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The power grid is developing from a traditional one-way network to a more integrated, 

complicated structure because of the penetration of electric vehicles, large distributed 

generators, and renewable energy sources into the grid. Renewable energy sources (RESs) 

extensive integration into the distribution network causes difficulties that Distribution System 

Operator (DSO) and Transmission System Operator (TSO) can face. In overcoming the issues 
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such as active and reactive power, voltage profile, congestion management, as well as 

frequency control, it is urgent to provide a power delivery system based on flexibility to ensure 

safe, resilient and cost-effective utilisation of the grid. Thus, to overcome the network 

constraints, the optimal power flow (OPF) is considered in most of today’s grids to facilitate 

the TSOs, and DSOs to operate and benefit most from the grid.  

 

More importantly, in today’s transmission networks (TNs), the sudden outage of some 

generation units (GUs) from the generation cycle can cause significant problems such as 

imbalance between generation and demand-side (consumption) and thus increase the cost of 

operating the power system. On the other hand, distributed generators (DGs) with their ability 

to react quickly in distribution networks (DNs) can be a relatively good alternative to the 

disconnected fast generation units (FGUs). Therefore, a robust cooperation problem for 

integrated TN&DN is essential. However, it is unattainable to solve the cooperation of the 

TN&DN problem without considering the AC optimal power flow (ACOPF), the operators' 

independence, and the information privacy.  

 

On the other hand, the robust cooperation of TN & DN based on ACOPF model is a Mixed-

Integer Nonlinear Programming (MINLP), which is impractical to solve with existing solvers. 

Thus, in this thesis, a linearised ACOPF (LACOPF) model for robust cooperation of TN & DN 

problem is presented. And also, an efficient hierarchical decentralised solution method is 

represented to solve robust cooperation of integrated TN & DN in which the information 

privacy is maintained for both network operators. Furthermore, the standard IEEE 30-bus TN 

and an IEEE 33-bus standard DN are utilised to implement the proposed problem simulation.  

 

Finally, the thesis validates through simulations that the accuracy and computational efficiency 

of the proposed robust optimisation problem and hierarchical decentralised method and the 

advantage and efficiency of the optimisation method and the proposed solution methodology. 
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𝑖, 𝑗 Bus 

𝜔 Scenario 

𝑠(𝑖) Distribution network connected to bus i 

𝑠 Upstream bus in the distribution network 

𝜈 Number of iterations  

(•)(),𝑡 Variable at t time 
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Sub-script  ,T D  for each variable denote that this variable is for the TN (i.e.,  T ) or 

DN (i.e.,  D ) operation problems 

Parameters: 

𝑐𝑔/𝑐𝑔
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�̱�𝑔
𝛺/�̄�𝑔
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�̱�𝑔
𝛺/�̄�𝑔

𝛺 Min/max reactive power generation by a GU 

�̄�𝑔/�̱�𝑔 Ramp rate-up/-down a GU 

𝑔𝑘
𝛺/𝑏𝑘

𝛺 Conductance/susceptance power transmission element k  

𝑃𝑖𝑡
𝛺/𝑄𝑖𝑡

𝛺 Active/reactive power demand in a bus 

  Maximum voltage angle  

�̄�𝑘
𝛺/�̄�𝑘

𝛺 Maximum active/ reactive transmission power in a line 

�̱�𝑖
𝛺/�̄�𝑖

𝛺 Min/max voltage amplitude of a bus 

𝑑𝑛,𝑡 The amount of load consumption on a bass  

𝐷𝑇𝑔/𝑈𝑇𝑔 Minimum on/off time of a GU 

𝑅𝑔
−/𝑅𝑔

+ Maximum power ramp rate up/down of a GU 

𝛾𝑖𝑗
𝛺/𝜆𝑖𝑗

𝛺  Slope coefficient/ constant values  

𝜋𝜔 Probability of a scenario 

𝑐𝑠 Exchanged power cost between transmission and distribution network  

𝑐𝑖
𝑢𝑝
/𝑐𝑖
𝑢𝑞

 Cost of active/reactive load curtailment at a bus 

𝛥𝑟𝑔 Maximum power change of a GU in 10 minutes 

𝑛 Maximum number of worse-case outages 

( )
v
g  Multiply coefficient 

𝑆𝑏 Base apparent power  
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Variables: 

𝑃𝑖
𝐷 active powers consumption at node i by the load 

𝑄𝑖
𝐷 reactive powers consumption at node i by the load 

ei real part of the complex voltage at node i 

fi imaginary part of the complex voltage at node i 

δ(i) set of nodes connected to i 

             𝑔𝑖𝑗 conductance and susceptance of the branch connecting nodes i, j 

             𝑏𝑖𝑗 susceptance of the branch connecting nodes i, j 

            𝑔𝑖𝑖  self-conductance at node i 

            𝑏𝑖𝑖  self-susceptance at node i 

N nodes in the power system 

           𝑃𝑖
𝐺  active powers generated by the generator at node i 

           𝑄𝑖
𝐺  reactive powers generated by the generator at node i 

𝛷𝛺 Total operation cost 

𝑃𝑔𝑡
𝛺 /𝑄𝑔𝑡

𝛺  Active/reactive power generation by a GU  

𝑃𝑖𝑗,𝑡
𝛺 /𝑄𝑖𝑗,𝑡

𝛺  Transmission active/reactive power in a line 

𝜓𝑖𝑗,𝑡
𝛺  Voltage angle cosine between a line 

𝜑𝑖𝑗,𝑡
𝛺  Angle between a line [Radian] 

