santos, 2000). 
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2.2.4 Frequency Stability 
Before describing this ancillary service, it is necessary to present the definitions of 
synchronous areas, control blocks as well as control areas. 

The European continent is a combination of synchronous areas. A synchronous area 
is defined as “areas covered by synchronously interconnected TSOs, such as the 
synchronous areas of Continental Europe, Great Britain, Ireland-Northern Ireland and 
Nordic and the power systems of Lithuania, Latvia and Estonia, together referred to as 
‘Baltic’ which are part of a wider synchronous area” (Schittekatte, Reif, & Meeus, 2019). 
An example of a synchronous area in Europe is the UCTE (Union for the Co-ordination 
of Transmission of Electricity), which is in the continental part of Europe, depicted in 
Figure 2-16. The main task of the UCTE is to define technical and organizational rules 
for the unrestricted interoperability of the members regarding power exchange and 
support in case of faults. Currently there are 23 UCTE members; the geographical limits 
are also shown in Figure 2-16. The UCTE members together with other synchronous 
areas are part of the ENTSO-E (European Network of Transmission System Operators 
for Electricity) (Schwab, 2020), (Gerasimov, Gerasimov, & Nikolaev, 2014). The ENTSO-E 
members are also shown in Figure 2-16: UCTE, Nordel (Nordic Electric System 
Operators), UKTSOA (United Kingdom Transmission System Operators Association), 
ATSOI (Association of Transmission System Operators in Ireland), and BALTSO (Baltic 
Transmission System Operators). Furthermore, Figure 2-16 indicates correspondingly 
the type of connections between the different synchronous areas.  

 

 

Figure 2-15. Example of an electrical network with pilot busses and three different regions (Biechl, 
1992).  
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The synchronous area of the continental part of Europe (UCTE) is divided into control 
blocks (see Figure 2-17), where each of them is responsible for the frequency control 
(Ippolito, Musca, & Zizzo, 2021). At the same time, a control block can contain one or 
several control areas. A control area is defined as: “a coherent part of the interconnected 
system operated by a single system operator.” (Schittekatte, Reif, & Meeus, 2019).  
In other words, a control area is a TSO. In Germany, there are four control areas or 
TSOs. These are represented by 50Herzt, Amprion, Tennet, and TransnetBW. The control 
block is formed by the four TSOs plus Energinet, which is the TSO and control area in 
Denmark West. Another example is France. Here there is just one control area or TSO, 
which is operated by RTE (Réseau de Transport d’Electricité). In this example, the control 
block is also managed by RTE. 

 
 

After analyzing the structure of a synchronous area, it is necessary to understand 
which types of power plants are part of a synchronous area. A description of the 
transmission and distribution systems in Germany is presented. These topics are 
covered in the last chapter. 

For every moment in time, the load and generation must be balanced. The frequency 
stability ancillary service is required when an imbalance between the electrical load and 
the power generation occurs. Additionally, depending on the frequency deviation, 
different control loops may be necessary for maintaining the frequency stability of the 
power system (Beaty, 2013), which is shown in Figure 2-18. In Europe, there are four 
types of frequency control (Kaushal & Van Hertem, 2019): 

 

 

Figure 2-16. Synchronous areas in Europe (Bompard, Fulli, Ardelean, & Masera, 2014). 

 

Figure 2-17. Structure of the UCTE (Fussi, 2011). 
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Inertia support or instantaneous reserve: As described in (Schäfer K. F., 2020), when 

an active power imbalance occurs, a share of the electrical power takes place 
immediately, which means a distribution of power among the electrical machines 
depending on the impedances of the grid as well as on the generators. This process 
occurs in a short time. Afterwards, a mechanical load sharing among the synchronous 
machines follows in the network depending on the moment of inertia. That type of 
frequency control is the so-called inertia support or instantaneous reserve, which in 
other words is produced by the kinetic energy of the rotating parts of the generators 
when an imbalance between electrical load and power generation occurs. It occurs in 
the frequency range of +/-10 mHz (also called dead band) around the nominal 
frequency. It is necessary to point out that there is no other control within this dead 
band.  In (dena, 2014), it is mentioned that RES, such as wind power systems or PV,  
do not contribute to the inertial support unless technical modifications are carried out. 

Primary power/frequency control: It is also called FCR (Frequency Containment 
Reserve). This control, as presented in (Bevrani, 2014) and (Schäfer K. F., 2020),  
is activated when the frequency deviates by more than +/-10 mHz (dead band) in the 
power system. Furthermore, its full activation takes place automatically within 30 s 
after the frequency deviation and the period to be covered is 0<t<15 min per fault 
event. Its aim is to stabilize the frequency in case of power fluctuations. Moreover,  
this type of control is local and occurs at the generation units. In other words,  
it is a decentralized control. Additionally, the primary power/frequency control is  
a droop-based control, and its response is within a few seconds. Also, this droop-based 
mechanism behaves as a proportional control, which means that the primary 
power/frequency control brings the frequency of the power system to a fix value 
(stabilization), but not to the nominal (50 Hz in Europe).  Generators participating in 
this ancillary service follow the curve shown in Figure 2-19. The figure shows that  
for frequencies lower than 49.8 Hz, the generator supplies 100% of the maximum 
offered active power for the primary power/frequency control. At frequencies higher 
than 50.2 Hz, the generator consumes 100% of the maximum offered active power.  

 

Figure 2-18. Overview of frequency control as a function of time. 
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Within the dead band, neither supply nor consumption of active power by the generator 
occurs. For other cases, the control of active power is performed linearly and behaves 
according to the droop of a generator (with nominal active power 𝑃𝑛) according to 

  
 

𝑠 =

∆𝑓
𝑓𝑛
⁄

∆𝑃
𝑃𝑛
⁄

 

 (2-3) 

 
Moreover, there is an important parameter called the network power frequency 

characteristic, which is the quotient of the power deviation ∆𝑃 due to the disturbance 
in the power system and the quasi-steady-state frequency deviation ∆𝑓 (ENTSO-E. 
2009, Policy1, 2009), (Fussi, 2011). The network power frequency characteristic in a 
control block or control area 𝑖 is given by 

 
 

𝜆𝑖 = −
∆𝑃𝑖
∆𝑓

 𝑖𝑛 𝑀𝑊/𝐻𝑧 
 (2-4) 

 
The greater this parameter, the lower is the frequency deviation after a disturbance. 

For example, if the network power frequency characteristic in continental Europe is 
around 18,000 MW/Hz and if a power plant of 1,000 MW is disconnected, then this 
disconnection will produce a frequency deviation of -0,056 Hz.  

Each control block and control area contributes to the primary power/frequency 
control. The requested contribution 𝑐𝑖  is given by 

 
 

𝑐𝑖 =
𝐸𝑖
𝐸𝑢

 
 (2-5) 

 
where 𝐸𝑖  is the annual energy production (including energy production for export) 

within a control block or control area and 𝐸𝑢 is the annual energy production of the 
synchronous area (e.g., UCTE) (Ippolito, Musca, & Zizzo, 2021), (Fussi, 2011). The addition 
of all contributions 𝑐𝑖  within the synchronous area must be 1.  

 

 

Figure 2-19. Curve P vs. f for primary power/frequency control.  
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Secondary power/frequency control: It is also called aFRR (automatic Frequency 
Restoration Reserve). After a disturbance occurs within a control area or control block, 
for example, lack of active power generation by a certain source, the instantaneous 
reserve and then the primary power/frequency control are activated in all control  
areas or control blocks (included the affected control area). Then, the secondary 
power/frequency control of the control area or control block, where the power 
unbalance occurred, is initiated to accomplish the following goals (Schäfer K. F., 2020): 

• To restore the power balance within the unbalanced control area 

• To bring the frequency to its nominal value 

• To keep the power interchanges within the control areas to their 
programmed scheduled values 

The block diagram of the secondary power/frequency control is illustrated in Figure 
2-20. 

 

At the tie-lines of each control block or control area, power measurements are 
performed. Then, the addition of all the measurements 𝑃ü is compared with the 
programmed schedule values at these tie-lines 𝑃0: 

 
 ∆𝑃 = 𝑃ü − 𝑃0  (2-6) 

 
Next, the power variation ∆𝑃 is added to 𝐾∆𝑓. 𝐾 is a factor similar to the network 

power frequency characteristic.  The result of this addition is the ACE (Area Control 
Error): 

 
 𝐴𝐶𝐸 = 𝑃ü − 𝑃0 + 𝐾(𝑓𝑠𝑒𝑡 − 𝑓) = ∆𝑃 + 𝐾∆𝑓   (2-7) 

 
In Figure 2-20, the block PI is the proportional integral controller whose output goes 

to the corresponding power plants part of the secondary power/frequency control. It is 
necessary to point out that each of these power plants has a corresponding participation 
factor 𝐶. 

 

Figure 2-20. Block diagram of the secondary power/frequency control (Fussi, 2011). 
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For a better understanding of this controller, the following example is presented 
(Fussi, 2011). Suppose that there are two control areas within a control block with the 
following parameters (assumption 𝐾= 𝜆): 

• Control area 1 → 𝐾1 = 𝜆1 = 1,000 𝑀𝑊/𝐻𝑧 

• Control area 2 → 𝐾2 = 𝜆2 = 600 𝑀𝑊/𝐻𝑧 
Suddenly, the control area 2 loses one power plant with a rated power of 800 MW. 

This means a frequency variation of -0.5 Hz: 
 

 
𝜆𝑡𝑜𝑡𝑎𝑙 = −

∆𝑃

∆𝑓
; ∆𝑓 = −

∆𝑃

𝜆𝑡𝑜𝑡𝑎𝑙
= −

800 𝑀𝑊

1,600 𝑀𝑊
𝐻𝑧

= −0.5 𝐻𝑧 

 (2-8) 

 

Subsequently, the primary power/frequency control set in each control area is 
 

 𝑃1 = −𝜆1∆𝑓 = −1,000 ∗ (−0.5) = 500 𝑀𝑊  (2-9) 
 

 𝑃2 = −𝜆2∆𝑓 = −600 ∗ (−0.5) = 300 𝑀𝑊  (2-10) 
 
These results show that there is a load flow of 500 MW from control area 1 to 

control area 2. The ACE for each control area is given by 
 

 𝐴𝐶𝐸1 = 500 + 1,000 ∗ (−0.5) = 0 𝑀𝑊  (2-11) 
 

 𝐴𝐶𝐸2 = −500 + 600 ∗ (−0.5) = −800 𝑀𝑊  (2-12) 
 

The ACE value is not zero in the control area, where the power plant is missing. 
Additionally, the characteristics of the secondary power/frequency control are: 

• According to (ENTSO-E. 2009, Policy1, 2009), this control can be centralized, 
pluralistic (decentralized) and hierarchical.  

• It is fully implemented within a maximum of 5 minutes after its activation 
and should be completed after 15 minutes. 

• In Germany, the parameters of the PI control can vary between 0 and 0.5 
for the proportional part as well as between 60 s and 300 s for the integral 
time constant (Zeitler, 2022). 

• Generators participating in the secondary power/frequency control must be 
connected to the controller with a secured communication link (Brauner, 
2016). 

Tertiary power/frequency control: It is also called minute reserve or mFRR (manual 
Frequency Restoration Reserve). This type of control is activated manually or 
automatically by performing re-scheduling/change in the dispatch of the participant 
generation units. It must be fully activated within the first 15 min (Fussi, 2011). For this 
type of control, conventional power plants as well as controllable loads can be used 
(Schäfer K., 2022). Moreover, it has the purpose to relieve or replace the secondary 
power/frequency control, since power plants providing secondary power/frequency 
control cannot operate for infinite time. The tertiary power/frequency control is 
applied for restoring the secondary power/frequency control, to manage eventual 
congestions, to bring the frequency to its nominal value as well as the tie-line powers to 
the specified values if the secondary power/frequency control is not enough (Bevrani, 
2014). 
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The TSO’s responsibility for the frequency control ends after one hour (Schäfer K., 
2022).  

Reserve Replacement Process: If the frequency deviation cannot be restored after  
60 min by the primary, secondary and tertiary power/frequency controllers, then the 
balancing group manager (BGM) is responsible for bringing the balance in the 
transmission system (Schäfer K., 2022).  

2.3 Voltage-Sourced Inverters 

Commonly, the following RES can be distinguished (Tran-Quoc, et al., 2007): 

• RES based on power electronics (e.g., PV systems, batteries) 

• RES in combination with asynchronous machines/doubly-fed asynchronous 
machines/synchronous machines and power electronics, which is the case 
of wind turbines. 

• RES coupled with synchronous generators (e.g., hydropower plants) 
Most of the RES are based on DC/AC converters (hereunder: inverter), which make 

the conversion from DC to AC power possible. Importantly, these inverters could be 
based on the following technologies (Yazdani & Iravani, 2010): 

• MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor) 

• IGBT (Insulated-Gate Bipolar Transistor) 

• Gate-Turn-Off Thyristor (GTO) 

• Integrated Gate-Conmutated Thyristor (IGCT) 
Furthermore, inverters can be categorized as current-sourced inverters (CSI) and 

voltage-sourced inverters (VSI) with the following characteristics (Kharjule, 2015), 
(Yazdani & Iravani, 2010): 

• CSI: The DC-side current is not changed, but the DC-side voltage. Thus,  
at the DC-side of the converter, a large inductor is applied. 

• VSI: The DC-side voltage is not changed, but the DC-side current. Thus,  
at the DC-side of the converter, a large capacitor is used. 

For active and reactive power provision of RES with VSI inverters, the dq-Frame is 
widely applied in the modelling of these inverters in order to guarantee not only a 
decoupled control of active/reactive power, but also its transfer to the external grid  
(Yazdani & Dash, 2009), (Beg, Rahmoun, Armstorfer, Rosin, & Biechl, 2016), (Rodríguez 
Amenedo, Alnartes Gómez, Alonso-Martínez, & González de Armas, 2021), (Bisht, 
Subramaniam, Bhattarai, & Kamalasadan, 2018), (Khan & Memon, 2023).  

For frequency and voltage support, RES with VSI inverters use also measurements 
(voltage, frequency as well as active power) at its PCC in order to generate new set points 
of active and reactive power for the internal controllers of the VSI (see Figure 2-21). 
These characteristic curves can be classified as (VDE, VDE-AR-N 4105, 2011), (VDE, VDE-
AR-N 4110, 2018), (VDE, VDE-AR-N 4120, 2018), (Juamperez, Yang, & Kjær, 2014): 

• P(f): Active power as a function of the grid frequency 

• Q(V): Reactive power as a function of the voltage at PCC 

• Q(P): Reactive power as a function of the active power at PCC 

• cosϕ(P): Power factor as a function of the active power at PCC 
These strategies are even being implemented in countries with high penetration of 

RES. One example here is Germany. In the HV, MV, and LV levels, these curves are part 
of the grid codes of the country.  
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2.4 Clustering Generation and Load 

This section presents how nowadays load and generation are being clustered.  
The literature classifies this into nanogrids, microgrids, virtual power plants, and 
topological power plants. 

2.4.1 Nanogrid 
Up to now there is no a clear definition of a nanogrid, but according to (Dafalla, et al., 
2020), a nanogrid can be defined as a small (typically less than 20 kW (Roasto, Jalakas, 
& Rosin, 2018)) electricity prosumer (consumption and generation) in the LV level, such 
as one-family house, which is capable, for example, in grid mode, of injecting or 
consuming active/reactive power to or from the grid. Power generation then is usually 
carried out by RES in nanogrids. Importantly, a nanogrid can be operated in grid as well 
as island mode. In addition to this, depending on the bus system, one can differentiate 
between AC, DC, and hybrid (combination of AC and DC) nanogrids (Roasto, Jalakas, & 
Rosin, 2018). Hereunder the focus is on AC bus systems. Nanogrids work generally in 
combination with distributed generators and distributed storages. Usually, an example 
of a distributed generator is a PV system. In addition to this, a nanogrid includes a 
control centre with a communication network (wired or wireless).  This means that a 
nanogrid must include at least one load or a source of power and a gateway to the 
outside (Nordman, Christensen, & Meier, 2012) in order to be defined as a nanogrid. 
The basic components of a nanogrid in Figure 2-22 are: 

• Local load 

• Distributed generation 

• Distributed storages 

• Measurement devices 

• Control centre  

• Communication network 
The application of a control centre as well as a communication network is only 

possible if all the components work with protocols that allow the communication 
between them. A very good example is Modbus TCP (Transmission Control Protocol), 
which runs on Ethernet. The aim of the control centre is, for example, to interface the 
nanogrid to other nanogrids or microgrids for power exchange. Furthermore, the control 
centre distributes power to the local load in an effective way and prioritizes the 

 

Figure 2-21. VSI with a characteristic curve. 
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distribution if the nanogrid includes more than one load (Nordman, Christensen, & 
Meier, 2012). The control centre can also manage the power within the nanogrid from 
an economical perspective. 

 

 
Definitely, the implementation of control algorithms in the control centre depends 

on how the nanogrid will be operated (Labella, Filipovic, Petronijevic, Bonfiglio, & 
Procopio, 2020).  

• Grid-feeding: The nanogrid is required to supply a specific value of active 
and reactive power at its PCC. 

• Grid-forming: The nanogrid defines its frequency and voltage. This operation 
is required in island mode. 

• Grid-supporting: This is based on the droop control and can be applied in 
grid and island mode. In simple terms, the active and reactive power of the 
nanogrid is adjusted depending on the frequency and voltage at the PCC.  
A very good example is the primary power/frequency control. In this case, 
the nanogrid works in grid mode and supports the grid by consuming/injecting 
active power depending on the grid frequency. 

The operation of the nanogrid requires also that the distributed generators as well 
as distributed storages have interfaces that allow the operation mentioned above. 
Figure 2-23 shows the different interfaces. It can be seen that the interface (in other 
words inverter) behaves as a voltage or current source, depending on the type of 
operation. 

 

 

Figure 2-22. Nanogrid with communication network. 
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Figure 2-23. Different interfaces for distributed generators and storages: a) Grid-forming; b) Grid-
feeding; c) Grid-supporting as voltage source; d) Grid-supporting as current source (Labella, 
Filipovic, Petronijevic, Bonfiglio, & Procopio, 2020).  

2.4.2 Microgrid 
As in the case of nanogrids, the definition of a microgrid is not clear. In (Mohammed, 
Refaat, Bayhan, & Abu-Rub, 2019), for example, a microgrid is considered as a distribution 
network that consists, like a nanogrid, of distributed generation, distributed storages, 
loads, and controllers. In (Schwab, 2020), microgrids are defined as minigrids that have 
at least one connection to the neighbouring distribution grid. In this definition, 
minigrids are electrical networks that have no connection with the main grid and are 
formed exclusively by diesel generators as well as by consumers. Nowadays these 
minigrids are experimenting changes in the power generation due to the integration of 
PV systems, wind power systems, and energy storages. 

Microgrids can also work in grid-connected or island mode and have the capacity of 
transfer and thus selling/buying power to/from the external grid or other microgrids. 
Microgrids are more complex systems than nanogrids since they could include a 
combination of more distributed generators, the number of loads could be high and the 
distances between the distributed generators and loads could be in the range of 
kilometres. These factors make the control strategies for microgrids more sophisticated.  

Importantly, microgrids work also with communication infrastructures, which 
present communication time delays. The literature presents many studies regarding the 
impact of these delays on the stability of the microgrid (Alfergani & Khalil, 2017), (Yao, 
Wang, Xu, & Naayagi, 2020), (Liu, Wang, & Xiaoping Liu, 2015), (Khalil, Elkawafi, 
Elgaiyar, & Wang, 2016). 

2.4.3 Virtual and Topological Power Plant 
A single RES can provide active/reactive power exchange with the external grid. 
Definitely, a single RES can also interact with other RESs as wells loads so that a specific 
task is accomplished by the whole group. In the literature, such a concept is called a 
virtual power plant (VPP). A VPP aggregates many types of RESs, such as hydropower 
plants, wind power systems, PV power plants, electrical energy storages, loads etc. 
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Indeed, the application of communication technologies is extremely important for the 
aggregation and interoperability of a variety of RESs within the VPP nowadays 
(Etherden, Vyatkin, & Bollen, 2015), (Hernandez, et al., 2013). Consequently, a VPP can 
be also defined as a  system which clusters generation, storages, (controllable) loads as 
well as a communication infrastructure in order to make them turn out as a single 
power plant (Etherden, Vyatkin, & Bollen, 2015), (Zhang, et al., 2022), (Venegas-
Zarama, Muñoz-Hernandez, Baringo, Diaz-Cachinero, & De Domingo-Mondejar, 2022). 
Furthermore, VPPs are usually implemented in the MV and LV levels. 

Apart from this, VPPs can provide ancillary services (Ali, Massucco, & Silvestro, 
2018). For example, (Hu, et al., 2022) proposed a framework for provision of the 
ancillary service inertia support (or instantaneous reserve) by coordinating the 
parameters of the inverters within the VPP. In (Zwaenepoel, Vandoorn, Van Eetvelde, & 
Vandevelde, 2014), VPPs participate in the ancillary services congestion management 
and frequency stability.  

The high presence of RES in distribution networks includes new questions regarding 
the potential of providing ancillary services from distribution grids. For such 
investigations, iterative processes as well as optimization algorithms are applied (Sowa, 
Goergens, Schnettler, Koeberle, & Metzger, 2016), (Greve, Schwippe, Noll, & Rehtanz, 
2014), (Barth, et al., 2013), (Kaempf, Abele, Stepanescu, & Braun, 2014). For providing 
an ancillary service, it is essential that the requirements of the distribution as well as 
the transmission system are recognized, such as reactive power (Weber, Zdrallek, 
Abele, Brenneisen, & Mogel, 2021). Furthermore, grid codes or guidelines of the 
country influence the potential of provision of ancillary services. This is studied in 
(Goergens, Potratz, Gödde, & Schnettler, 2015), where the reactive power provision of 
a distribution grid with only PV systems and, in parallel,  taking into account the 
German national grid code for low voltage level VDE-AR-N 4105 is small compared to 
the case without considering the mentioned guideline. 

Furthermore, the integration of RES and the decommissioning of conventional 
power plants bring new challenges in the transmission systems. Besides, TSOs have not 
direct access to the RES connected in distribution systems. This leads to think that 
nowadays a proper coordination between the distribution and the transmission system 
is required. The literature presents approaches for a proper coordination between TSO 
and DSO (Rodio, Giannoccaro, Bruno, Bronzini, & La Scala, 2020), (Bachoumis, 
Kaskouras, Papaioannou, & Sousounis, 2021), (Marten, et al., 2013). For instance, in the 
latter, it is mentioned that in Switzerland, some TSOs send reactive power schedules 
(for voltage control) to DSOs to be accomplished (for the next day) at the coupling point 
of the two systems. This action is remunerated by the TSO. On the other hand, as in the 
case of VPP, communication technologies and automation are important in the 
coordination between TSO and DSO due to the increased number of RES to be 
monitored and controlled in the distribution systems (Migliavacca, 2020). 

On the other hand, the definition of a topological power plant or TPP comes from 
the research project (IREN2, 2018). Importantly, contrary to a VPP, a TPP is an electrical 
coupled network section of generation and load that, together, can provide ancillary 
services as conventional power plants do for the overlaid or the neighbouring grid 
(Vasconcellos, et al., 2018). The provision of ancillary services takes into account the 
restrictions of the local grid. In a VPP, sources and load units can be geographically 
installed in different network sections and, thus, with several PCCs. However, a TPP is a 
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specific case of a VPP, since a TPP is a defined network section and has one PCC  
(as seen from the overlaid or neighbouring grid).  

The operational strategy (from the system-oriented point of view) of a TPP can be 
summarized as the transfer of active or reactive power at the PCC of the TPP 
(Vasconcelos, Thie, & Bertram, 2018). 

The transfer of active power can be applied in: 

• Redispatch, adjustment of active power or also called power curtailment.  
In this case, a TSO requires an adjustment of active power in the grid, so 
that congestion within the network can be avoided. Furthermore, redispatch 
is common in Germany due to the high presence of RES. A TPP can support 
the grid by varying the active power at the PCC and, thus, participate in the 
redispatch process. 

• Offering of power/frequency control  
The transfer of reactive power is focused on alternatives to provide locally the 

required reactive power when conventional power plants are decommissioned. A local 
unbalance of reactive power is caused by the shutdown of these power plants. Thus,  
a TSO/DSO needs to find alternatives to provide the lack of reactive power. If this is not 
performed locally, the reactive power needs to be transported over long distances. As a 
result, overvoltage, undervoltage as well as an increase of losses are imminent 
(Goergens, Potratz, Gödde, & Schnettler, 2015).  

2.5 Conclusions 

The power generation in Europe is being transformed to a more inverter-based-power-
supply. This factor can influence the power system stability if new approaches for the 
provision of ancillary services are not considered.  

In Germany, the high presence of RES and the decommissioning of conventional 
power plants has led to the implementation of new approaches in the transmission 
systems for the provision of ancillary services for voltage and frequency stability. 
Examples are the installation of STATCOM and the implementation of redispatch. While 
all the RESs installed in different voltage levels in Germany must participate in the 
power system stability by providing specific ancillary services, there is no information 
regarding how the clustering of households or nanogrids in LV networks can contribute 
to the provision of ancillary services and, thus, to the power system stability. For that 
reason, this research work extends knowledge by considering nano- and microgrids as 
well as their aggregation for a topological power plant with respect to control purposes. 
Figure 2-24 shows the TPP developed in this scientific work, which is in a LV network. 
This TPP is composed by a microgrid and some other loads and PV generation.  
The microgrid is a set of nanogrids which have distributed storages, distributed 
generators, a control centre, and loads. The TPP receives set points of active and 
reactive power from a DSO, which must be accomplished at the point of common 
coupling of the TPP (PCCTPP). In order to make this possible, the TPP requires a 
superordinate controller so that the set points can be sent and optimally distributed to  
each nanogrid. For that reason, the superordinate controller must also take over 
optimization tasks, which consider network restrictions such as overloading of cables 
and transformers as well as voltage bands. 
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Furthermore, in this scientific work, based on the state of the art analysis, the 

contribution of nano- and microgrids to topological power plants (TPP) regarding 
voltage and frequency control is explored from the dynamic and steady state point of 
view. The dynamic and steady state behaviour are analyzed at the nanogrid and TPP 
level, respectively. 

From the dynamic point of view, detailed mathematical models of DG and DS part of 
a nanogrid are developed and presented in Chapter 3. Since the simplification of these 
detailed models parts of a nanogrid are not covered in the literature, Chapter 3 focuses 
on this topic. To investigate the behaviour of these simplified models in combination 
with a power distribution control, the simplified DG and DS are incorporated in a 
control centre for the provision of active and reactive power of a nanogrid in  
grid-connected mode. Moreover, the state of the art shows high presence of 
communication technologies in modern power systems. Importantly, the application of 
these technologies implies the presence of communication time delays. No information 
was found in the literature of how to analyze nanogrids in grid-connected mode with 
communication time delays in a systematic way. A method for such an analysis is 
shown in section 3.3.3. 

From the steady state point of view, a method for minimizing active power losses 
when providing reactive power from a TPP mainly formed by nanogrids is developed in 
Chapter 4. As the literature does not cover relevant issues, the method will be 
presented in the mentioned chapter. 
 

 
 

 

Figure 2-24. TPP in a LV network receiving set points of active and reactive power from a DSO. 
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3 Development and Validation of Mathematical Models of 
the Nanogrid for Frequency and Voltage Control 

This chapter refers to the dynamic behaviour of nanogrid in grid-connected mode,  
as related to the first and second hypotheses presented in section 1.2. 

The first hypothesis states that for the control and stability analysis, the switching of 
the IGBT of the inverters in DS and DG can be neglected. To test this hypothesis, three 
steps are performed. Firstly, detailed models based on the components of a real 
demonstrator are developed. Then, a simplification of each detailed model is carried 
out. Next, each simplified model is validated by comparing simulation results with 
measurements at the demonstrator. Finally, to increase the complexity, the simplified 
models are combined with power distribution control (PDC) in a simulation 
environment and validated by comparing with measurements. 

The second hypothesis states that the stability of a nanogrid can be influenced by 
time delays present in communication infrastructures.  To test this hypothesis, an 
ordinary differential equation of the system to be analyzed and its small-signal 
representation are developed. The small-signal models are validated by comparing 
simulation results with measurements at the demonstrator. Afterwards, the pole-zero 
plot of the transfer function representing the system (including communication delays) 
is presented. 

3.1 Demonstrator 

The demonstrator was set up to show not only theoretical work but also to enable an 
exemplary demonstration.  As seen in Figure 3-1, the demonstrator consists mainly of 
four containers, where the components are installed.  

 

Figure 3-2 depicts a single-line diagram of the demonstrator. There is an on-load tap 
changer (OLTC) that connects the Wildpoldsried Community and the demonstrator 
(microgrid and nanogrid) with the MV level. The main protections are represented by 
the circuit breakers CB1 and CB2. As seen in Figure 3-2, the microgrid consists of a static 
synchronous compensator (STATCOM), two gensets or a combination of diesel engines 
and electric generators, two battery energy storage systems (BESS), a back-to-back 

 

Figure 3-1. Overview of the demonstrator in Wildpoldsried (copyright: Fotodesign Suchy). 
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station voltage source converter (B2B-VSC), and a nanogrid. The components of the 
nanogrid are two home battery energy storage systems (HBESSs), a controllable load,  
a charging station, an air-to-air heat pump, and a PV system. All the components of the 
nanogrid are connected to the microgrid through a switch cabinet. 

The microgrid also includes a switch board, which allows electrical connection 
between the components with the local grid. Additionally, this switch board enables 
extension of the distance between the microgrid components and thus, an increase in 
the cable impedance. This option is useful for analyzing the effect of cable lengths on 
the stability in islanded microgrids (Beg, Biechl, & Rosin, 2020). 

 

3.1.1 Nanogrid 
This section describes the components of the nanogrid, including the design and setup 
of the control centre. The charging station is not considered. 

3.1.1.1 Integration of Distributed Generators 
The nanogrid includes two PV systems with east and west orientation, each of them 
with a PV inverter. The PV modules installed on the roof of the containers shown in 
Figure 3-1 have the following characteristics: 

• Monocrystalline 

• Electrical characteristics under standard conditions: 
o PMPP = 300 kWp 
o VMPP = 32.51 V  
o IMPP = 9.23 A   

The east and west orientation have a peak power of 5.4 kWp (18 modules connected 
in series) and 4.5 kWp (15 modules connected in series), respectively. The inverters 
(see Figure 3-3) installed in the nanogrid have the following specifications: 

 

Figure 3-2. Single-line diagram of the demonstrator (IEES). 
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• 6 kVA three-phase inverter 

• 1 MPPT per inverter 

• Maximum DC voltage 1000 V 

• Power Factor = 0.4 (inductive and capacitive) 

• Communication interface Solarbus (based on RS-485 and Modus ASCII) 
 
 

The active and reactive power diagram shows the capability of the PV inverters, 
which is depicted in Figure 3-4 (generation convention). The PV inverters work only in 
two quadrants. The power factor of 0.4 (66.42°) inductive and capacitive is defined in 
the figure by PFmax. At an angle of 66.42°, the maximum reactive power is reached 
(Qmax). Moreover, if the actual active power is less than PBP (active power break point), 
then the maximum reactive power that the inverter can provide in the blue zone is 
given by (3-1), where 𝑃𝑃𝑉𝑎𝑐𝑡  is the actual active power. 

 
 𝑄𝑃𝑉max _𝑏𝑙𝑢𝑒 = 2.29 ∙ 𝑃𝑃𝑉𝑎𝑐𝑡  (3-1) 

 
If the actual active power is in the green zone, then the maximum reactive power 

that the PV inverter can provide is calculated by (3-2). 
 

 
𝑄𝑃𝑉max _𝑔𝑟𝑒𝑒𝑛 = √𝑆𝑃𝑉𝑟𝑎𝑡𝑒𝑑

2 − 𝑃𝑃𝐵
2  

 (3-2) 

 
Furthermore, a reduction of the active power will be carried out, so that the rated 

apparent power of the PV inverter 𝑆𝑃𝑉𝑟𝑎𝑡𝑒𝑑   is not exceeded. 

 

Figure 3-3. PV inverters and the switch cabinet of the nanogrid. 
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3.1.1.2 Integration of Distributed Storage Systems 
Two HBESSs were integrated in the nanogrid: HBESS I and HBESS II. 

In the case of HBESS I, the following electrical characteristics are listed: 

• 20 kVA three-phase inverter 

• Maximal discharge power 18 kW 

• Battery cells with Lithium-NMC (Nickel-Mangan-Cobalt-Oxide) technology 

• Battery capacity of 18.6 kWh 

• DC-Side has three modules, each module with 2p16s configuration (group of 
two cells in parallel, each group stacked 16 times and connected in series) 

• Four quadrant operation: positive and negative active and reactive power 
set points possible 

• Communication interface Modbus TCP/IP 
 

 

Figure 3-4. PQ diagram of one PV inverter. 

 

Figure 3-5. HBESS I. 
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Electrical characteristics of HBESS II are: 

• Three-phase system 

• Battery capacity of 9.8 kWh 

• Maximal active power by charging: 3.4 kW 

• Maximal active power by discharging: 3.0  kW 

• No reactive power control possible 

• Communication interface Modbus TCP/IP 
 

3.1.1.3 Integration of Controllable Loads 
These components consist of two controllable loads. The first load is a 3-phase 
symmetrical/unsymmetrical ohmic/inductive load. The maximum active power that this 
load bank can consume is 30 kW; in the case of the reactive power 22.5 kvar (steps of 
500 W resp. 500 var). The second load is a 3-phase symmetrical/unsymmetrical capacitive 
load. The maximum reactive power feed-in is 24 kvar (steps of 500 var). 

 

 

Figure 3-6. HBESS II. 

 

Figure 3-7. Controllable loads: Ohmic/inductive load (left) and capacitive load (right). 
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3.1.1.4 Air-to-Air Heat Pump 
The air-to-air heat pump consists of an internal and external device with the following 
technical data: 

• Three-phase system 

• Air cooling/air heating 

• SCOP: 4.54 

• SEER: 7.0 

• Heating capacity 7.5 kW 

• Cooling capacity: 6.8 kW 

• Communication interface Modbus RTU 
The modelling of this device is not part of this scientific work. 

3.1.1.5 Design and Setup of the Control Centre 
The communication infrastructure is illustrated in Figure 3-8. The tests performed in 
this scientific work were carried out on a personal computer with the software 
LabVIEW. This is represented by the block “LabVIEW Nanogrid” in Figure 3-8. The block 
SP5 means Spectrum Power 5 from the company Siemens and allows data archiving, 
visualization, and SCADA (Supervisory Control and Data Acquisition). The block SP5 is 
not part of this scientific work. On the other hand, the controller S7-1200 is the interface 
between the SP5, the PC with LabVIEW and the components of the nanogrid. In addition, 
the S7-1200 was set up as part of the research project (pebbles, 2021) and makes the 
communication between different protocols and standards possible; in this case: 

• Modbus TCP 

• RS-485 

• Profinet 

• IO-Link 
The control centre for this thesis is based on LabVIEW. The reason for applying this 

software is the visual programming language. The setup of the control centre was 
performed in LabVIEW’s Block Diagram window. The main feature of the setup was to 
read and write Modbus TCP registers in order to be able to establish communication 
between the PC with LabVIEW and the single components of the nanogrid. Undoubtedly, 
without this feature, the demonstration is not possible. Particularly, the following 
performances were implemented in the control centre by applying LabVIEW’s functions: 

• Visualization of parameters: 
o Active and reactive power  
o SOC, SOH (in the case of batteries)  
o Error status 
o Frequency and voltages 

• Setting up of protections 

• Sending of set points for active and reactive power to the individual 
components of the nanogrid 

• Data archiving 

• Control of active and reactive power at the PCC of the nanogrid 
Figure 3-9 and 3-10 show examples of LabVIEW’s Front Panel for sending set points to 

HBESS I as well as for the active power control at the PCC, respectively. Unquestionably, 
the LabVIEW programming (especially data archiving and control) allows performing 
several tests required for the validation of the single components of the nanogrid (section 
3.2) as well as for the complete system including control centre (section 3.3). 
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Figure 3-8. Block diagram of the control centre. 
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Figure 3-9. Example of visualization in LabVIEW’s Front Panel. SOC, SOH, error status, power as well as frequency are visualized. In this case, unsymmetrical set 
points were sent to HBESS I. 
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Figure 3-10. LabVIEW’s Front Panel for active power control at the PCC considering HBESS I, the load controllable load as well as one PV inverter. 
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3.1.2 Microgrid 
Previously, the nanogrid, which is part of the microgrid, was presented. In this section, 
the rest of the components of the microgrid are shown. These are not part of sections 
3.2 and 3.3. For this reason, a brief explanation of each of them is given. 

As seen in Figure 3-2, the main element of the microgrid is the block called “Switch 
Board and Test Grid”. This is a large switchgear (see Figure 3-11) that allows the 
connection between the LV grid and the microgrid components. Also, this part has the 
functionality of network extension through the laid cables seen in Figure 3-12. This 
permits replication of large distances by increasing the cable length between the 
microgrid units.   

 

 

 
Furthermore, the microgrid has two battery energy storage systems (Area BESS and 

Campus BESS) with different capacities: in this case, 160 and 50 kWh. The Campus BESS 
has a grid-feeding interface. On the other hand, the four operation modes shown in 
Figure 2-23 can be set up in the Area BESS. Also, the unit B2B-VSC has a rated apparent 
power of 500 kVA. This is an inverter-based coupling between MV and LV. This unit is 
useful for the emulation of battery storage systems with infinite capacity as well as for 
controllable PV systems. In addition to this, the B2B-VSC permits the generation of 

 

Figure 3-11. Switchgear. 

 

Figure 3-12. Network extension. 



 

56 

disturbances in island mode (e.g., load steps or variable PV power due to lack of solar 
radiation). In addition, there are two gensets; one of them is operated with vegetable 
oil. These gensets have no power electronics and are synchronous machines connected 
with diesel engines. Next, the STATCOM or static var generator has the functionality of 
exchanging reactive power with the external grid, and, thus, allowing voltage control. 
This component has a rated apparent power of 100 kVA; the reactive power 
(inductive/capacitive) can be provided by sending voltage as well as reactive power set 
points to the STATCOM controller. 

3.2 Subsystems 

In this section, detailed and simplified models of each of the subsystems of the nanogrid 
are presented. The simplified models play an important role in this scientific work, 
whereby a detailed explanation of the development of these simplified models is 
required and shown in this section. Figure 3-13 illustrates the control structure of a VSI 
by applying the dq-Frame. This structure is applied for the subsystems of the nanogrid, 
which usually have a DC source, a DC/AC converter, and impedance (due to filters and 
transformers). The signals 𝑚𝑎, 𝑚𝑏 and 𝑚𝑐  (in short form 𝑚𝑎𝑏𝑐  ) are required for 
modulation, e.g., Pulse Width Modulation (PWM). The dq-Frame is employed as part of 
the controller, since it provides DC quantities due to synchronization, via the PLL block, 
between the grid and the DC/AC converter. Thus, the implementation of PI controllers 
is suitable for this application (VSI Control block).  

 

The -Frame as well as the dq-Frame representation of a space phasor are the 
basis of the control structure shown in Figure 3-13. The equations below are developed 
according to (Yazdani & Iravani, 2010), which means that the rest of this section is 
based on this reference. First, a three-phase system is defined as 

𝑓𝑎(𝑡) = 𝑓 cos(𝜔𝑡 + 𝜃0) 

 
𝑓𝑏(𝑡) = 𝑓 cos (𝜔𝑡 + 𝜃0 −

2𝜋

3
) 

 (3-3) 

 

Figure 3-13. VSI and control structure in the dq-Frame (Yazdani & Iravani, 2010). 
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𝑓𝑐(𝑡) = 𝑓 cos (𝜔𝑡 + 𝜃0 −
4𝜋

3
) 

where 𝑓, 𝜃0 and 𝜔 are the amplitude, the initial phase angle and the angular frequency 
of the sinusoidal functions. A space phasor is defined as 

 
𝑓(𝑡) =

2

3
[𝑒𝑗0𝑓𝑎(𝑡) + 𝑒

𝑗
2𝜋
3 𝑓𝑏(𝑡) + 𝑒

𝑗
4𝜋
3 𝑓𝑐(𝑡)] 

 (3-4) 

If equation (3-3) is inserted in (3-4) and then decomposed into its real and imaginary 
components, one obtains 

 𝑓(𝑡) = 𝑓𝛼 + 𝑗𝑓𝛽  (3-5) 

which is the -Frame representation of the three-phase system of equation (3-3).  

The dq-Frame representation is given by a phase shift by an angle 𝜀 of the -Frame 
representation.  

 𝑓𝑑 + 𝑗𝑓𝑞 = (𝑓𝛼 + 𝑗𝑓𝛽)𝑒
−𝑗𝜀(𝑡)  (3-6) 

DC quantities can be obtained from the dq-Frame representation if 
𝑑𝜃(𝑡)

𝑑𝑡
=

𝑑𝜀(𝑡)

𝑑𝑡
 can be 

guaranteed. Next, the dynamic model of the converter shown in Figure 3-13 in the  
dq-Frame is described. The AC voltages at the output of the impedance are 

𝑉𝑠𝑎(𝑡) = �̂�𝑠 cos(𝜔0𝑡 + 𝜃0) 
 

𝑉𝑠𝑏(𝑡) = �̂�𝑠 cos (𝜔0𝑡 + 𝜃0 −
2𝜋

3
) 

 (3-7) 

𝑉𝑠𝑐(𝑡) = �̂�𝑠 cos (𝜔0𝑡 + 𝜃0 −
4𝜋

3
) 

The dynamics of the AC side of the converter can be represented as 

𝐿
𝑑𝑖𝑎
𝑑𝑡

= −𝑅𝑖𝑎 + 𝑉𝑡𝑎 − 𝑉𝑠𝑎 

 
𝐿
𝑑𝑖𝑏
𝑑𝑡

= −𝑅𝑖𝑏 + 𝑉𝑡𝑏 − 𝑉𝑠𝑏 
 (3-8) 

𝐿
𝑑𝑖𝑐
𝑑𝑡

= −𝑅𝑖𝑐 + 𝑉𝑡𝑐 − 𝑉𝑠𝑐  

The space-phasor equivalents of equations (3-7) und (3-8) are given by 

 �⃗⃗�𝑠(𝑡) = �̂�𝑠𝑒
𝑗(𝜔0𝑡+𝜃0)  (3-9) 

 
𝐿
𝑑𝑖

𝑑𝑡
= −𝑅𝑖 + �⃗⃗�𝑡 − �⃗⃗�𝑠 

 (3-10) 

If equation (3-9) is inserted in (3-10), one obtains 

 
𝐿
𝑑𝑖

𝑑𝑡
= −𝑅𝑖 + �⃗⃗�𝑡 − �̂�𝑠𝑒

𝑗(𝜔0𝑡+𝜃0) 
 (3-11) 

Next, the dq-Frame representation is defined as 

𝑓(𝑡) = 𝑓𝛼 + 𝑗𝑓𝛽 = (𝑓𝑑 + 𝑗𝑓𝑞)𝑒
𝑗𝜌(𝑡) = 𝑓𝑑𝑞𝑒

𝑗𝜌(𝑡) 

 𝑖(𝑡) = 𝑖𝑑𝑞𝑒
𝑗𝜌(𝑡)  (3-12) 

�⃗⃗�𝑡𝑑𝑞 = 𝑉𝑡𝑑𝑞𝑒
𝑗𝜌(𝑡) 

where 𝜌 is the phase shift required for the dq-Frame representation, as shown 
previously. Equation (3-12) can be used to rewrite equation (3-11) as follows: 
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𝐿
𝑑

𝑑𝑡
(𝑖𝑑𝑞𝑒

𝑗𝜌(𝑡)) = −𝑅𝑖𝑑𝑞𝑒
𝑗𝜌(𝑡) + 𝑉𝑡𝑑𝑞𝑒

𝑗𝜌(𝑡) − �̂�𝑠𝑒
𝑗(𝜔0𝑡+𝜃0) 

 
(3-13) 

Equation (3-13) can be rearranged as 

 
𝐿
𝑑

𝑑𝑡
(𝑖𝑑𝑞) = −𝑗𝐿

𝑑𝜌

𝑑𝑡
𝑖𝑑𝑞 − 𝑅𝑖𝑑𝑞 + 𝑉𝑡𝑑𝑞 − �̂�𝑠𝑒

𝑗(𝜔0𝑡+𝜃0−𝜌) 
 

(3-14) 

The PLL block of Figure 3-13 plays an important role in the synchronization of the grid 
and the converter since it controls 𝜌 at 𝜔0𝑡 + 𝜃0. Under steady state, the PLL and the 
derivates of equation (3-14) can be expressed as follows: 

 
𝜌 = 𝜔0𝑡 + 𝜃0 

 
(3-15) 

 𝑑𝜌

𝑑𝑡
= 𝜔0 

 
(3-16) 

 𝑑𝑖𝑑𝑞

𝑑𝑡
= 0 

 
(3-17) 

Then, equation (3-14) can be written as 

 
𝑉𝑡𝑑𝑞−�̂�𝑠 = [𝑗𝜔0𝐿 + 𝑅]𝑖𝑑𝑞  

 
(3-18) 

which represents an equivalent single-phase circuit with its phasor representation. 
Figure 3-14 depicts the simplified model in the abc-Frame according to Figure 3-13 and 
equation (3-18). Additionally, this equation is the basis of the simplified models applied 
in this scientific work and can be used for control design if a quasi-steady-state 
condition is assumed. Moreover, it is important to highlight that in the simplified model 
𝑚𝑎𝑏𝑐 = 𝑉𝑡𝑎𝑏𝑐.  

 

 

Figure 3-14. Simplified model.   
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3.2.1 Home Battery Energy Storage System I 

3.2.1.1 Detailed Model 
A detailed model for HBESS I and its topology is shown in Figure 3-15. This topology can 
be divided into three subsystems: the battery model, the bidirectional DC/DC 
converter, and the AC inverter with its corresponding filter. The battery model block of 
Figure 3-15 has the following characteristics: 

• Nominal voltage of each cell: 3.7 V 

• 32 cells pro module (2 p16s) 

• Lithium-NMC (Nickel-Mangan-Cobalt-Oxide) 

• Three Modules in series 

• Nominal voltage pro module: 59.2 V 
The bidirectional DC/DC converter consists of voltage and current control. The first 

controller regulates the voltage at the DC link (𝑉𝐷𝐶𝐿𝑖𝑛𝑘
𝐻𝐵𝐸𝑆𝑆𝐼) and gives the reference value 

to the current control, which regulates the current at the output of the battery model 

(𝑖𝑏𝑎𝑡
𝐻𝐵𝐸𝑆𝑆𝐼). The output of this controller provides the duty cycle for the switches 𝑆1 

(boost converter) and 𝑆2 (buck converter) (Arancibia, Strunz, & Mancilla-David, 2013), 
(Bae & Kang, 2013), (Camara, Gualous, Gustin, & Berthon, 2008), (De Castro, et al., 
2011). In order to be able to generate enough voltage for the LV three-phase network, 
the DC-link voltage control is required (Mertens, 2015). 

 

In the case of the AC inverter, it is based on a VSI control in order to regulate the 
active and reactive power at the PCC of HBESS I. The VSI control consists of an inner 
(current control) and outer loop (power control). Figure 3-16 shows the block diagram 
of it. The delay due to the switching frequency of the inverter (converter block in Figure 
3-16) as well as the parameters of the inverter filter are part of the inner loop. On the 
other hand, the outer loop receives set points of active or reactive power and then 
provides the current set point for the inner loop. The control strategy presented in this 
work  is described in  (Yazdani & Iravani, 2010). Additionally, the pole placement 
method is applied for tuning the controllers as the first step.  

 

Figure 3-15. Topology of HBESS I. 
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In Figure 3-17a, the active power set point is varied from 0 kW to -17 kW (charging of 
HBESS I), while the reactive power is set to 0 kvar. It can be seen that the voltage at the 
output of the battery model depicted in Figure 3-15 increases (Figure 3-17b), while  

the current ibat
HBESSI  decreases due to the charging process, as seen in Figure 3-17c.  

This confirms the correct functionality of the controllers of the DC/DC converter as well 
as of the AC inverter.   
 

Figure 3-17. Charging of HBESS I with a set point of -17kW: a) Active power at the PCC of HBESS I; 
b) Voltage at the terminals of the battery model; c) Battery current. 

3.2.1.2 Simplified Model 
The simplification of the detailed model is carried out once its functionality is verified.  
This reduction of the complexity consists of an equivalent resistance and inductance 
(due to inverter filter) and a controlled voltage source (Armstorfer, Beg, Rahmoun, 
Rosin, & Biechl, 2017), see also section 3.2. The simplified model of HBESS I and in its 
control are depicted in Figure 3-18.   

 

Figure 3-16. Block diagram of the power and current control of HBESS I. 
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3.2.1.3 Validation 
The simplified model of HBESS I is compared, firstly, with the detailed model and then 
with transient measurements. For the two cases, the validation is performed by 
measuring the active and reactive power at the PCC of HBESS I.      

The comparison of the detailed and simplified model is depicted in Figure 3-19 when 
an active and reactive power set points of +18 kW and +20 kvar are applied, 
respectively. Results show a very good correlation between the two models. 

 

Figure 3-19. Comparison between the detailed and the simplified model: a) Active power set point 
equals 18 kW and reactive power 0 kvar; b) Reactive power set point equals 20 kvar and active 
power 0 kW. 

The simplified model is then validated. This step is performed by comparing 
simulation results with transient measurements. Figure 3-20 shows an example of the 
validation of the simplified models for two different set points for the active and 
reactive power at the PCC of HBESS I. 

 

Figure 3-18. Simplified model of HBESS I. 
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Figure 3-20. Comparison between the simplified model and transient measurements: a) Active 
power set point equals 18 kW and reactive power 0 kvar; b) Reactive power set point equals  
-20 kvar and active power 0 kW. 

3.2.2 Home Battery Energy Storage System II 

3.2.2.1 Detailed Model 
The detailed model of this subsystem of the nanogrid is depicted in Figure 3-21. It consists 
of two DC/DC converters and an AC inverter.  

In the DC side, two battery modules with a capacity of 3 kWh and 6 kWh are part of 
HBESS II. The number of cells connected in series and in parallel of the battery modules 
were adjusted according to the data sheet of HBESS II: 

• 3 kWh module: 14s1p 

• 6 kWh module: 14s2p 
The battery modules are connected to the two bidirectional DC/DC converters 

whose controllers require active power set points Pbatset1and Pbatset2 for generating the 
pulses for the switches S1, S2,  S3 , and S4.  

 

 

 

 

Figure 3-21. Topology of HBESS II. 
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The AC side is based on an VSI control. Figure 3-22 shows the control structure of the 
AC inverter of HBESS II according to (Yazdani & Iravani, 2010). This consists of two outer 
loops. The first outer loop regulates the DC link voltage, which, in turn, gives the set 
point for the inner current loop related to the direct component of the three-phase 
current at the PCC of HBESS II. Additionally, the first outer loop considers the dynamics 
of the DC link capacitor. On the other hand, the second outer loop allows an 
independent control of the reactive power. The pole placement method is applied for 
the tuning of the controllers of the AC inverter. 

Figure 3-23 shows an example of a discharging process of HBESS II. An active power 
step of 2 kW is required at the AC side of HBESS II (Figure 3-23a). The voltages at the 
output of the battery modules (Figure 3-23b) are slightly reduced, while the currents 
(Figure 3-23c) are increased due the discharging process. In this example, the reactive 
power set point is set to zero. 

 

Figure 3-23. Discharging process by applying a set point of 2 kW: a) Active power at the PCC of 
HBESS II; b) Voltages at the output of the two battery modules; c) Currents at the output of the 
two battery modules. 

 

 

Figure 3-22. Block diagram of the voltage, reactive power and current controllers. 
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3.2.2.2 Simplified Model 
The topology shown in Figure 3-21 is simplified according to Figure 3-24. The simplified 
model of HBESS II regulates the active and reactive power at its PCC. This means that 
the DC voltage control of Figure 3-22 is replaced by an active power control and the 
reactive power control remains as presented. Furthermore, an equivalent resistance 
and inductance due to the AC filter are part of the model.  

 

3.2.2.3 Validation Model 
Firstly, the simplified model is validated by comparing it with the corresponding 
detailed model (Figure 3-25). Secondly, the verified simplified model is compared with 
transient measurements and adjusted by setting a ramp to the simplified model (Figure 
3-26). For both scenarios, the active power is only analyzed. 

 

Figure 3-25. Comparison between the detailed and simplified models of HBESS II when applying a 
set point of 2 kW. 

  

 

Figure 3-24. Simplified model of HBESS II.  
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Figure 3-26. Comparison between the simplified model of HBESS II and transient measurements. 

3.2.3 Photovoltaic System 
The PV system of the nanogrid consists of two inverters with east-west oriented 
modules. The models described in this section are the same for both inverters and are 
called PV system I and PV system II. The only difference between them is the number of 
modules of the PV strings connected to the inverters. 

3.2.3.1 Detailed Model 
The inverters of PV system I and II can perform reduction of active power as well as 
absorption/generation of reactive power.  

For the reduction of the active power, the topology in Figure 3-27 is applied 
according to (Yang, Blaabjerg, & Wang, 2014), (Sangwongwanich, Yang, & Blaabjerg, 
2017) and (Wandhare & Agarwal, 2014). Furthermore, for the analysis of this topology, 
the reactive power set point is set to zero. If a reduction of the active power for PV 
systems 1 or 2 (𝑃𝑟𝑒𝑑1,2) is required, the control of the DC/DC converter verifies the 

criteria 𝑃𝑟𝑒𝑑1,2 > 𝑃𝑀𝑃𝑃1,2  and 𝑃𝑟𝑒𝑑1,2 ≤ 𝑃𝑀𝑃𝑃1,2 , where 𝑃𝑀𝑃𝑃1,2  is the maximum power 

available at the moment of the verification (see Figure 3-27 and Figure 3-28).  
The maximum power tracker algorithm called incremental conductance is selected in 
PSCAD. Then, if the first inequality is true, the maximum power point power is chosen. 
On the other hand, if the second inequality is valid, a reduction of the active power is 
set. Both criteria apply a PI controller whose output value goes to the SPWM block, 
where the switching frequency for the DC/DC converter is generated. Finally, the VSI 
control block regulates, similar to HBESS II, the DC-link voltage as well as the reactive 
power at the PCC of PV system I and II. 
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Figure 3-27. Topology used for PV system I and II in the case of the reduction of the active power. 

 

For the provision of the reactive power, the topology in Figure 3-29 is set up.  
A reactive power set point is sent to the controller. Depending on the PQ curve block, 
the reactive power at the PCC is generated (see section 3.1.1.1). Additionally, if the 
active power generated by PV system I or II is reduced due to a reactive power set 
point, then the control strategy for the DC/DC converter shown in Figure 3-27 is also 
applied to the strategy of Figure 3-29. 

 

 

 

Figure 3-28. Reduction of the active power considering different solar radiations. 
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Figure 3-29. Topology used for PV system I and II in the case of reactive power provision. 

The VSI control block regulates, similar to HBESS II, the DC link voltage and the 
reactive power at the PCC of each PV system. The block diagram of these controllers 
and transfer functions is shown in Figure 3-30. 

 

 

 

Figure 3-30. Block diagram of the voltage and reactive power control for PV system I and II. 
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3.2.3.2 Simplified Model 
The same structure presented for HBESS I and HBESS II is applied for PV system I and II. 
This structure is illustrated in Figure 3-31. 

 

The set point 𝑃𝑟𝑒𝑓
𝑃𝑉1,2 refers to the active power generated by PV system I or II at the 

PCC of each one. To calculate P
ref

PV1,2, the procedure of Figure 3-32 is followed.  

The Python tool, pvlib, is used to generate a lookup table that contains the global 
radiation, the cell temperature and the active power generated by the PV string (set of 
PV modules). The tool pvlib provides functions and classes for simulating the 
performance of PV energy systems (Python). The required inputs for pvlib are: 

• Input 1: The parameters related to the PV cell at standard conditions according to 
PSCAD (ideality factor, photocurrent, saturation current, series resistance, and 
shunt resistance) and information from the data sheet of the PV module (cell 
arrangement, short circuit current, open circuit voltage, maximum current and 
voltage, and temperature coefficients). 

• Input 2: Measurements of the global radiation and cell temperature. 
The outputs of the block pvlib in Figure 3-32 are related to one PV module. These are 

the short circuit current (𝐼𝑠𝑐), the open circuit voltage (𝑉𝑜𝑐), the current (𝐼𝑚𝑝𝑝), as well 

as the voltage (𝑉𝑚𝑝𝑝) at maximum power point. The last two outputs are used for 

calculating the active power of a PV string. 
 

 

Figure 3-31. Simplified model of PV system I and II. 
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Figure 3-32. Procedure for obtaining the active power generated of PV system I and II. 

3.2.3.3 Validation Model 
First, the simplified model of section 3.2.3.2 is compared with the detailed model of 
section 3.2.3.1. Then, the simplified model is verified by comparing it with transient 
measurements. 

Figure 3-33 depicts the comparison between the simplified and detailed model for 
PV system I in case an active power reduction set point of 2 kW is required at the PCC 
of the system. The comparison is done for standard conditions, which means, for a 
global radiation of 1,000 W/m² and cell temperature of 25 °C. In this example, the pvlib 
tool is not applied since the active power set point of the simplified model applied 
before the active power reduction is calculated according to the data sheet of the PV 
module.  

 

Figure 3-33. Comparison between the simplified and the detailed model for PV system I when a 
set point of the active power reduction of 2 kW is required. 
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For the validation of the active power reduction, PV system 1 is used. Figure 3-34a 
illustrates the temperature of one PV module of PV system 1 in a typical summer day. 
Additionally, Figure 3-34b shows the global radiation from a weather station called 
“Sportplatz”, which is located 100 meters away from the demonstrator. The information 
from Figure 3-34 is used as input for the pvlib tool. Additionally, the unknown parameters 
of the PV cell are entered. 

 

Figure 3-34. Inputs for the pvlib tool: a) Temperature of one PV module of PV system I; b) Global 
radiation of the weather station “Sportplatz”. 

Results of the pvlib tool are shown in Figure 3-35. The y-axis represents the current 
and the x-axis the voltage of the PV module of PV system I for different global 
radiations and fixed cell temperature, which in this case is 40 °C. The black points show 
the maximum power point. These points are used for the lookup table that provides 
the set points of active power for PV system I. 

 
Figure 3-36 shows the verification of the simplified model in the case of an active 

power reduction. The example is related to PV system 1. The active power generated 
before the reduction is around 2.45 kW. Then, a set point of 2 kW is sent to the PV 
inverter. In this case, the inequality 𝑃𝑟𝑒𝑑 ≤ 𝑃𝑀𝑃𝑃   is valid and the active power reduction 
is possible. 

 

 

Figure 3-35.  I vs. V curves of a PV module for different global radiations and a cell temperature of 
40 °C. 
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Figure 3-36. Comparison between the simplified model and transient measurements in the case of 
an active power reduction set point of 2 kW.  

The simplified and detailed models are compared in the case of reactive power 
provision, too. Simulations results are shown in Figure 3-37 in the case of a reactive 
power set point of 5 kvar at t = 5 s (Figure 3-37b). An active power reduction occurs, as 
defined in the PQ curve (Figure 3-37a), so that the rated apparent power of the inverter 
is not exceeded. 

 

Figure 3-37. Comparison between the detailed and simplified models for PV system I in the case of 
reactive power provision: a) Active power reduction due to reactive power provision; b) Reactive 
power at the PCC at t = 5 s. 

Finally, the simplified model is verified by the comparison with transient 
measurements, as seen in Figure 3-38. The increase of the reactive power from 2 kvar 
to 4 kvar does not reduce the active power, since the rated apparent power of the 
inverter is not exceeded in this case. 
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Figure 3-38. Comparison between the simplified model and transient measurements for PV 
system I: a) Active power at the PCC; b) Reactive power at the PCC. 

3.3 Complete System Including Control Centre 

In section 3.2, detailed and simplified models of the active components of the nanogrids 
were developed. This section investigates the behaviour of these simplified models in 
combination with power distribution control (PDC). Before the PDC is combined with the 
simplified models, the dynamic model of the grid-connected nanogrid is analyzed.  

3.3.1 Dynamic Model of the Grid-Connected Nanogrid 
The high number of elements of the nanogrid leads immediately to an idea that the 
nanogrid can be seen as a MIMO system. Additionally, this kind of a system is 
characterized by the coupling between the inputs and outputs, as illustrated in Figure 
3-39. The aim of this section is to develop a dynamic model of the nanogrid and then to 
investigate if the active and the reactive power control at the PCC of the nanogrid can 
be controlled independently (decentralized control). The assumption is that this is 
possible. For this purpose, the RGA matrix is obtained based on the dynamic model of 
the grid-connected nanogrid. Due to the complexity of the nanogrid, different cases of 
use are analyzed. 

 

The process of developing the dynamic model of the nanogrid and analyzing the 
interaction between inputs and outputs of the MIMO system is depicted in Figure 3-40. 
The first step is called the dynamic model of the nanogrid. Here the following dynamics 
for each active component of the nanogrid are obtained based on the simplified models 
described in section 3.2: 

 

 

Figure 3-39: Coupling of a MIMO system with 3 inputs and 2 outputs (Lunze, 2016). 
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• Power circuit: Dynamics associated with the filter  

• PLL: Dynamics of the model of the Phase-Locked Loop   

• Controller: Dynamics of the outer and inner loops  
Furthermore, the dynamics related to the power network is considered in this step. 

This means that cable impedances and loads are connected to the nanogrid. Then,  
the small-signal model of the respective use case is obtained. In this step, the equations 
found in the previous step are linearized around an operating point and then expressed 
in state equation form. The first two steps, which means the dynamic model as well as 
the small-signal model, are based on (Kazempour, 2016) and (Katiraei, 2005). 

Once the state equation of the system is acquired, the transfer function matrix 𝑮(𝒔) 
of the system model is found. Next, a decoupling analysis is carried out based on the 
RGA matrix, which requires 𝑮(𝒔). Information regarding the quantification of the 
interactions between the inputs and outputs of the MIMO system is given by the RGA 
matrix (Lunze, 2016), (Skogestad & Postlethwaite, 2001). This information enables 
investigation of the input-output pairing of the controller and if a decentralized control 
for the active and reactive power at the PCC can be applied (It is plausible to regulate 
the active and reactive power in this way, but it must be mathematically provable).  
The RGA matrix is defined mathematically as 

 
 𝑹𝑮𝑨 = 𝑮 × (𝑮−1)𝑇  (3-19) 

 
where the symbol × denotes the Schur product. Moreover, this matrix is a function 

of the frequency. 
 

Use Case I: This use case considers HBESS I and the load as seen in the single line 
diagram of Figure 3-41. The system of Use Case I has two inputs (active and reactive 
power set points of HBESS I) and two outputs (active and reactive power at the PCC of 

 

Figure 3-40. Flow chart for the analysis of the dynamics of the nanogrid.  
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the nanogrid). Additionally, the equations of the power network are related to Figure 
3-41. These equations consider resistances and inductances of cables as well as the 
load. The linearized equations of the dynamic model (power circuit, PLL and controller) 
of HBESS I as well as for the power network are written in Matlab according to the 
parameters of the simplified model presented in 3.2.1.2 and rearranged in state 
equation form. In this use case, 14 states are obtained.  

The small-signal model of Use Case I is verified by the comparison with transient 
measurements when a small disturbance occurs.  The power system, in this case,  
the nanogrid of Use Case I, is operating in a steady state condition and suddenly the set 
point at the PCC is changed. If this change can be properly investigated by the 
linearized model, a small disturbance will occur (Grainger & Stevenson, 1994). In Figure 
3-42, HBESS I is discharged with a set point of 5 kW while a load of 4.5 kW is connected 
to the nanogrid. On the other hand, in Figure 3-43, a capacitive set point is applied to 
HBESS I while an inductive load of 4.5 kvar is present. Results shows very good match 
between the small-signal models and the transient measurements. 

 

Figure 3-42. Comparison between the small-signal model and transient measurements for Use 
Case I if a discharge set point of 5 kW is applied to HBESS I and a load of 4.5 kW is present:  
a) Active power HBESS I; b) Reactive power HBESS I; c) Active power at the PCC; d) Reactive power 
at the PCC. 

 

Figure 3-41. Single-line diagram of Use Case I. 
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Figure 3-43. Comparison between the small-signal model and transient measurements for Use 
Case I if a capacitive set point of 5 kvar is applied to HBESS I and an inductive load of 4.5 kvar is 
present: a) Active power HBESS I; b) Reactive power HBESS I; c) Active power at PCC; d) Reactive 
power at PCC.  

The system mathematically described in the current use case can be also 
represented by a transfer function whose dimension is 2x2. The transfer function is 
used as input for the calculation of the RGA matrix. The elements of this matrix, which 
are depicted in Figure 3-44 at 𝑠 = 0, show a diagonal dominance. This means that a 
decentralized control can be applied, and the active and reactive power can be 
regulated independently for Use Case I. If the value of an element of the matrix is close 
to 1, then the pairing should be selected (Skogestad & Postlethwaite, 2001). In Figure 
3-44, this means 𝑢1 − 𝑦1 and 𝑢2 − 𝑦2. 

 

Use Case II: This use case considers HBESS I, PV II, and the load. With such of 
configuration (see Figure 3-45), the linearized dynamic model in state-space form has 4 
inputs (active and reactive power set points of HBESS I and PV II), 2 outputs (active 
power and reactive power at PCC), and 24 states. The validation of the linearized 
dynamic model is shown in Figure 3-46 and 3-47 for an active and reactive power set 
point applied to HBESS I and PV II, respectively. The resistance of the load bank affects 
the results of Figure 3-47 e).  

 
 

 

 

 

Figure 3-44. Elements of the RGA matrix for Use Case I. 
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Figure 3-46. Dynamics of the nanogrid for Use Case II in case an active power step is applied to 
HBESS I and a load of 4.5 kW: a) Active power HBESS I; b) Reactive power HBESS I; c) Active power 
PV West; d) Reactive power PV West; e) Active power PCC; f) Reactive power PCC.  

 

 

Figure 3-45. Single-line diagram of Use Case II. 
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Figure 3-47. Dynamics of the nanogrid for Use Case II in case a reactive power step is applied to 
PV West and a load of 4.5 kvar: a) Active power HBESS I; b) Reactive power HBESS I; c) Active 
power PV West; d) Reactive power PV West; e) Active power PCC; f) Reactive power PCC. 

The transfer function matrix of the system shown in Figure 3-45 has a dimension of 
2x4. The elements of the RGA matrix are illustrated in Figure 3-48. At 𝑠 = 0, if the value 
of an element of the matrix is close to 1, then the pairing should be selected (Skogestad 
& Postlethwaite, 2001); in this case, 𝑢1 − 𝑦1 and 𝑢3 − 𝑦1 as well as 𝑢2 − 𝑦2 and 𝑢4 − 𝑦2. 

Use Case III: This use case considers HBESS I and II as well as the load, as seen in 
Figure 3-49. The validation of the linearized dynamic model is shown in Figure 3-50. 

Figure 3-48. Elements of the RGA matrix for Use Case II.  
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Figure 3-49. Single-line diagram of Use Case III.  

 

 

Figure 3-50. Dynamics of the nanogrid for Use Case III in case an active power step is applied to 
HBESS II and a load of 1.5 kW: a) Active power HBESS I; b) Active power HBESS II; c) Active power 
PCC.  
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The elements of the RGA matrix are illustrated in Figure 3-51. 
 

 

3.3.2 Power Distribution Control (PDC) 
In this section, the developed simplified models are combined with a control centre for 
the provision of the active and reactive power of the nanogrid in grid-connected mode.   
This is carried out in a simulation environment, whereas the results are validated by 
comparing the results with the measurements at the demonstrator. An optimization of 
the control is not performed in this thesis and can be seen as part of future work. 
Moreover, the PI controllers are set up by trial-and-error.  

The block diagram of the PDC is depicted in Figure 3-52. The PDC can distribute 
active and reactive power set points among the RES and storages present in the 
system. The block network represents cables and loads.  

In this section, Use Cases I and II shown in 3.3.1 are analyzed. 
 

 

Figure 3-51. Elements of the RGA matrix for Use Case III.  

 

Figure 3-52. Block diagram of the PDC with several RES and storages. 
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Use Case I: This use case considers just HBESS I and a load, as presented in section 
3.3.1. In this section, it was determined that for this use case, decentralized control is 
possible, which means that the active and reactive power at the PCC can be controlled 
separately. The network shown in Figure 3-41 and the corresponding control structure 
according to Figure 3-52 are implemented in the demonstrator as well as in the 
simulation environment PSCAD (applying simplified models). Figure 3-53 and 3.54 show 
the comparison between the measurements from the control centre and the simulation. 
The PDC in this use case was tuned by applying the trial-and-error method. In the case 
of the provision of the active power (Figure 3-53), the load was set to 4.5 kW and for 
every variation in the set points, the active power is compensated by HBESS I. Figure 
3-54 illustrates the provision of the reactive power at the PCC of the nanogrid when an 
inductive load of 4.5 kvar is connected during the test. For every set point, HBESS I 
compensates the reactive power required at the PCC. It is necessary to point out the 
presence of a variable communication delay due to communication between HBESS I 
and the control centre. 

 
 

Figure 3-53. Results of simulation and measurements at the PCC of the nanogrid for Use Case I in 
the case of active power provision. 

 

 

 

 

Figure 3-54. Results of simulation and measurements at PCC of the nanogrid for Use Case I in the 
case of reactive power provision.  
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Use Case II: The network shown in Figure 3-45 and the corresponding control 
structure according to Figure 3-52 are implemented in the demonstrator as well as in 
the simulation environment PSCAD (simplified models). The PDC is tuned according to 
the trial-and-error method. Figure 3-55 depicts the results of the simulation and the 
measurement from the control centre when several set points of the active power are 
applied to the PCC of the nanogrid and a constant load of around 4.5 kW is connected. 
Figure 3-55 also indicates how HBESS I supports the nanogrid in order to accomplish the 
active power set point at the PCC of it. Furthermore, the active power generation of the 
connected PV system is lower than the active power consumed by the load during the 
experiment. In Figure 3-55a, the simplified models developed in PSCAD (see sections 
3.2.1.2 and 3.2.3.2) are compared with the measurements from the control centre.  
In Figure 3-55b, the measurements of the PV system with east orientation are used as 
active power profiles for the simplified model of the PV system in the PSCAD 
simulation. Figure 3-55c illustrates the comparison between the simplified model in 
PSCAD of HBESS I (see section 3.2.1.2) and the measurements from the control centre. 
It is necessary to point out the application of the load and generation conventions that 
influence the signs of the active power measurements. Communication delays are also 
present in the experiment. 

 

Figure 3-55. Results of simulation and measurements for active power provision in Use Case II:  
a) Active power at PCC of the nanogrid in load convention; b) Active power PV East in generation 
convention; c) Active power HBESS I in generation convention. 

In the case of the reactive power provision, an inductive load of around 1.5 kvar is 
connected. Figure 3-56 shows the comparison between the simulation and the 
measurements from the control centre. In this case, the PDC includes participation 
factors for the distribution of the reactive power between the PV inverter and HBESS I: 

 
 

 



 

82 

• HBESS I:  
𝑅𝑎𝑡𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 𝐻𝐵𝐸𝑆𝑆 𝐼

𝑇𝑜𝑡𝑎𝑙 𝑟𝑎𝑡𝑒𝑑 𝑃𝑜𝑤𝑒𝑟
=

20𝑘𝑉𝐴

20𝑘𝑉𝐴+6𝑘𝑉𝐴
= 10/13 

 

• PV East:  
𝑅𝑎𝑡𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 𝑃𝑉 𝐸𝑎𝑠𝑡

𝑇𝑜𝑡𝑎𝑙 𝑟𝑎𝑡𝑒𝑑 𝑃𝑜𝑤𝑒𝑟
=

6𝑘𝑉𝐴

20𝑘𝑉𝐴+6𝑘𝑉𝐴
= 3/13 

 
 

3.3.3 Stability Analysis Considering Communication Delays 
The performance of the whole control loops might be affected by the communication 
delays present in the communication infrastructure, which could show a random 
behaviour. For this reason, it is necessary to analyze the stability of the system 
considering communication delays at the nanogrid level.  Due to simplicity reasons,  
this scientific work presents the stability analysis of Use Case I. Firstly, the ordinary 
differential equations are presented. Then, a small-signal model of the system and its 
validation are shown. Since the nanogrid is a multiple-input multiple-out system,  
a decoupling analysis is performed first. At the end, the stability analysis is made. 

The single-line diagram of the system including active and reactive power control is 
depicted in Figure 3-57. The cable that connects HBESS I to the grid is represented by 
𝑅1 and 𝐿1. 𝑅5 and 𝐿5 stand for the load as well as its cable connection of the grid. 
Additionally, the cable connecting the nanogrid with the grid is defined by 𝑅𝐺𝑟𝑖𝑑  and 
𝐿𝐺𝑟𝑖𝑑. In order to obtain the small-signal model of the nanogrid, first, it is necessary to 
develop the ordinary differential equations (ODE) of the whole system. In the case of 
HBESSI , the power circuit, controllers as well as the phase-locked loop (PLL) are taken 
into account (Katiraei, 2005), (Kazempour, 2016).  

 

Figure 3-56. Results of simulation and measurements for reactive power provision in Use Case II: 
a) Reactive power at PCC of the nanogrid in generation convention; b) Reactive power PV East in 
generation convention; c) Reactive power HBESS I in generation convention.  
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ODE of the power circuit of HBESSI 
This part of the modelling is based on the simplified models, which means that the 

IGBT and the DC side (in this case, the battery modules and DC/DC converter) of HBESS 
I can be ignored. Especially, for control and stability analysis, the switching of the IGBT 
in the voltage source inverter can be neglected due to the low content of the 
harmonics in the current. Figure 3-58 shows the simplified model of HBESS I in the  

dq-Frame. The variables 𝑖𝑑
𝐻𝐵𝐸𝑆𝑆𝐼  and 𝑖𝑞

𝐻𝐵𝐸𝑆𝑆𝐼  are the output currents of the battery 

system. On the other hand, 𝑣𝑑𝐻𝐵𝐸𝑆𝑆𝐼
′  and 𝑣𝑞𝐻𝐵𝐸𝑆𝑆𝐼

′  represent the input voltages of the 

voltage source. The variables 𝑣𝑑
𝐻𝐵𝐸𝑆𝑆𝐼  and 𝑣𝑞

𝐻𝐵𝐸𝑆𝑆𝐼  donate the voltage at the terminals 

of HBESS I. 

Based on Figure 3-58 and applying Kirchhoff’s voltage law, the ODE of the power 
circuit of HBESS I is given by 

 𝑑

𝑑𝑡
𝑖𝑑
𝐻𝐵𝐸𝑆𝑆𝐼 = −

𝑅𝑒𝑞
𝐻𝐵𝐸𝑆𝑆𝐼

𝐿𝑒𝑞
𝐻𝐵𝐸𝑆𝑆𝐼

𝑖𝑑
𝐻𝐵𝐸𝑆𝑆𝐼 + 𝜔𝑟𝐻𝐵𝐸𝑆𝑆𝐼𝑖𝑞

𝐻𝐵𝐸𝑆𝑆𝐼

+
1

𝐿𝑒𝑞
𝐻𝐵𝐸𝑆𝑆𝐼

[𝑣𝑑𝐻𝐵𝐸𝑆𝑆𝐼
′ − 𝑣𝑑

𝐻𝐵𝐸𝑆𝑆𝐼] 

 
(3-20) 

 

Figure 3-57. Use Case I with active and reactive power control as well as communication network. 

 

Figure 3-58. Power circuit of HBESS I. 
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 𝑑

𝑑𝑡
𝑖𝑞
𝐻𝐵𝐸𝑆𝑆𝐼 = −

𝑅𝑒𝑞
𝐻𝐵𝐸𝑆𝑆𝐼

𝐿𝑒𝑞
𝐻𝐵𝐸𝑆𝑆𝐼

𝑖𝑞
𝐻𝐵𝐸𝑆𝑆𝐼 − 𝜔𝑟𝐻𝐵𝐸𝑆𝑆𝐼𝑖𝑑

𝐻𝐵𝐸𝑆𝑆𝐼

+
1

𝐿𝑒𝑞
𝐻𝐵𝐸𝑆𝑆𝐼

[𝑣𝑞𝐻𝐵𝐸𝑆𝑆𝐼
′ − 𝑣𝑞

𝐻𝐵𝐸𝑆𝑆𝐼] 

 
(3-21) 

 
ODE of the PLL 
The PLL is required for the synchronization of the battery system with the grid.  

The ODE of the PLL is based on the control block diagram shown in Figure 3-59 (Yazdani 
& Iravani, 2010), where 𝑘𝑠𝑃𝐿𝐿 , 𝑘𝑝𝑃𝐿𝐿  and 𝑘𝑖𝑃𝐿𝐿  are the smoothing, proportional and 

integral gains of the controller, respectively. Furthermore, 𝜃𝐻𝐵𝐸𝑆𝑆𝐼  and 𝜔𝑟𝑒𝑓,𝐻𝐵𝐸𝑆𝑆𝐼  are 

defined as the phase angle and the angular frequency of HBESS I. 

 

 
 𝑑

𝑑𝑡
𝜔𝑟𝐻𝐵𝐸𝑆𝑆𝐼 = 𝑘𝑠𝑃𝐿𝐿,𝐻𝐵𝐸𝑆𝑆𝐼

𝑘𝑝𝑃𝐿𝐿,𝐻𝐵𝐸𝑆𝑆𝐼

𝑑

𝑑𝑡
𝜃𝑟𝑒𝑓,𝐻𝐵𝐸𝑆𝑆𝐼

− 𝑘𝑠𝑃𝐿𝐿,𝐻𝐵𝐸𝑆𝑆𝐼
𝑘𝑝𝑃𝐿𝐿,𝐻𝐵𝐸𝑆𝑆𝐼

𝑑

𝑑𝑡
𝜃𝐻𝐵𝐸𝑆𝑆𝐼

+ (𝑘𝑠𝑃𝐿𝐿,𝐻𝐵𝐸𝑆𝑆𝐼
𝑘𝑖𝑃𝐿𝐿,𝐻𝐵𝐸𝑆𝑆𝐼

)(𝜃𝑟𝑒𝑓,𝐻𝐵𝐸𝑆𝑆𝐼
− 𝜃𝐻𝐵𝐸𝑆𝑆𝐼) 

 
(3-22) 

 
ODE of the controller 
The outer (power) as well as the inner (current) controllers are considered in the 

modelling of the ODE. The control loops for the active and reactive power regulation of 

HBESS I are depicted in Figure 3-60. The parameters 𝑘𝑝𝑝
𝐻𝐵𝐸𝑆𝑆𝐼  and 𝑘𝑝𝑖

𝐻𝐵𝐸𝑆𝑆𝐼  are the 

proportional and integral gains of the power controllers. 𝑘𝑝𝑖
𝐻𝐵𝐸𝑆𝑆𝐼  and 𝑘𝑖𝑖

𝐻𝐵𝐸𝑆𝑆𝐼  are the 

proportional and integral gains related to the current controllers. The following 
mathematical expressions represent the ODE of the active and reactive power 
controllers according to Figure 3-60. 

 

 

Figure 3-59. Block diagram of the PLL. 
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𝑃𝐻𝐵𝐸𝑆𝑆𝐼 = 1.5𝑣𝑑
𝐻𝐵𝐸𝑆𝑆𝐼𝑖𝑑

𝐻𝐵𝐸𝑆𝑆𝐼 + 1.5𝑣𝑞
𝐻𝐵𝐸𝑆𝑆𝐼𝑖𝑞

𝐻𝐵𝐸𝑆𝑆𝐼 
 

(3-23) 
 

 
𝑄𝐻𝐵𝐸𝑆𝑆𝐼 = −1.5𝑣𝑑

𝐻𝐵𝐸𝑆𝑆𝐼𝑖𝑞
𝐻𝐵𝐸𝑆𝑆𝐼 + 1.5𝑣𝑞

𝐻𝐵𝐸𝑆𝑆𝐼𝑖𝑑
𝐻𝐵𝐸𝑆𝑆𝐼  

 
(3-24) 

 
 𝑑

𝑑𝑡
𝑣𝑖,𝑑
𝐻𝐵𝐸𝑆𝑆𝐼 = 𝑃𝑟𝑒𝑓

𝐻𝐵𝐸𝑆𝑆𝐼𝑘𝑝𝑝
𝐻𝐵𝐸𝑆𝑆𝐼 − 𝑃𝐻𝐵𝐸𝑆𝑆𝐼𝑘𝑝𝑝

𝐻𝐵𝐸𝑆𝑆𝐼

+ 𝑖𝑖,𝑑𝐻𝐵𝐸𝑆𝑆𝐼𝑘𝑖𝑝
𝐻𝐵𝐸𝑆𝑆𝐼 − 𝑖𝑑

𝐻𝐵𝐸𝑆𝑆𝐼  

 
(3-25) 

 
 𝑑

𝑑𝑡
𝑣𝑖,𝑞
𝐻𝐵𝐸𝑆𝑆𝐼 = 𝑄𝑟𝑒𝑓

𝐻𝐵𝐸𝑆𝑆𝐼𝑘𝑝𝑝
𝐻𝐵𝐸𝑆𝑆𝐼 − 𝑄𝐻𝐵𝐸𝑆𝑆𝐼𝑘𝑝𝑝

𝐻𝐵𝐸𝑆𝑆𝐼

+ 𝑖𝑖,𝑞𝐻𝐵𝐸𝑆𝑆𝐼𝑘𝑖𝑝
𝐻𝐵𝐸𝑆𝑆𝐼 − 𝑖𝑞

𝐻𝐵𝐸𝑆𝑆𝐼  

 
(3-26) 

 
 𝑣𝑑𝐻𝐵𝐸𝑆𝑆𝐼

′ = 𝑣𝑑
𝐻𝐵𝐸𝑆𝑆𝐼 −𝜔𝑟𝐻𝐵𝐸𝑆𝑆𝐼𝐿𝑒𝑞

𝐻𝐵𝐸𝑆𝑆𝐼𝑖𝑞
𝐻𝐵𝐸𝑆𝑆𝐼

+ 𝑣𝑖,𝑑𝐻𝐵𝐸𝑆𝑆𝐼𝑘𝑖𝑖
𝐻𝐵𝐸𝑆𝑆𝐼 + 𝑘𝑝𝑖

𝐻𝐵𝐸𝑆𝑆𝐼
𝑑

𝑑𝑡
𝑣𝑖,𝑑
𝐻𝐵𝐸𝑆𝑆𝐼  

 
(3-27) 

 
 𝑣𝑞𝐻𝐵𝐸𝑆𝑆𝐼

′ = 𝑣𝑞
𝐻𝐵𝐸𝑆𝑆𝐼 − 𝜔𝑟𝐻𝐵𝐸𝑆𝑆𝐼𝐿𝑒𝑞

𝐻𝐵𝐸𝑆𝑆𝐼𝑖𝑑
𝐻𝐵𝐸𝑆𝑆𝐼

+ 𝑣𝑖,𝑞𝐻𝐵𝐸𝑆𝑆𝐼𝑘𝑖𝑖
𝐻𝐵𝐸𝑆𝑆𝐼 + 𝑘𝑝𝑖

𝐻𝐵𝐸𝑆𝑆𝐼
𝑑

𝑑𝑡
𝑣𝑖,𝑞
𝐻𝐵𝐸𝑆𝑆𝐼  

 
(3-28) 

 
 𝑑

𝑑𝑡
𝑖𝑖,𝑑𝐻𝐵𝐸𝑆𝑆𝐼 = 𝑃𝑟𝑒𝑓

𝐻𝐵𝐸𝑆𝑆𝐼 − 𝑃𝐻𝐵𝐸𝑆𝑆𝐼  
 

(3-29) 
 

 𝑑

𝑑𝑡
𝑖𝑖,𝑞𝐻𝐵𝐸𝑆𝑆𝐼 = 𝑄𝑟𝑒𝑓

𝐻𝐵𝐸𝑆𝑆𝐼 − 𝑄𝐻𝐵𝐸𝑆𝑆𝐼  
 

(3-30) 
 
 

 

Figure 3-60. Active and reactive power control. 
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ODE considering the external grid 
The ODEs of the system shown in Figure 3-57 in dq-Frame are given by 
 

 𝑑

𝑑𝑡
𝑖𝑑
𝐺𝑟𝑖𝑑 =

1

𝐿𝐺𝑟𝑖𝑑
(𝑣𝑑

𝑔,𝐺𝑟𝑖𝑑
− 𝑣𝑑

𝑃𝐶𝐶) −
𝑅𝐺𝑟𝑖𝑑
𝐿𝐺𝑟𝑖𝑑

𝑖𝑑
𝐺𝑟𝑖𝑑 +𝜔𝑠𝑖𝑞

𝐺𝑟𝑖𝑑 

 

 
(3-31) 

 
 𝑑

𝑑𝑡
𝑖𝑞
𝐺𝑟𝑖𝑑 =

1

𝐿𝐺𝑟𝑖𝑑
(𝑣𝑞

𝑔,𝐺𝑟𝑖𝑑
− 𝑣𝑞

𝑃𝐶𝐶) −
𝑅𝐺𝑟𝑖𝑑
𝐿𝐺𝑟𝑖𝑑

𝑖𝑞
𝐺𝑟𝑖𝑑 +𝜔𝑠𝑖𝑑

𝐺𝑟𝑖𝑑 

 

 
(3-32) 

 
 𝑑

𝑑𝑡
𝑖𝐻𝐵𝐸𝑆𝑆𝐼,𝑑
𝑔

=
1

𝐿1
(𝑣𝑑

𝑔,𝐻𝐵𝐸𝑆𝑆𝐼 − 𝑣𝑑
𝑃𝐶𝐶) −

𝑅1
𝐿1
𝑖𝐻𝐵𝐸𝑆𝑆𝐼,𝑑
𝑔

+ 𝜔𝑠𝑖𝐻𝐵𝐸𝑆𝑆𝐼,𝑞
𝑔

 

 

 
(3-33) 

 
 𝑑

𝑑𝑡
𝑖𝐻𝐵𝐸𝑆𝑆𝐼,𝑞
𝑔

=
1

𝐿1
(𝑣𝑞

𝑔,𝐻𝐵𝐸𝑆𝑆𝐼 − 𝑣𝑞
𝑃𝐶𝐶) −

𝑅1
𝐿1
𝑖𝐻𝐵𝐸𝑆𝑆𝐼,𝑞
𝑔

−𝜔𝑠𝑖𝐻𝐵𝐸𝑆𝑆𝐼,𝑑
𝑔

 

 

 
(3-34) 

 
 𝑑

𝑑𝑡
𝑖𝑑
𝐿𝑜𝑎𝑑 =

1

𝐿5
(𝑣𝑑

𝑃𝐶𝐶) −
𝑅5
𝐿5
𝑖𝑑
𝐿𝑜𝑎𝑑 + 𝜔𝑠𝑖𝑞

𝐿𝑜𝑎𝑑  

 

 
(3-35) 

 
 𝑑

𝑑𝑡
𝑖𝑞
𝐿𝑜𝑎𝑑 =

1

𝐿5
(𝑣𝑞

𝑃𝐶𝐶) −
𝑅5
𝐿5
𝑖𝑞
𝐿𝑜𝑎𝑑 + 𝜔𝑠𝑖𝑑

𝐿𝑜𝑎𝑑  

 

 
(3-36) 

 
The global dq-frame reference is denoted by the superscript g. Furthermore,  

the angular frequency of the global frame is defined by 𝜔𝑠.  
 
Small-signal model of the system and validation 
The ODEs presented are rearranged in state-space form and then linearized around 

an operating point. The matrixes �̃�, �̃�1, �̃�2, �̃�3, and �̃�4 are a function of the system 

parameters and are calculated according to (Kazempour, 2016): 
 

 𝑑

𝑑𝑡
∆�⃗� = �̃�∆�⃗� + �̃�1∆�⃗⃗�𝐻𝐵𝐸𝑆𝑆𝐼 + �̃�2∆�⃗�

𝑔,𝐺𝑟𝑖𝑑 + �̃�3∆𝜔𝑠 + �̃�4∆�⃗⃗�𝑝𝑙𝑙  

 

 
(3-37) 

 
 ∆�⃗� = �̃�∆�⃗� 

 
 

(3-38) 
where the vectors are defined as 
 

 

∆�⃗� = [

∆�⃗�𝐻𝐵𝐸𝑆𝑆𝐼
𝑔

∆�⃗�𝑐𝑐
∆�⃗�𝑁𝑒𝑡𝑤𝑜𝑟𝑘

] 

 

 
(3-39) 
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∆�⃗�𝐻𝐵𝐸𝑆𝑆𝐼
𝑔

= [

∆𝑖𝐻𝐵𝐸𝑆𝑆𝐼
𝑔

∆𝜃𝐻𝐵𝐸𝑆𝑆𝐼
∆𝜔𝐻𝐵𝐸𝑆𝑆𝐼

] 

 

 
(3-40) 

 
 

∆𝑖𝐻𝐵𝐸𝑆𝑆𝐼
𝑔

= [
∆𝑖𝐻𝐵𝐸𝑆𝑆𝐼,𝑑

𝑔

∆𝑖𝐻𝐵𝐸𝑆𝑆𝐼,𝑞
𝑔 ] 

 

 
(3-41) 

 
 

∆�⃗�𝑐𝑐 =

[
 
 
 
 
∆𝑣𝑖,𝑑𝐻𝐵𝐸𝑆𝑆𝐼
∆𝑣𝑖,𝑞𝐻𝐵𝐸𝑆𝑆𝐼
∆𝑖𝑖,𝑑𝐻𝐵𝐸𝑆𝑆𝐼
∆𝑖𝑖,𝑞𝐻𝐵𝐸𝑆𝑆𝐼 ]

 
 
 
 

 

 

 
(3-42) 

 
 

∆�⃗�𝑁𝑒𝑡𝑤𝑜𝑟𝑘 =

[
 
 
 
 
 
 
 
∆𝑖𝑑

𝐺𝑟𝑖𝑑

∆𝑖𝑞
𝐺𝑟𝑖𝑑

∆𝑖𝐻𝐵𝐸𝑆𝑆𝐼,𝑑
𝑔

∆𝑖𝐻𝐵𝐸𝑆𝑆𝐼 ,𝑞
𝑔

∆𝑖𝑑
𝐿𝑜𝑎𝑑

∆𝑖𝑞
𝐿𝑜𝑎𝑑

]
 
 
 
 
 
 
 

 

 

 
(3-43) 

 
 

∆�⃗⃗�𝐻𝐵𝐸𝑆𝑆𝐼 = [
∆𝑃𝑟𝑒𝑓

𝐻𝐵𝐸𝑆𝑆𝐼

∆𝑄𝑟𝑒𝑓
𝐻𝐵𝐸𝑆𝑆𝐼

] 

 

 
(3-44) 

 
 

∆�⃗�𝑔,𝐺𝑟𝑖𝑑 = [
∆𝑣𝑑

𝑔,𝐺𝑟𝑖𝑑

∆𝑣𝑞
𝑔,𝐺𝑟𝑖𝑑] 

 

 
(3-45) 

 
 

∆�⃗⃗�𝑝𝑙𝑙 = [
∆𝜃𝑟𝑒𝑓,𝐻𝐵𝐸𝑆𝑆𝐼
∆𝜔𝑟𝑒𝑓,𝐻𝐵𝐸𝑆𝑆𝐼

] 

 

 
(3-46) 

 
 

∆�⃗� = [
∆𝑖𝑑

𝐺𝑟𝑖𝑑

∆𝑖𝑞
𝐺𝑟𝑖𝑑] ;  �̃� = [�̃�1 0̃ 0̃ 0̃ �̃�2];  �̃�1 = [

−1 0
0 −1

] ; �̃�2

= [
0 0 0 0 1 0
0 0 0 0 0 1

] 

 

 
(3-47) 

 
The small-signal model presented previously is validated by varying the active power 

of the battery system. Figure 3-61 and 3-62 show the comparison between the 
measurements and the small-signal model. In this case, a constant load of 4.5 kW is  
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used for the experiment and HBESS I is discharged with a set point of 5 kW. On the 
other hand, the reactive power set point of HBESS I is set to 0 kvar. Results show a very 
good match between the small-signal model of the system and the measurements. 

 

 
 

 
 

 

Figure 3-61. Comparison between simulation and measurements for HBESS I in the generation 
convention system: a) Active power at the output terminals of HBESS I; b) Reactive power at the 
output terminals of HBESS I. 

 

Figure 3-62. Comparison between simulation and measurements for the PCC in the load convention 
system: a) Active power at the PCC; b) Reactive power at the PCC. 
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Decoupling and stability analysis 
The small-signal model can be represented in the frequency domain by its transfer 

function. In this case, the small-signal model is a multiple-input multiple output (MIMO) 
system with a transfer function matrix whose dimension is 2x2 according to 

 
 

�̃�(𝑠) = [
𝐺11(𝑠) 𝐺12(𝑠)
𝐺21(𝑠) 𝐺22(𝑠)

] 

 

 
(3-48) 

Assuming a constant voltage at the PCC, the inputs of the MIMO system are the 
active and reactive power set points of HBESS I. On the other hand, the outputs are the 
active and reactive power at the PCC. The transfer functions of the main diagonal of the 
transfer function matrix represent the relationship between output 1 and input 1(𝐺11) 
as well as between output 2 and input 2 (𝐺22). The coupling elements are given by the 
relationship between output 1 and input 2 (𝐺12) as well as by the relationship between 
output 2 and input 1 (𝐺21). If this coupling is weak, then the transfer functions 𝐺12and 
𝐺21 can be neglected. In addition, 𝐺11as well as 𝐺22can be considered as single-input 
single-output (SISO) systems, which can be analyzed separately, as depicted in Figure 
3-63. 

 

The quantification of the interactions between the inputs and outputs of a MIMO 
system is given by the RGA (Relative Gain Array) matrix, which is defined as 

 
 𝑅𝐺𝐴 = �̃� × (�̃�−1)𝑇 

 
(3-49) 

where the symbol × denotes the Schur product. It is important to point out that the 
RGA matrix is a function of the frequency and if the value of an element of the matrix is 
close to 1, then the pairing should be selected. Figure 3-64 illustrates the RGA matrix of 

the small-signal model. It can be seen that the coupling is weak, since the elements 12 

and 21 are zero, whereas, the elements of the main diagonal are 1, which means that 
𝑢1 − 𝑦1and 𝑢2 − 𝑦2can be paired and considered as SISO systems. 

 

Figure 3-63. Coupling in a MIMO system (Lunze, 2016). 
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Next, the matrices 𝐺11 and 𝐺22 are analyzed as SISO systems. Furthermore,  
an approximation of a time delay is multiplied to each of the transfer functions (Figure 
3-65) mentioned earlier in order to perform the stability analysis. 

 

The time delay is represented by a Padé approximation (Dutton, Thompson, & 
Barraclough, 1997). In this case, a second order (𝑛 = 2) is applied, which ensures good 
accuracy of the modelling of the time delay (Franklin, Powell, & Emami-Naeini, 2010): 

 
 

𝑒−𝑠𝜏 ≈
2 + ∑

(−𝑠𝜏)𝑖

𝑖!
𝑛
𝑖=1

2 + ∑
(𝑠𝜏)𝑖

𝑖!
𝑛
𝑖=1

 

 

 
(3-50) 

The pole-zero plots of the open-loop systems of Figure 3-65 are depicted, and in this 
case, the transfer function 𝐺11  is analyzed without (Figure 3-66a) and with (Figure 
3-66b) communication delay time for poles and zeros near the real and imaginary axis. 
Without communication delay time, there are two poles: on the real axis and located 
on the left side of the s-plane. On the other hand, when adding the communication 
delay time, zeros are introduced and located on the right side of the s-plane. This is due 
to the numerator of the approximation of the communication delay time. In addition to 

 

Figure 3-64. RGA matrix of the small-signal model. 

 

Figure 3-65. Matrices 𝐺11 and 𝐺22 with time delay. 
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this, systems with such characteristics have usually an inverse response, which means 
that if the positive step function is applied to the open-loop transfer function, the 
system responds initially in a negative direction and not from the initial steady state 
value (Dutton, Thompson, & Barraclough, 1997), (Maciejowski, 2018). Furthermore,  
it can be noticed in Figure 3-66b that the higher the communication delay in this 
system, the higher is the approximation of the poles to the origin. In (Dutton, 
Thompson, & Barraclough, 1997), it is highlighted that the impulse response of a 
system with one pole in the origin is marginally stable. In addition, it is also mentioned 
that if two poles are in the origin, the impulse response of the system is unstable.  
As a consequence, a high value of the communication delay time influences the stability 
of the analyzed system. 

 

3.4 Conclusions 

According to the first hypothesis in section 1.2, for the control and stability analysis, the 
switching of the IGBT of the inverters can be neglected. This is due to the low content 
of the harmonics in the current. The validity of the hypothesis was achieved by 
developing simplified models of the DG and DS part of a nanogrid and then comparing 
them with measurements. Afterwards, the simplified models were combined with the 
control centre. In both cases, the results showed a very good match between the 
simulation and the measurement results.  

The dynamics of the nanogrid depends on the control parameter of the components 
of the nanogrids (in this case, HBESS and PV) as well as on the control centre. 
Undoubtedly, a grid code in a specific country can have specific requirements regarding 
the transient response at the PCC of the nanogrid. These specifications could be not 
only related to the rise time, settling time or overshoot, but also to the behaviour of 

 

Figure 3-66. Pole-zero plots for 𝐺11: a) Without communication delay; b) With communication delay 
(5 ms, 500 ms and 5 s). 
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the response, which could be a PT1 element or even a ramp. The fulfilment of the 
requirements of a grid code depends on how the control centre as well as DG and DS 
are parametrized. 

Finally, the second hypothesis in section 1.2 was verified. In this case, communication 
delays influence the stability of a nanogrid. The proof is - the higher the delay time,  
the closer are the poles to the origin.  
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4 Development of a Method for the Optimal Provision of 
Ancillary Services by a TPP 

As opposed to the previous chapter, which focused on the dynamics of a nanogrid 
including a control centre in a real demonstrator, this section aims to present a method 
for the minimization of active power losses when providing reactive power by a TPP 
formed mainly by nanogrids and other DG in a LV network. Since the main point is the 
operation including optimization, this chapter centres on the steady state of the TPP, 
which in turn means that load flow calculation as well as optimization methodologies 
are required. This chapter is related to the third and fourth hypothesis of this scientific 
work.  

4.1 Modelling and Simulation of Active and Reactive Power Flow and 
Node Voltages 

In the following, load flow calculation and optimization methodologies are presented. 
Next, simulation results that combine the load calculations and optimization are shown.  

4.1.1 Load Flow Calculation Methodology 
Load flow calculations are performed in the operation and planning of power systems. 
In these stages, the following conditions are analyzed (Glover, Sarma, & Overbye, 2012): 

• Supplying of the demand 

• Bus voltage magnitudes 

• Power limits of generators 

• Loading of branches (transmission lines and transformers) 
At the end of the calculations, the voltage magnitudes and the angles at each node 

are computed. Furthermore, the active and reactive power flow, losses as well as 
loading are calculated.  

Formulating the power-flow problem is primordial for this chapter. This consists in 
determining the voltage magnitude and phase angle at each node (hereunder: bus) of 
the power system to be analyzed by assuming a balanced three-phase steady state 
condition. Importantly, four variables are always associated with the buses. These are: 
voltage magnitude, phase angle, active and reactive power. In addition, buses are 
classified as (Grainger & Stevenson, 1994): 

• Slack bus: This is the reference bus whose angle serves as reference for the 
angles of all other buses. 

• Load buses (P-Q buses): These are the buses at which the active and 
reactive powers are defined. 

• Regulated buses (P-V buses): These are the generator buses. Here the 
active power and the voltage magnitude are specified; the voltage 
magnitude is kept constant. 

After introducing the variables associated with the buses and the corresponding 
classification, the power flow equation is presented (Saadat, 1999). This equation is 
based on Figure 4-1, which is a typical bus of a power system. Here the transmission 
lines are presented by the per unit admittances.  

 
 𝐼𝑖 = 𝑦𝑖0𝑉𝑖 + 𝑦𝑖1(𝑉𝑖 − 𝑉1) + 𝑦𝑖2(𝑉𝑖 − 𝑉2)+. . . +𝑦𝑖𝑛(𝑉𝑖 − 𝑉𝑛)  (4-1) 
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rearranging,  

 
𝐼𝑖 = 𝑉𝑖∑𝑦𝑖𝑗

𝑛

𝑗=0

−∑𝑦𝑖𝑗

𝑛

𝑗=1

𝑉𝑗        𝑗 ≠ 𝑖 
 (4-2) 

At the bus, the real and reactive power is given by 

 𝑃𝑖 + 𝑗𝑄𝑖 = 𝑉𝑖𝐼𝑖
∗  (4-3) 

also expressed as 

 
𝐼𝑖 =

𝑃𝑖 − 𝑗𝑄𝑖
𝑉𝑖
∗  

 (4-4) 

 

Combining equations (4-2) and (4-4) we obtain  

 
𝑉𝑖∑𝑦𝑖𝑗

𝑛

𝑗=0

−∑𝑦𝑖𝑗

𝑛

𝑗=1

𝑉𝑗 =
𝑃𝑖 − 𝑗𝑄𝑖
𝑉𝑖
∗       𝑗 ≠ 𝑖 

 (4-5) 

Equation (4-5) is the mathematical formulation of the power flow problem, which is 
an algebraic nonlinear equation. This equation can be solved by iterative methods, such 
as Gauss-Seidel as well as Newton-Raphson. The latter is more efficient and practical 
and it is less susceptible to divergence (Saadat, 1999). This method was selected in this 
scientific work. For this reason, the solution of the mathematical formulation of the 
power flow problem based on Newton-Raphson Method is also described in this section.     

 

Newton-Raphson Method: For a better understanding of the method and for 
simplicity reasons, a one-dimensional equation is considered: 

 𝑓(𝑥) = 𝑐  (4-6) 

Additionally, 𝑥(0)and ∆𝑥(0)are defined as the initial estimation of the solution and as 
the small deviation from the final solution, respectively: 

 𝑓(𝑥(0) + ∆𝑥(0)) = 𝑐  (4-7) 

Applying the Taylor’ series to the left side about 𝑥(0) 

 

Figure 4-1. Typical bus in a power system (Saadat, 1999). 
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𝑓(𝑥(0)) + (

𝑑𝑓

𝑑𝑥
)

(0)

∆𝑥(0) +
1

2!
(
𝑑2𝑓

𝑑𝑥2
)

(0)

(∆𝑥(0))2+. . = 𝑐 
 (4-8) 

Assuming that the small deviation from the final solution is very small, this and thus 
also the higher order terms can be neglected: 

 
𝑓(𝑥(0)) + (

𝑑𝑓

𝑑𝑥
)

(0)

∆𝑥(0) = 𝑐 
 (4-9) 

rearranging, 

 
𝑐 − 𝑓(𝑥(0)) = (

𝑑𝑓

𝑑𝑥
)

(0)

∆𝑥(0) 
 (4-10) 

 

∆𝑐(0) = (
𝑑𝑓

𝑑𝑥
)

(0)

∆𝑥(0) 
 

𝑐 = ∆𝑐(0) + 𝑓(𝑥(0)) 

When adding the small deviation and the initial estimation, the second approximation 
is given by 
 𝑥(0) + ∆𝑥(0) = 𝑥(1)  (4-11) 

 

 
𝑥(0) +

∆𝑐(0)

(
𝑑𝑓
𝑑𝑥
)
(0)
= 𝑥(1) 

 (4-12) 

Generally, the previous equations can be represented as 

 ∆𝑐(𝑘) = 𝑐 + 𝑓(𝑥(𝑘))  (4-13) 
 

 
∆𝑥(𝑘) =

∆𝑐(𝑘)

(
𝑑𝑓
𝑑𝑥
)
(𝑘)

 
 (4-14) 

 𝑥(𝑘) + ∆𝑥(𝑘) = 𝑥(𝑘+1)  (4-15) 
 

 ∆𝑐(𝑘) = 𝑗(𝑘)∆𝑥(𝑘)  (4-16) 

 
𝑗(𝑘) = (

𝑑𝑓

𝑑𝑥
)

(𝑘)

 
 (4-17) 

The method described above is valid also for multivariable functions. In this case, the 
equation (4-17) is called the Jacobian matrix. 

 
Solution of the power flow problem by applying the Newton-Raphson Method: 

When applying this method, the polar form is applied. Figure 4-1 is again taken into 
account. For each bus (in terms of the admittance matrix), we have 

 
𝐼𝑖 =∑𝑌𝑖𝑗

𝑛

𝑗=1

𝑉𝑗   
 (4-18) 

In polar form, equation (4-18) can be written as 

 
𝐼𝑖 =∑|𝑌𝑖𝑗||𝑉𝑗|𝑒

𝜃𝑖𝑗+𝛿𝑗

𝑛

𝑗=1

  
 (4-19) 

The complex power at bus 𝑖 can also be expressed as 

 𝑃𝑖 − 𝑗𝑄𝑖 = 𝑉𝑖
∗𝐼𝑖   (4-20) 
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Combining the equations (4-19) and (4-20), we obtain  

 
𝑃𝑖 − 𝑗𝑄𝑖 = |𝑉𝑖|𝑒

−𝛿𝑖∑|𝑌𝑖𝑗||𝑉𝑗|𝑒
𝜃𝑖𝑗+𝛿𝑗

𝑛

𝑗=1

  
 (4-21) 

Equation (4-21) can be separated into real and imaginary parts 

 
𝑃𝑖 =∑|𝑉𝑖||𝑉𝑗|

𝑛

𝑗=1

|𝑌𝑖𝑗| cos(𝜃𝑖𝑗 − 𝛿𝑖 + 𝛿𝑗)  
 (4-22) 

 

𝑄𝑖 = −∑|𝑉𝑖||𝑉𝑗|

𝑛

𝑗=1

|𝑌𝑖𝑗| sin(𝜃𝑖𝑗 − 𝛿𝑖 + 𝛿𝑗) 

which can be seen as multivariable nonlinear functions with the voltage magnitude 
and phase angle as the independent variables 

 
 𝑃𝑖 = 𝑓(|𝑉𝑖|, |𝑉𝑗|, 𝛿𝑖 , 𝛿𝑗) = 𝑐𝑖   (4-23) 

 𝑄𝑖 = 𝑓(|𝑉𝑖|, |𝑉𝑗|, 𝛿𝑖, 𝛿𝑗) = 𝑑𝑖   (4-24) 

Applying the Taylor’s series about the initial estimation of the solution, we have 
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 𝜕𝑄2
𝜕𝛿2

(𝑘)

⋯
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𝜕𝛿𝑛
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𝜕𝑄𝑛
𝜕𝛿2
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⋯
𝜕𝑄𝑛
𝜕𝛿𝑛

(𝑘)
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[
 
 
 
 
 𝜕𝑄2
𝜕|𝑉2|

(𝑘)

⋯
𝜕𝑄2
𝜕|𝑉𝑛|

(𝑘)

⋮ ⋱ ⋮

𝜕𝑄𝑛
𝜕|𝑉2|

(𝑘)

⋯
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𝜕|𝑉𝑛|
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]
 
 
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
 
 ∆𝛿2

(𝑘)

⋮

∆𝑃𝛿𝑛
(𝑘)

∆ |𝑉2
(𝑘)
|

⋮

∆ |𝑉𝑛
(𝑘)
|]
 
 
 
 
 
 
 

 

 (4-25) 

Bus 1 is the slack in equation (4-25). Furthermore, the matrix with the partial 
derivatives in (4-25) is the so-called Jacobian matrix. 

The algorithm works as follows: 
1. Setting of initial values for the P-Q buses and P-V buses: 

a. As stated previously, the active and the reactive power are defined 
in P-Q buses. In this case, these values are defined and named as 

schedule values (𝑃𝑖
𝑠𝑐ℎ and 𝑄𝑖

𝑠𝑐ℎ). The initial values of the voltage 
magnitudes and phase angles are set equal to the slack bus. This 

means |𝑉𝑖
(0)
| = 1.0  and 𝛿𝑖

(0)
= 0.0. 

b. In P-V buses, the voltage and active power are defined (𝑉𝑖  and 𝑃𝑖
𝑠𝑐ℎ). 

The phase angles are set equal to the slack bus angle (𝛿𝑖
(0)
= 0). 

2. The next approximation and the deviation from the initial solution are 
calculated: 

a. For P-Q buses, in the next solution, the active (𝑃𝑖
(𝑘)

) and reactive 

(𝑄𝑖
(𝑘)

) power are calculated using (4-22). The deviations are given by 

 ∆𝑃𝑖
(𝑘)
= 𝑃𝑖

𝑠𝑐ℎ − 𝑃𝑖
(𝑘)

  (4-26) 

 ∆𝑄𝑖
(𝑘)
= 𝑄𝑖

𝑠𝑐ℎ − 𝑄𝑖
(𝑘)

  (4-27) 

b. For P-V buses, the next solution for the active power 𝑃𝑖
(𝑘)

 is 

computed using (4-22). In the case of the deviation of the active 
power, equation (4-23) is applied. 
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3. The elements of the Jacobian matrix are computed. 
4. The next solutions for voltages and phase angles are calculated by applying 

 𝛿𝑖
(𝑘+1)

= 𝛿𝑖
𝑘 − ∆𝛿𝑖

(𝑘)
  (4-28) 

 |𝑉𝑖
(𝑘+1)

| = |𝑉𝑖
(𝑘)
| − ∆|𝑉𝑖

(0)
|  (4-29) 

5. The method ends when the deviations are less than the specified limits. 
 

The Newton-Raphson method is very robust, but one disadvantage is that the 
Jacobian matrix should be solved in each iteration. It could also happen that the 
transmission or distribution system operator requires a fast solution of the power flow 
problem, for example, for contingency analysis. For this purpose, there are techniques 
that speed up the power flow calculations. These are: 

• Decouple power flow: In (Saadat, 1999) and (Crow M. , 2010), it is 
mentioned that the Jacobian matrix can be simplified if it is assumed that 
the power system has transmission lines whose X/R ratios are very high. 
This means that changes in the active power are less sensitive to changes in 
voltages, but more to changes in the phase angle. In the same way, reactive 
power is less sensitive to changes in the phase angle, but more to changes 

in the voltage magnitude. As a result, the partial derivatives 
𝜕𝑃

𝜕𝑉
 and 

𝜕𝑄

𝜕𝛿
 of  

the Jacobian matrix can be set to zero. Under those assumptions,  
the computation time of the load flow can be significantly reduced, but the 
Jacobian matrix should still be recalculated in each iteration. 

• Fast decoupled power flow: The computation time in the decouple power 
flow method can be even more improved if the Jacobian matrix is constant 
(Crow M. , 2010), (Grainger & Stevenson, 1994).  This can be done assuming 
the following: 

o The angular differences between the buses if the system is usually 
so small. Keeping this in mind, the cosine function of the angular 
differences is equal to 1 and the sine function is approximately 
equal to the difference of the angles. 

o The ration X/R of the lines is very high. 
o All voltage magnitudes are equal to 1.0 p.u. 

With this assumption, the partial derivatives 
𝜕𝑄

𝜕𝑉
 and 

𝜕𝑃

𝜕𝛿
 of the Jacobian 

matrix are constant. 

• DC power flow: This approach is applicable to power systems that operate 
in high voltage levels, since in these systems there is a strong coupling 
between the active power and the voltage angle. On the other hand, this 
method cannot be applied to power systems in the low voltage level, since 
here the active power flow depends on the voltage drops. In the DC power 
flow method, it is assumed (Milano, 2010), (Seifi & Sepasian, 2011) that 

o Reactive power flow is discarded 
o The ration X/R is very high 
o All node voltages are the same and equal to 1.0 p.u. 

When taking into account these assumptions, the power flow becomes 
completely linear. It is called DC due to the linearity of the equations, which 
are similar to the DC resistive circuits. 
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4.1.2 Optimization Methodologies 
Optimization means finding optimum solutions for a given problem. Any optimization 
needs three steps, which are the problem description, modelling, and application of an 
algorithm for finding the optimum solution. The latter can be categorized in local and 
global optima.  

When describing the problem, the variables, the constraints as well as the object 
function are defined. Modelling means writing properly down the mathematical 
equations whose representation is given by (4-30).  
 
 

{
𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑜𝑟 𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑂(𝑥)

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 𝑐(𝑥) ≤ 𝑏
 

 

 (4-30) 

where in this case, 𝑥 is the independent variable, 𝑂(𝑥) is the object function and 
𝑐(𝑥) is the constraint. In the case of the algorithms, these are classified basically as 
deterministic and stochastic, as seen in Figure 4-3 (Kreutziger, Schegner, Wende-von-
Berg, Braun, & Bornhorst, 2018) and (Hanif Halim & Ismail , 2019).  

The deterministic algorithms are based on mathematical equations and are sometimes 
slow when the number of equations is high and complex. Even when the objective 
function is complex, the constraints are too complicated or the problem is too large, an 
optimum solution is impossible to be found (Graham, Grötschel, & Lovász, 1995). These 
kinds of algorithms provide the same output by a given input. Furthermore, they can be 
classified as linear programming and gradient based. In linear programming, the 
objective function as well as the constraints are linear function of 𝑥. In addition to this, 
the gradient-based algorithms solve the optimization by searching in the direction of 
the gradient of the objective function at a given point (Chong & Zak, 2013). 

The stochastic algorithms are based on combinatorial problem solution and are 
applied when optimum solutions are difficult to find through deterministic algorithms 
(Graham, Grötschel, & Lovász, 1995). Stochastic algorithms are usually faster than the 
deterministic approach and behave randomly. The stochastic algorithms are mainly 
classified as heuristic and meta-heuristic. The heuristic algorithms find solutions by 
“trial and error”, which does not guarantee that the global optimum is achieved, but 
the results are promising (Yang X.-S., 2010). On the other hand, meta-heuristic algorithms 
are an advanced development of the heuristic algorithms based on the combination of 
local search and randomness (de Smith, Longley, & Goodchild, 2007). 

The solutions given by an algorithm are classified in local and global optima,  
which in turn could be maxima and minima. Figure 4-2 shows an objective function 
(one-dimensional) 𝑂(𝑥) as well as the local and global maximum.    

 

 

Figure 4-2. Objective function. 



9
9

 

Figure 4-3. Classification of optimization algorithms. 
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In order to understand the fundamentals and the complexity of deterministic 
optimization in power systems, this section also presents the mathematical description 
of the economic dispatch and the optimal power flow. The description of these two 
topics in this section reflects theories from the book “Power Generation, Operation, 
and Control” (Wood, Wollenberg, & Sheblé, 2014).  

First, it is necessary to understand the economic dispatch. Imagine a power system 
with 𝑁𝑔𝑒𝑛 generation units connected to a bus bar. The 𝑁𝑔𝑒𝑛 generation units supply 

power to an electrical load 𝑃𝑙𝑜𝑎𝑑  also connected to this bus bar. Additionally, each 
generation unit outputs electrical power represented by 𝑃𝑖 . Furthermore, cost rates 𝐹𝑖  
(e.g., fuel consumption) are associated with each generation unit and are the function 
of 𝑃𝑖 . The total cost rate of the system (𝐹𝑇) is the sum of the cost of each generation 
unit. Moreover, the sum of the output power of each unit must be equal to the load 
consumption, neglecting losses. The optimization problem can be easily stated. It means 
that to minimize 𝐹𝑡 (objective function) subject to the constraint, the sum of the output 
power of each unit must be equal to the load consumption and each generator must be 
within the minimum and maximum limits: 

 
 𝐹𝑇 = 𝐹1 + 𝐹2 +⋯+ 𝐹𝑁𝑔𝑒𝑛   (4-31) 

 
 

𝐹𝑇 = ∑ 𝐹𝑖(𝑃𝑖)

𝑁𝑔𝑒𝑛

𝑖=1

  

 (4-32) 

 
 
 

∅ = 0 = 𝑃𝑙𝑜𝑎𝑑 − ∑ 𝑃𝑖

𝑁𝑔𝑒𝑛

𝑖=1

  

 (4-33) 

 
 𝑃𝑖

𝑚𝑖𝑛 ≤ 𝑃𝑖 ≤ 𝑃𝑖
𝑚𝑎𝑥 , 𝑓𝑜𝑟 𝑖 = 1⋯𝑁𝑔𝑒𝑛   (4-34) 

 
The economic operating point for the problem mentioned above can be solved by 

applying the Lagrange function for finding the optimum solution. This means that the 
operating points of each generation unit 𝑃𝑖  can be found such that the total cost 𝐹𝑇 is 
minimized. 

As mentioned earlier, the economic dispatch neglects losses. Otherwise stated,  
the economic dispatch omits the effect that the dispatch of the generation units has on 
the network. Hence, the loading of the lines as well as the bus voltages are ignored.  
The optimal power flow combines the economic dispatch with the power flow, so that 
at the end, both are solved. The objective function is slightly modified in the optimal 
power flow, since 𝑃𝑖  is related to the bus 𝑖: 

 

𝑚𝑖𝑛 ∑ 𝐹𝑖(𝑃𝑖)

𝑁𝑏𝑢𝑠

𝑖=1

  

 (4-35) 

Each generator must be within the minimum and maximum limits (active and 
reactive power): 

 𝑃𝑖
𝑚𝑖𝑛 ≤ 𝑃𝑖 ≤ 𝑃𝑖

𝑚𝑎𝑥 , 𝑓𝑜𝑟 𝑖 = 1⋯𝑁𝑏𝑢𝑠  (4-36) 

 
 𝑄𝑖

𝑚𝑖𝑛 ≤ 𝑄𝑖 ≤ 𝑄𝑖
𝑚𝑎𝑥 , 𝑓𝑜𝑟 𝑖 = 1⋯𝑁𝑏𝑢𝑠  (4-37) 
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Taking into account the network and recalling equation (4-18), the net power flow at 
each bus is 
 

𝑃𝑛𝑒𝑡𝑖 + 𝑗𝑄𝑛𝑒𝑡𝑖 = 𝑉𝑖𝐼𝑖
∗ = 𝑉𝑖 (∑ 𝑌𝑖𝑗

𝑁𝑏𝑢𝑠

𝑗=1

𝑉𝑗)

∗

 

 (4-38) 

Considering the network as the generation minus the load and then separate into 
the active and reactive power, the two new constraints are given by 

 

𝑃𝑖 − 𝑃𝑙𝑜𝑎𝑑𝑖 − 𝑅𝑒 {𝑉𝑖 (∑ 𝑌𝑖𝑗

𝑁𝑏𝑢𝑠

𝑗=1

𝑉𝑗)

∗

} = 0 

 (4-39) 

 
 

𝑄𝑖 − 𝑄𝑙𝑜𝑎𝑑𝑖 − 𝐼𝑚𝑔 {𝑉𝑖 (∑ 𝑌𝑖𝑗

𝑁𝑏𝑢𝑠

𝑗=1

𝑉𝑗)

∗

} = 0 

 (4-40) 

 
Furthermore, each bus in the network must be within the limits. The new constraint is 

 𝑉𝑖
𝑚𝑖𝑛 ≤ 𝑉𝑖 ≤ 𝑉𝑖

𝑚𝑎𝑥 , 𝑓𝑜𝑟 𝑖 = 1⋯𝑁𝑔𝑒𝑛  (4-41) 

 Similarly, for each branch (transmission line, cable or transformer), the current flow 
must be less than or equal to the branch current limit: 

 𝐼𝑖𝑗 ≤ 𝐼𝑖𝑗
𝑚𝑎𝑥   (4-42) 

The optimal power flow, in other words, the combination of the economic dispatch 
and the power flow, is a complex task from the deterministic point of view, since the 
network equations are not linear and the number of variables is relatively high.  

The solutions of the combinatorial problem as well as the optimization in this 
chapter are based on the greedy algorithm, which is a heuristic method. It takes the 
best local solution, where “best”, as mentioned in (Faigle, 1993), is defined by an 
objective function, which is evaluated locally. Furthermore, the greedy algorithm,  
as stated in (Vimali, Srivastava, & Gupta, 2017) and (Azis, Mallongi, Lantara, & Salim, 
2018), constructs a solution based on local optima and here it is assumed that at the 
end, the optimal solution will be achieved (Kostenko, 2017). The solutions reached by 
greedy algorithms are reasonably good, may not be optimal, but close to it (Kodaganallur 
& Sen, 2010). Contrary to other approaches, the greedy algorithm was selected due to 
the easiness of its implementation and the high computational speed (Simmons, 
Hoeppke, & Sutherland, 2018), (Mari, 2020).  

A very simple example of the functionality of the greedy algorithm is shown in Figure 
4-4, which represents the travel salesman’s problem (TSP) (Johnson & McGeoch, 1997). 
The TSP is a classical optimization problem in which a salesperson needs to travel to a 
given number of cities in such a way that the salesman achieves the minimum distance 
while traveling between the cities. For this problem, the greedy algorithm immediately 
takes the shortest distance (orange lines). Next, the global solution is updated every 
step until all the cities are visited. In this example, the global solution equals the 
addition of the following distances 3 km, 1 km, 1 km, and 4 km. This example shows 
that the greedy algorithm seems the most natural or intuitive approach for solving 
optimization problems (Haouari & Chaouachi, 2002). 
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4.1.3 Simulation Results with Respect to Distribution Grid Restrictions 

4.1.3.1 Study Network 
Previously, the fundamentals of optimization in power systems were presented. This 
section presents the simulation results of an optimization problem focused on reactive 
power provision as well as on minimization of active power losses by a topological 
power plant (TPP). In order to solve the optimization problem, a stochastic algorithm is 
applied. 

Before giving more details about the optimization problem, the study network 
where the TPP is operated is specified. The network is in the LV level of a rural area in 
the south of Germany, as shown in Figure 4-5. This network has the following 
characteristics: 

• The network has a radial structure and is fed by one distribution 
transformer with a rated apparent power of 250 kVA. It has 81 nodes and 
200 branches (cables and distribution transformer). 

• The network consists of 24 nanogrids, represented by family houses. 
Additionally, there are two farms with two photovoltaic (PV) systems each. 

 

Figure 4-4. Traveling salesman. 
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It is assumed that all 24 nanogrids are equipped by one HBESS, one PV, and a load. 
Figure 4-6 illustrates information regarding the nanogrids used for the network 
calculations. There are three types of them in the study network. The type means the 
number of personas living in each house. Type A is a household of five persons. Types B 
and C are households of four and three persons, respectively. The load of each 
household is represented by the behaviour of a standard load profile H0 (bdew, 2017). 
Figure 4-6 also mentions the number of nanogrids according to the type, the yearly 
energy consumption of each type of the nanogrid, the rated apparent power and the 
capacity of the HBESS, the peak power of the PV system, and the corresponding 
apparent rated power of the PV inverter.  

 

Furthermore, in each of the PV farms, two PV systems are installed, which follow the 
German Code of Practice VDE-AR-N 4105 for generating plants connected in the LV 
network (VDE, VDE-AR-N 4105, 2011). This grid code states that the PV inverter varies 
its power factor as a function of the active power supply into the network (see Figure 
4-7). Figure 4-8 depicts a summary of the PV system installed at the farms. Moreover, 
these farms follow a standard load profile L2 (for agriculture) (bdew, 2017) and it is 
assumed that they have a yearly energy consumption of 11.5 MWh. 

 

Figure 4-5. Study network. 

 

Figure 4-6. Types of nanogrids. 
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4.1.3.2 Superordinate Controller 
The reactive power provision and the active power losses are analyzed with a time step 
of 15 minutes for a time span of 24 hours. A power profile of the load (H0 for the 
nanogrids and L2 for the PV farms) and the PV generation in a summer day for each 
generator is used in this case. This information allows determining the reactive power 
capability for the next 15 min considering the self-consumption of each nanogrid. Once 
the capability is computed, the optimization process subject to constraints is performed. 
This process is based on a co-simulation between the programming language Python 
3.7.6 and PSS® Sincal, as seen in Figure 4-9. The co-simulation provides the corresponding 
set points to each nanogrid so that the scheduled reactive power profile of the TPP is 
achieved. The profiles of load and generation, the calculation of the reactive power 
capability as well as the co-simulation can be seen as part of superordinate controller. 

 

Figure 4-7. German code of practice VDE-AR-N 4105 (VDE, VDE-AR-N 4105, 2011). 

 

Figure 4-8. PV systems installed at the farms. 
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Importantly, the reactive power capability of each generator is computed before the 

optimization is initialized. Firstly, the functionality (identical to all the nanogrids) of the 
inverters of the HBESS and PV is mentioned and then the reactive power generation of 
each nanogrid is described.  

Each PV inverter allows a two-quadrant operation with a power factor between 0.4 
capacitive and 0.4 inductive. The functionality of PV inverters is the same as described 
in section 3.1.1.1. On the other hand, each HBESS allows a four-quadrant operation. 
The maximum reactive power a HBESS can provide can be calculated according to 
(4-43), where 𝑆𝐻𝐵𝐸𝑆𝑆𝑟𝑎𝑡𝑒𝑑  and 𝑃𝐻𝐵𝐸𝑆𝑆𝑎𝑐𝑡  are the rated apparent power and the actual 

active power of the battery, respectively: 

 
𝑄𝐻𝐵𝐸𝑆𝑆𝑚𝑎𝑥 = √𝑆𝐻𝐵𝐸𝑆𝑆𝑟𝑎𝑡𝑒𝑑

2 − 𝑃𝐻𝐵𝐸𝑆𝑆𝑎𝑐𝑡
2  

 (4-43) 

The self-consumption is a priority in each nanogrid. In other words, supplying the 
local load of each nanogrid is of the highest preference. Due to this reason, the 
combination of the PV system and the HBESS is used to supply active power to the load. 
The permissible state of charge (SOC) limits of each HBESS are set according to 
(Helguero, 2019), considering the optimum lifetime and the availability of the storage 
system. First, if the surplus defined in (4-44) is positive, the HBESS is charged as long as 
the SOC is lower than 80%. On the other hand, if the surplus is negative and the SOC is 
between 20% and 80%, the HBESS is discharged. 

 𝑃𝑠𝑢𝑟𝑝𝑙𝑢𝑠 = 𝑃𝑃𝑉 − 𝑃𝑙𝑜𝑎𝑑   (4-44) 

After calculating the active power HBESS produces or consumes, the maximum 
reactive power that the elements of the nanogrid can provide is calculated every 15 
minutes. The expression given by (4-44) is used for the HBESS; one PV inverter provides 
reactive power only if the HBESS is fully charged and the surplus is positive. 

To clarify the operation of a nanogrid, Figure 4-10 shows an example of the active 
power production by the PV and the active power consumed by the load for a nanogrid 
type A. Furthermore, it can be seen that the reduction of the active power of the PV 
system occurs between 09:45 and 17:15 when the SOC is 80%; the surplus is positive 
and the active power of the PV system is greater than the break point (see section 
3.1.1.1). In this period, the maximum reactive power of the PV system is given by 

 

Figure 4-9. Overview of the optimization process for provision of reactive power by a TPP. 
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equation (3-2). Between 17:15 and 18:15, the SOC is 80%, the surplus is positive, but 
the PV generation is lower than the break point. In this period, the maximum reactive 
power that the PV system can provide is computed by applying (3-1). The SOC of the 
HBESS for the nanogrid type A is illustrated in Figure 4-10a). When a positive surplus 
occurs (e.g., at 07:30), the HBESS is charged. On the other hand, during the afternoon, 
the HBESS is used to supply the load, when the PV generation is not enough to cover 
the load (from 18:30 until 23:00). Since the charging and discharging of the HBESS is 
limited by the SOC, during the early morning, the load is supplied by the external grid 
(from 00:00 until 07:30). 

 

The active and reactive power at the PCC of the nanogrid type A are illustrated in 
Figure 4-11. Three types of cases are shown. The first one is the import of the active 
power from the external grid, for example, from 0:00 until 07:30. In the second case, 
there is no exchange of the active power with the external grid (from 07:30 until 09:45, 
since the load is supplied by the PV system). Finally, the third case is an export of the 
active power to the grid (from 09:45 until 18:30, since the battery is charged, and the 
PV system supplies the load).  Figure 4-11 also depicts the maximum absolute value of 
the reactive power that the nanogrid can provide at every time step. From 00:00 until 
09:45, the reactive power provision can only be performed by the HBESS. After this 
period and until 18:15, the reactive power is provided by the PV system and the HBESS. 
Lastly, only the HBESS is able to generate/consume reactive power. 

 

Figure 4-10. Nanogrid type A: a) PV production and load; b) SOC. 
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4.1.3.3 Optimization 
To provide a better understanding of the optimization problem, we divide it into two 
use cases:  

• Use Case I: This is just a combinatorial problem whose objective is to 
accomplish a reactive power set point at the PCC of the TPP, by varying the 
reactive power of the nanogrids and by considering the loading of the 
branches. In other words, the sum of the reactive power of the elements of 

the TPP is satisfied by  (4-45), where ∑ 𝑄𝑁𝑎𝑛𝑜𝑔𝑟𝑖𝑑𝑥
𝑖𝑚

𝑥=1 , ∑ 𝑄𝐹𝑎𝑟𝑚𝑦
𝑖𝑓

𝑦=1 , 𝑄𝑙𝑜𝑠𝑠𝑒𝑠
𝑖  

and 𝑄𝑠𝑒𝑡,𝑇𝑃𝑃
𝑖  are the total reactive power of the 𝑚 nanogrids, the total 

reactive power of the 𝑓 PV farms, the reactive power losses and the 
reactive power set point at the PCC at the time step 𝑖. It is necessary to 

highlight that ∑ 𝑄𝐹𝑎𝑟𝑚𝑦
𝑖𝑓

𝑦=1  is kept fixed at each time step 𝑖. 

 
 

𝑄𝑠𝑒𝑡,𝑇𝑃𝑃
𝑖 =∑𝑄𝑁𝑎𝑛𝑜𝑔𝑟𝑖𝑑𝑥

𝑖

𝑚

𝑥=1

+∑𝑄𝐹𝑎𝑟𝑚𝑦
𝑖

𝑓

𝑦=1

+ 𝑄𝑙𝑜𝑠𝑠𝑒𝑠
𝑖  

 (4-45) 

 

• Use Case II: The focus is on the minimization of the active power losses 
within the TPP, while accomplishing a reactive power set point at the PCC of 
the TPP as well as considering the network constraints. The mathematical 
equations representing this use case are given according to (4-46), where 
𝑃𝑙𝑜𝑠𝑠𝑒𝑠  represents the active power losses within the TPP, 𝐼𝑏  means the 
loading of the branch 𝑏, 𝐼𝑚𝑎𝑥  is the maximum loading (100%), 𝑉𝑑  is the 
voltage of the bus bar 𝑑, 𝑣𝑚𝑖𝑛 and 𝑣𝑚𝑎𝑥  are the permissible voltage band 
(+/-10% of nominal voltage). 

 

 

Figure 4-11. Nanogrid type A: a) Active power at the PCC; b) Maximum absolute value of reactive 
power at the PCC. 
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{
 
 

 
 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒:  𝑃𝑙𝑜𝑠𝑠𝑒𝑠

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:  𝑄𝑠𝑒𝑡,𝑇𝑃𝑃
𝑖 =∑𝑄𝑁𝑎𝑛𝑜𝑔𝑟𝑖𝑑𝑥

𝑖

𝑚

𝑥=1

+∑𝑄𝐹𝑎𝑟𝑚𝑦
𝑖

𝑓

𝑦=1

+ 𝑄𝑙𝑜𝑠𝑠𝑒𝑠
𝑖

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 𝐼𝑏 ≤ 𝐼𝑚𝑎𝑥;  𝑣𝑚𝑖𝑛 ≤ 𝑉𝑑 ≤ 𝑣𝑚𝑎𝑥  

 

 (4-46) 

 
The basic idea of the algorithm is presented in Figure 4-12. It begins with an initial 

solution, which is achieved by setting the reactive power of all nanogrids to zero 
(Solution0). Next, possible solutions or combinations are generated (e.g., 
𝐶𝑜10 , 𝐶𝑜11 , … , 𝐶𝑜1𝑘×𝑚); based on the constraints, one of them is selected (e.g. 𝐶𝑜11). 

This selection means that a local optimum was found (orange circles). The algorithm 
ends when no more possibilities are available.   

 
 

A detailed description of the implemented algorithm is shown in Figure 4-13.  
For each time step (15 min), steps 3 to 8 are repeated. The algorithm works as follows: 

 

 

Figure 4-12. General idea of the greedy algorithm.  
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• Step 1: The reactive power step ∆𝑄(variation of the reactive power for each 
nanogrid) is defined by the user. Furthermore, the Python script extracts 
the amount of nanogrids 𝑚 from the data base of PSS® SINCAL. 

• Step 2: An initial load flow is performed by setting the reactive power of all 

nanogrids �⃗⃗�𝑛𝑎𝑛𝑜  to zero.  

• Step 3: Intervals of reactive power are created for a nanogrid 𝑝 (vector 

𝑆𝑛𝑎𝑛𝑜𝑝  in Figure 4-13). These intervals (generated in the capability block of 

Figure 4-9) define how much reactive power each nanogrid is capable of 
providing at the time step 𝑖. The number of elements of the interval for a 
nanogrid 𝑝 is saved in the vector �⃗⃗�𝑝.  

• Step 4: The matrix A is created, and its main diagonal is filled with each 

vector 𝑆𝑛𝑎𝑛𝑜𝑝 . The dimension of A is 𝑘 × 𝑚. The variable 𝑘 is defined as 

𝑘 = ∑ 𝑛𝑝
𝑚−1
𝑝=0 , where 𝑛𝑝 is the number of elements of the interval of 

reactive power for the nanogrid 𝑝. 

• Step 5: The matrix A is modified by adding the factor 𝑛𝑝 × ∆𝑄 to each 

element of the main diagonal. The green area of Figure 4-14 illustrates an 
example of this step. 

 

Figure 4-13. Flow chart of the applied algorithm. 
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• Step 6: The elements of each row of A (gray arrows of Figure 4-14) are 
taken and used for load flows calculations. 

• Step 7: The constraints are verified for every load flow of step 6, for both 
use cases, with respect to the loading of cables and distribution 
transformer, permissible voltage band, and the reactive power at the PCC of 
the TPP should not differ more than 5% of the set point. For the second use 
case, the active power losses should be equal or less than the active power 
losses of Use Case I. 

• Step 8: The previous step will generate a list of solutions that satisfy or do 
not satisfy the constraints. For both use cases, the program selects the best 
solution and modifies one column of A. The orange area of Figure 4-14 
depicts an example of this modification. In this example, the first row of A1 

has the best solution. Thus, the first column of A2 is modified. Finally,  
if there is no improvement, the first iteration is ready. 
 

 

Next, the results of the co-simulation between Python and PSS® SINCAL for the two 
proposed use cases are presented. Furthermore, the algorithm was run in a Windows 7 
Pro 64-bit with an Intel Core i5-2400 CPU @3.10GHz processor and 4 GB of RAM. 

 
 

 

Figure 4-14. Example of the modification of the main diagonal and a column of the matrix A. 
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Use Case I: The reactive power profile used for this use case and the results of the 
optimization are presented in Figure 4-15. The sign convention is done from the point 
of view of the distribution system operator (DSO). This means that it is done according 
to the consumer perspective: 

• 𝑄 > 0:  inductive behaviour of the TPP 

• 𝑄 < 0: capacitive behaviour of the TPP 
 

 
An inductive behaviour of the TPP is required from 00:00 until 12:00 and a capacitive 

behaviour for the residual time. Figure 4-16a) and b) show the relative error for the 
inductive and capacitive case, respectively. For both cases, the provided reactive power 
at the MV side of the distribution transformer is within 5% tolerance. 

 

 

Figure 4-15. Reactive power provision at the PCC of the TPP. 

 

Figure 4-16. Relative error for the reactive power provision: a) For inductive behaviour (positive 
set point); b) For capacitive behaviour (negative set point). 
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An example of the node voltages and the loading of the branches (cables and 
distribution transformer) is depicted in Figure 4-17a) and b), respectively. In this case, 
iteration 40 (inductive behaviour of the TPP) and iteration 85 (capacitive behaviour of 
the TPP) are presented. The node voltages are within the permitted voltage band of  
+/-10% of the nominal value. On the other hand, the load of the branches is less than 
100%. 

Use Case II: This use case focuses on the achievement of a reactive power profile 
(same as the first use case) at the MV side of the transformer while taking into account 
the minimization of the active power losses within the TPP. The sign convention for the 
reactive power provision is the same as that of the previous use case. Figure 4-18 
shows that the reactive power provision at the MV side follows the required profile. 

 

 

Figure 4-17. Network constraints for iterations 40 and 85: a) Node voltages; b) Loading of the 
branches. 

 

Figure 4-18. Reactive power provision at the PCC of the TPP by taking into account the active 
power losses. 
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The active power losses of the study network for both use cases and the percentage 
decrease are depicted in Figure 4-19a) and b), respectively. This is analyzed in three 
intervals of time: 

• Interval I: This is from 00:00 until 09:45. Here the maximum active power 
losses reduction achieved is 61%. At dawn, there is no PV generation and 
almost no consumption from the nanogrids, which means that the network 
is idle. The reactive power exchange with the grid is compensated basically 
by the HBESS. 

• Interval II: This occurs from 09:45 until 17:30. The reduction of active power 
losses is 0%. The reactive power capacity of the nanogrids is strongly 
reduced since the self-consumption is a priority. Thus, the nanogrid cannot 
support the reduction of active power losses. 

• Interval III: It takes place from 17:30 until end of the day. The active power 
losses can be reduced by up to 35%. During this interval, all HBESSs are 
discharging and supplying the loads of the nanogrids. Keeping this in mind, 
there is no exchange of the active power between the nanogrids and the 
external grid. For this reason, the percentage decrease of interval II is lower 
than interval I. 

 

    

4.2 Cost-Benefit Analysis of the Provision of Ancillary Services by 
Topological Power Plants 

The cost-benefit of the provision of ancillary services by a TPP cannot be currently 
evaluated since the climate change and its consequences are not comparable with the 
cost-benefits of a TPP.  

A very good example of the impact of the climate change occurs in Africa. According 
to (Clarke, 2016), the continent is suffering from drought and floods. Besides, the 
economic cost of climate change will be around USD 45-50 billion a year by 2040. 

 

Figure 4-19. Comparison of active power losses: a) Active power losses for use case I and II; b) 
Decrease in percentage. 
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Moreover, according to the same study, this has also political consequences with many 
conflicts within the continent such as Nigeria or Somalia. 

In Europe, the climate change has also its economic impact. According to the official 
website of the European Union (Eurostat, 2022), heat waves, floods and storms have 
caused over €145 billion economic losses over the past decade. Figure 4-20 shows the 
climate-related economic losses by type of event. The highest loss occurred in 2017 
(around €27.9 billion) due to the heatwaves registered in that year. This dried the land 
and caused wildfires on the continent. 

The climate change influences not only the economy worldwide, but also impacts 
the health of human beings. The World Health Organization expects that the climate 
change causes approximately 250,000 additional deaths per year due to malnutrition, 
malaria, and heat stress (WHO, 2021).  

For the reasons mentioned above, a quantification of the cost-benefit analysis of a 
TPP is presently not possible. 

 

4.3 Planning Criteria for a Distribution Grid with Ancillary Service 
Capability 

Planning in power systems denotes the actions required for the future (Seifi & 
Sepasian, 2011). Apart from this, traditional planning approaches in distribution 
networks focus only on the grid reinforcement. Today this not anymore the best choice, 
since the distribution system operator should also consider the provision of ancillary 
services when more and more conventional power plants are being decommissioned. 
As a result, planning should contemplate, for example, the minimization of investments 
costs and maximization of the provision of ancillary services (Rossi, et al., 2022).  

The aim of this section is to conceive criteria for planning purposes that could be 
applied in distribution grids with high presence of decentralized generation units and 
ancillary service capability. From the perspective of this scientific work, these criteria 
could be divided to: 

• Controllability 

• Communication infrastructure 

• Identification of the potential of provision of ancillary services 

 

Figure 4-20. Climate-related economic losses by type of event (Eurostat, 2022). 
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It is very important to recognize if the DG and DS units within the distribution grid 
are controllable, which means if the regulation of the active and reactive power at the 
PCC of each unit is available. Nowadays, this should not present any problem since 
modern DG and DS units provide this functionality (see also section 3.1.1).  
Undoubtedly, as seen in section 4.1.3, the implementation of a superordinate controller is 
fundamental for the controllability of the active and the reactive power at the point of 
common coupling of a topological power plant. In particular, as seen in Figure 4-9, the 
forecast of solar generation (wind production also possible) is an essential part of 
algorithms applied in the operation of modern power systems. 

Importantly, the communication infrastructure plays a significant role currently in 
power systems with more presence of digital communication systems. This point takes 
into account such topics as: 

• Communication protocols, for example, Modbus (ASCII, RTU, TCP/IP) 

• Computer network: LAN (Local Area Network), MAN (Metropolian Area 
Network), WAN (Wide Area Network) 

• Transfer of information (wireless/cable) 

• Information security  
Indeed, a significant part of the planning process is to recognize the potential of 

provision of ancillary services of a distribution grid, which is performed together with a 
forecast of the power generation (solar and wind) (Goergens, Potratz, Gödde, & 
Schnettler, 2015). Naturally, the potential of providing ancillary services depends also 
on the grid topology (voltage band and branch loading), the operating range of the 
inverter (e.g., limitations at night in PV inverters, four-quadrant operation) as well as on 
the guidelines of the country (also called grid codes). In addition, determining the 
potential of provision of ancillary services can be seen from the mathematically point of 
view as an optimization problem. For instance, the objective function could be 

 

Figure 4-21. Planning criteria for distribution grids with ancillary service capability. 
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represented by the minimization of capacitive reactive power at the point of 
connection between the distribution and the transmission network. As stated in (Sowa, 
Goergens, Schnettler, Koeberle, & Metzger, 2016), this contributes to the reduction of 
reactive power demand of the distribution grid in order to avoid overvoltage in the 
transmission system. Definitely, the type of required reactive power from distribution 
systems is important since inductive reactive power is easier to provide than the 
capacitive variant due to the reactive power losses from the branches. Besides, in order 
to compute the reactive power potential, it is necessary to investigate the reactive 
power need (overexcited/underexcited) of the study network.  Usually, distribution 
networks behave overexcited at night (the consumption is very low) and underexcited 
during the day due to high demand of loads and inductive parts of the distribution grid 
(Weber, Zdrallek, Abele, Brenneisen, & Mogel, 2021). As opposed to the reactive 
power, the maximization of the active power import/export from the distribution 
network to the transmission system also plays a role during the planning process (Rossi, 
et al., 2022).  

When providing power/frequency control ancillary service, a specific capacity is 
required. For instance, in Germany, the following values are currently valid (minimum 
capacity): 

• Primary power/frequency control: 1 MW 

• Secondary power/frequency control: 5 MW 

• Tertiary power/frequency control: 5 MW 
Power plants that do not fulfil these minimum values must join a virtual power plant, 

so that the required values can be provided (Lotz, et al., 2022). 

4.4 Conclusions 

For the purposes of operation and planning of a TPP, power flow and optimization 
methods are required. The combination of both methods is called an optimal power 
flow.  

Different techniques for speeding up the power flow calculations were presented, 
which are useful in networks with a high X/R ratio. In the case of a TPP in a LV network, 
these techniques cannot be applied due to the interactions between the active power 
and voltage drops in the LV level. 

Solving an optimization problem has always two methods, which are categorized in 
deterministic and stochastic algorithms. A drawback of applying deterministic 
algorithms is that the computational speed is reduced when the number of equations is 
high and complex, which is the case in power systems. In some cases, if the complexity 
of the objective function and the constraints is high, then it is impossible to find an 
optimum solution. Unlike the deterministic algorithms, stochastic algorithms are based 
on combinatorial problem solutions and are faster than the deterministic approach.  

It was verified that the method based on local optima enables provision of the 
reactive power to the overlaid voltage grid with a relative error less than or equal to 
5%. Furthermore, it was confirmed that the new method makes it possible to reduce 
power losses significantly when providing reactive power to the MV level by a TPP. This 
can be seen in Figure 4-19, where a reduction of up to 60% was possible.  

The operation strategy to provide reactive power to the overlaid voltage level by a 
TPP is possible due to the controllability of the DG and DS within the nanogrids. This 
characteristic was also mentioned in Chapter 3. Importantly, when providing ancillary 
services by a TPP with interlinked nanogrids, the prioritization of the self-consumption 
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should be considered. If this is prioritized, the reactive power capability of each 
nanogrid is reduced, and so is the reactive power capability of the TPP. Another 
important point is that the reduction of the reactive power capability of each nanogrid 
also influences the reduction of the active power losses within the TPP. 

Given that forecasts are required for the calculation of the reactive power capability 
of each nanogrid in the presented operation strategy, the accuracy of the forecasts 
plays a significant role in this approach.  

The cost-benefit of the provision of ancillary services by a TPP cannot be currently 
evaluated since the climate change and its consequences are not comparable with the 
cost-benefits of implementing a TPP.  

Traditional planning approaches in distribution networks focus only on the grid 
reinforcement. With high presence of RES, today this is not anymore the best choice. 
From the perspective of this work, these criteria could be categorized in controllability 
of the DG/DS, communication infrastructure, and identification of the potential of 
provision of ancillary services of a distribution grid. 
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5 Conclusions and Future Work 

5.1 Conclusions 

This thesis shows a new concept for providing ancillary services such as active and 
reactive power by nano- and microgrids to compensate the decommissioning of 
conventional power plants. The investigation was conducted in the transient and 
steady state time range. The following conclusions can be drawn: 

• For control and stability analysis, the switching of the IGBT of the inverters 
in DS and DG can be neglected. The reason is the low content of the 
harmonics in the current. This is supported by developing and validating 
detailed and simplified mathematical models of the DG and DS as part of a 
nanogrid in a simulation environment.  

• The inclusion of a control centre and communication technologies in a 
nanogrid in grid-connected mode influences its stability. This scientific work 
presents a systematic approach for analyzing nanogrids in grid-connected 
mode with communication time delays. The results related to this approach 
show that the higher the delay time, the closer are the poles to the origin in 
the frequency domain. That means that a very high communication delay 
time can cause an instability of the system.  

• A topological power plant can contribute to voltage and frequency control 
as well as to the stability of power systems taking into account the dynamic 
behaviour of the single nanogrids regarding variation of load and 
generation. With respect to frequency control, the contribution can be 
done by participating in ancillary services such as congestion management 
and frequency stability (secondary and tertiary power/frequency control as 
well as reserve replacement process). Simply put, the TPP just receives an 
active power set point from the TSO or DSO. Importantly, the application of 
storage units within the TPP contributes tremendously to negative active 
power set points at the PCC. Regarding voltage control, a TPP can be 
considered as a source of reactive power located in other voltage levels.  
It can contribute to the voltage control of the overlaid transmission grid.  

• By the proposed optimization method to minimize active power losses in 
the grid a relative error less than 5% of the given reactive power set point 
can be achieved.  

• The results of the presented optimization algorithm show that the power 
losses within the topological power plant can be reduced up to 60%. 

• The controllability of inverters in single DG and DS as part of nanogrids is 
necessary for the provision of ancillary services. Definitely, without this 
feature the provision of ancillary services from RES could be difficult. 

5.2 Future Work 

The following topics can be investigated as part of future work: 

• Research on the design of a robust controller taking into account random 
variations of the delay time of the communication system. 
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• Research on the characteristic curves (e.g., P(f), Q(V)) at the nanogrid as 
well as at the TPP level. The presented research work just considers active 
and reactive power set points at the PCC. 

• Research on the optimization algorithm to find the absolute minimum of 
power losses should be considered. The current algorithm just finds a local 
optimum in a multidimensional function. 

• The results of the presented method based on local optima consider just 
nanogrids with DG and DS as well as PV systems of farms. The investigation 
should be extended by including additional components such as gensets 
and STATCOM. Additionally, the method should be investigated and tested 
on other voltage levels, where the constraints (e.g., grid codes) might be 
different compared to LV networks.  
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Abstract 

Contribution of Nano- and Microgrids to Topological Power 
Plants Regarding Voltage and Frequency Control 

Conventional power plants provide such ancillary services to the transmission system as 
the active and the reactive power for frequency and voltage stability, respectively and 
thus, contribute to a secure energy supply in a power system. However, today, 
conventional power plants are being decommissioned and replaced by renewable 
energy sources (RESs) due to climate change and political decisions. Therefore, new 
solutions for providing ancillary services by RES need to be investigated in order to 
maintain the stability of modern power systems.  

This research work focuses on the provision of the active and the reactive power by 
distributed generators (DG) and distributed storages (DS) clustered as a nanogrid or a 
household. This concept is upscaled by aggregating many nanogrids and other DGs for a 
topological power plant (TPP) in a low voltage network. Previous research work has not 
covered issues regarding this topic.  

The approach presented in this thesis is analyzed from two different time scales:  
transient and steady-steady state.  

From the transient point of view, single components of the nanogrids (i.e., DG and 
DS) are mathematically represented by detailed models. In this thesis, simplified 
versions of these detailed models were created and validated by performing specific 
measurements at a real demonstrator located in Wildpoldsried (south of Germany). In 
addition, the dynamics of the nanogrid (DG, DS and load), including the control centre 
and the simplified models, were analyzed and validated when transferring active and 
reactive power in the external grid. Because of the presence of delays in 
communication systems, the stability analysis was also performed. 

  After analyzing the transient behaviour, the nanogrids were aggregated for a TPP. 
An operation mechanism based on load flow calculations and optimization 
methodologies are presented in this PhD work. The operation mechanism allows the 
provision of ancillary services by the TPP at its point of common coupling (PCC) as well 
as the minimization of active power losses within the TPP.  

In conclusion, the approaches presented in this work contribute to the system 
stability of the power systems when conventional power plants are shut down and 
replaced by RES.  
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Lühikokkuvõte 

Nano- ja mikrovõrkude mõju topoloogilistele 
elektrijaamadele pinge ja sageduse juhtimise kontekstis 

Tänase fossiilkütustel töötavad elektrijaamad pakuvad ülekandevõrgule 
süsteemiteenuseid, nagu aktiiv- ja reaktiivenergia pakkumine sageduse ja pinge 
stabiilsuse tagamiseks, ning seeläbi aitavad kaasa elektrisüsteemi varustuskindluse 
tagamisele. Kuna kliimamuutuste ja poliitiliste otsuste tõttu suletakse fossiilkütustel 
töötavaid elektrijaamu, asendades neid taastuvenergiaallikatega, siis on vaja leida uusi 
lahendusi süsteemiteenuste osutamiseks, et säilitada taastuvenergiallikatega 
elektrisüsteemides stabiilsus. 

Käesolev uurimistöö kirjeldab hajutatud nanovõrkude või kodumajapidamiste 
generaatorite (DG) ja salvestusseadmete (DS) poolt pakutavat aktiiv- ja 
reaktiivvõimsuse juhtimise lahendust ning selle agregeerimist topoloogilise 
elektrijaama (TPP) jaoks madalapingevõrgus, mida senised uurimistööd käsitlevad vähe. 

Käesolevas töös käsitletud lähenemist on analüüsitud nii püsi- kui siirdetalitluses. 
Siirdetalitluses on nanovõrgu üksikomponente (DG, DS) kirjeldatud üksikasjalike 

matemaatiliste mudelitena. Lihtsustatud mudelite koostamiseks ja valideerimiseks 
kasutatakse Wildpoldsried külas (lõuna Saksamaal) asuvat pilootmikrovõrku, mille peal 
on läbi viidud hulk katsemõõtmisi. Modelleeritud nanovõrgu komponentide (DG, DS, 
koormuste, juhtimiskeskuse ning lihtsustatud mudelite) dünaamilist käitumist on 
analüüsitud ning valideeritud katsetega, kus toimus aktiiv- ja reaktiivenergia vahetus 
välise võrguga. Juhtimissüsteemis tekkivate ajaliste viivituste tõttu on viidud läbi mudeli 
stabiilsuskontroll. 

Pärast siirdetalitlusanalüüsi on nanovõrgu mudelid agregeeritud TPPks. Käesolevas 
teadustöö tulemusena on valminud TPP juhtimisalgoritm, milles kombineeritakse 
püsitalitlusarvutused optimeerimismeetoditega. Juhtimisalgoritm võimaldab TPPl 
pakkuda võrgule süsteemiteenuseid oma liitumispunktis, vähendades samal ajal 
võrgukadusid TPP siseselt. 

Kokkuvõtteks, käesolevas töös esitatud lähenemisviisid aitavad kaasa 
elektrisüsteemide stabiilsusele, kui vanad fossiilkütustel elektrijaamad asendatakse 
taastuvelektrijaamadega. 
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Publication I 
J. Helguero, A. Rosin, H. Biechl. Stability Analysis of a Nanogrid Considering 
Communication Delay Time. 10th International Conference on Electrical and Electronics 
Engineering (ICEEE 2023). 
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������������		
�����
�������������������
�
����������
�������������������
�������
�����
�������������������� !"�#"$�%&"$�'(%#"$"�()�* $�&% !$+$,$)*�('�&�-$&%*!+$�.(/$-�.-('!0$�1"&,$�&"�* $�'!-"*�#"$�%&"$2�&*�* $�34�"!5$�('�* $�*-&)"'(-,$-�/ !0$�*&6!)7�!)*(�&%%(#)*�* $�,!)!,!8&*!()�('�* $�&%*!+$�.(/$-�0(""$"�/!* !)�* $��99:�� $�"!7)�%()+$)*!()�'(-�* $�-$&%*!+$�.(/$-�.-(+!"!()�!"�* $�"&,$�&"�* $�.-$+!(#"�#"$�%&"$:�;!7:�<=�" (/"�* &*�* $�-$&%*!+$�.(/$-�.-(+!"!()�&*�* $�34�"!5$�'(00(/"�* $�-$>#!-$5�.-('!0$:����������;!7:�<=:�?$&%*!+$�.(/$-�.-(+!"!()�&*�* $�9@@�('�* $��99�AB�*&6!)7�!)*(�&%%(#)*�* $�&%*!+$�.(/$-�0(""$":�������C������������
����C��������������� $�&%*!+$�.(/$-�0(""$"�('�* $�"*#5B�)$*/(-6�'(-�A(* �#"$�%&"$"�&)5�* $�.$-%$)*&7$�5$%-$&"$�&-$�5$.!%*$5�!)�;!7:�<D&�&)5�;!7:�<DAE�-$".$%*!+$0B:�� !"�!"�&)&0B8$5�!)�* -$$�!)*$-+&0"�('�*!,$F��G�H)*$-+&0�HF�� !"�!"�'-(,�IIFII�#)*!0�IJFDK:�L$-$�* $�,&M!,#,�&%*!+$�.(/$-�0(""$"�-$5#%*!()�&% !$+$5�!"�N<O:��G�H)*$-+&0�HHF�� !"�(%%#-"�'-(,�IJFDK�#)*!0�<PF=I:�� $�-$5#%*!()�('�* $�&%*!+$�.(/$-�0(""$"�!"�IO:�G�H)*$-+&0�HHHF�H*�*&6$"�.0&%$�'-(,�<PF=I�#)*!0�$)5�('�* $�5&B:�� $�&%*!+$�.(/$-�0(""$"�%&)�A$�-$5#%$5�AB�#.�*(�=KO:�Q#-!)7�* !"�!)*$-+&0�&00�LRSTT�&-$�5!"% &-7!)7�&)5�"#..0B!)7�* $�0(&5"�('�* $�)&)(7-!5":�U$$.!)7�* !"�!)�,!)5E�* $-$�!"�)(�$M% &)7$�('�&%*!+$�.(/$-�A$*/$$)�$&% �)&)(7-!5�&)5�* $�$M*$-)&0�7-!5:�;(-�* !"�-$&"()�* $�.$-%$)*&7$�5$%-$&"$�('�* $�!)*$-+&0�HH�!"�0(/$-�* &)�* $�!)*$-+&0�H:���������;!7:�<D:�@(,.&-!"()�('�&%*!+$�.(/$-�0(""$"F�&2�V%*!+$�.(/$-�0(""$"�'(-�#"$�%&"$�H�&)5�HHW�A2�9$-%$)*&7$�5$%-$&"$:�4:�@XY@Z[THXY�H)�* !"�.&.$-�!*�!"�" (/)�&)�(.$-&*!()�"*-&*$7B�*(�.-(+!5$�-$&%*!+$�.(/$-�'(-�+(0*&7$�%()*-(0�*(�* $�(+$-0&!5�+(0*&7$�

0$+$0�AB�&�7-(#.�('�!)*$-0!)6$5�)&)(7-!5"E�/ !% �&-$�.&-*�('�&��99�0(%&*$5�!)�&�Z4�)$*/(-6:�H)�* !"�"*-&*$7BE�$&% �)&)(7-!5�.-!(-!*!8$"�* $�"$0'\%()"#,.*!()�/ !0$�.-(+!5!)7�-$&%*!+$�.(/$-:�;#-* $-,(-$E�* $�(.$-&*!()�"*-&*$7B�&..0!$"�&)�(.*!,!8&*!()�,$* (5�"(�* &*�&�-$>#!-$5�-$&%*!+$�.(/$-�.-('!0$�&*�* $�(+$-0&!5�+(0*&7$�0$+$0�%&)�A$�&%%(,.0!" $5�/ $)�)$*/(-6�%()"*-&!)*"�&"�/$00�&"�* $�-$5#%*!()�('�&%*!+$�.(/$-�0(""$"�&-$�*&6$)�!)*(�&%%(#)*:�;!)&00BE�!*�!"�!,.(-*&)*�*(�.(!)*�(#*�* $�!,.(-*&)%$�('�* $�%()*-(00&A!0!*B�('�* $�Q]�&)5�QT�*(7$* $-�/!* �* $�&+&!0&A!0!*B�('�94�&)5�0(&5�'(-$%&"*�!)�* $�(.$-&*!()�('�&��99:�� ?S;S?SY@ST�<̂_� :̀�Z!#E�a:�b!)E�c:�L&)E�9:�a&)7E�̀ :�a&)7E�Z:�a&)7E�;:�Z!E�dQ!"*-!A#*!()�Y$*/(-6�4(0*&7$�@()*-(0�AB�V%*!+$�9(/$-e?$&%*!+$�9(/$-�H)f$%*!()�'-(,�94�H)+$-*$-"Ed�ghij�ik
��	lll���������������	��m�
�����l���
������������CC����
�����n	�	l�oE�a# &)E�p#)$�qI<r:�q̂_�V:�V-,"*(-'$-E�L:�R!$% 0�&)5�V:�?("!)E�dV)&0B"!"�('�R0&%6�T*&-*�T*-&*$7!$"�'(-�3!%-(7-!5"�/!* �?$)$/&A0$�Q!"*-!A#*$5�]$)$-&*!()Ed�ghis�	l�tu�ghisvwx
�����m�����������������
���	lll�	��m�
�����l���
�������y����
zE�Z!"A()E�X%*(A$-�qI<J:�=̂_�V:�?& ,(#)E�Y:�R$7E�V:�?("!)�&)5�L:�R!$% 0E�dT*&A!0!*B�&)5�$!7$)+&0#$�"$)"!*!+!*B�&)&0B"!"�('�&�RSTT�,(5$0�!)�&�,!%-(7-!5Ed�ghij�	lll�	�
����
������l���{z������������nlul�|}�tuoE�Z!,&""(0E�qI<rE�..:�<\N:��D̂_�9:�R#%6(E�3:�p&"6~0"6!E��:�Z#A(")BE�p:�U0#%8)!6�&)5�U:�Q(A-8B)"6!E�dQ$0!+$-B�('�V)%!00&-B�T$-+!%$"�!)�Q!"*-!A#*!()�9(/$-�TB"*$,"Ed��ghij�ix
��	�
����
��������������������
���lm��C����l���{z������
�nll�oE�Z(58E�qI<r:�K̂_�]:�Q$��(**!E�T:�9(#-,(#"&+!E�L:�3&5"$)�&)5�Y:�9(#0"$)E�dV)%!00&-B�T$-+!%$"�D:IF�V��(.\*(\R(**(,�@()*-(0\R&"$5�V..-(&% �'(-�T(0+!)7�V)%!00&-B�T$-+!%$"�9-(A0$,"�!)�T,&-*�]-!5"Ed�	lll��������n���m��
�oE�;$A-#&-B�qI<r:��N̂_�p:�?(% &E�;:�T&0+&5(-!�&)5�@:�]$ -6$E�d9-(+!"!()�('�&)%!00&-B�"$-+!%$�!)�&�7-!5\%())$%*$5�. (*(+(0*&!%�.(/$-�"B"*$,���ghij�	lll��CC�����������l���
����������������������l�C���
����n��l�oE�T&)�V)*()!(E��cE�3&-% �qI<r:�P̂_�V-,"*(-'$-E�V:E�R!$% 0E�L:E���?("!)E�V:�1qI<P2:�S)$-7B�T% $5#0!)7�('�R&**$-B�T*(-&7$�TB"*$,"�!)�3!%-(�]-!5"E�l���
����������
������������m����
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