𝑉𝑖𝑡
𝛺 Voltage of a bus [per unit] 

𝑃𝑠𝑡  Active power exchanged between TN and DN 

𝑢𝑔,𝑡 Binary variable related to the state of a GU 

𝑤𝑔,𝑡/𝑣𝑔,𝑡 Binary variable related to the on/off state of a GU 

𝛥𝑃𝜔𝑖𝑡
𝛺 /𝛥𝑄𝜔𝑖𝑡

𝛺  The amount of active/reactive power curtailment in a bus 

𝜗𝑔
𝛺 Binary variable related to the worse-case GU outage 

𝛷𝑡
𝜈 Total active and reactive load curtailment per hour and iteration. 

( )
( )  Dual variable 
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1 INTRODUCTION 
 

1.1 Introduction 

 

The power system is advancing from a traditional one-way system to a more integrated and 

convoluted structure because of integrating renewable energy sources, electric vehicles and 

large distributed generators into the grid. With renewable energy sources (RESs) high 

integration into the distribution network (DN), the Transmission System Operator (TSO) and 

Distribution System Operator (DSO) may confront some challenges. In overcoming those 

challenges and issues, for instance, active and reactive power, voltage profile, congestion 

management, and frequency control, it is urgent to provide a power delivery system based on 

flexibility to ensure safe, resilient, and cost-effective utilisation of the grid (Gerard et al., 2018, 

Gerard et al., 2016). Therefore, to overcome the network constraints, the optimal power flow 

(OPF) is considered in most of today’s grids to facilitate the TSOs, and DSOs to operate and 

benefit most from the grid (Lin et al., 2019a). 

 

The transmission system operates by a TSO, and a DSO performs the distribution system. As 

in the grid, the TSOs are linked with DSOs; one’s behaviour could impact the other one, 

therefore considering their independent nature as one may provide the cost-effective feature, 

the other could aim at resiliency and flexibility of the grid. However, as both are aimed at 

featuring the system, they are practically acting as an opponent. Therefore, as they are 

integrated into the same grid, they are not providing their data to one another as it is 

commercially against their policies. (Mohammadi et al., 2018)  

 

Also, conserving the crucial data policies as should be shared between TSOs and DSOs as 

required to provide the best solution is quite challenging. Ideally, it would be beneficial to 

interact and access data with one another. Suppose some authority could centrally schedule it 

as such. In that case, shared information provides flexibility and reliability and financially the 

best offer for the energy demanded, for instance, day-ahead planning. Although giving each 

other’s data access with some authority’s observation is still not a complete solution. For 

example, a blackout could cause a destructive effect on a central approach’s performance 

(Kristov et al., 2016, Ferrante et al., 2014).  The distribution system under operation can 

facilitate the transmission system with various benefits if the TSO and DSO participate with 

the same aim as such to provide the best performance (Mohammadi et al., 2018). 



 

12 

Distribution network resources may cooperate in the TSO ancillary services (AS) markets. 

Notwithstanding, according to each country, there are quite different regulations concerning 

the power grid, and the participation of resources from the grid to the TSOs is not considerable. 

It is not typical that DSOs being flexible utilising resources regarding the local grid issues. If 

the TSO takes the distribution network resources without DSO being involved, problems can 

emerge if the demand rises. Therefore, the participation of the TSOs, and DSOs is urgent that 

the shareholders should consider. (Gerard et al., 2016) 

 

Considering the enhanced and expanded active distribution network, many distributed 

generators (DGs) and RESs can participate instantly in the power grid. (D'Adamo et al., 2009, 

Martins and Borges, 2011, Series, 2009)  However, one challenge is that the flexibility of the 

distribution networks is inadequate for the broad integration of different resources. The 

coordination of the TN and DNs is recognised as necessary to boost the integration of the DG’s 

sufficient capacities. Traditionally, transmission and distribution networks are managed and 

improved separately by their corresponding operators and hindering the flexible resources 

profiteering in two-level networks (Lin et al., 2019a). 

 

RESs integrated with the economic dispatch in transmission and distribution (TD-ED) grids 

can benefit the grid economically concerning the transmission and power production expenses 

via appropriately and suitably expected generation resources in the two networks. Moreover, 

TD-ED performance’s inevitable disadvantages include some issues. For example, in active 

distribution networks (ADNs), the active and reactive power flow is not separated. Besides, 

ignoring the reactive power provision can cause more extensive problems and faults in the 

transmission and distribution network, which is another challenge the system may confront. 

(Lin et al., 2019a) 

Bus voltage hinders distributed generators participation in the grid under operation when it is 

reversed power flow (PF).  Overvoltage is a consequence of substantial integrated power in an 

active distribution system at the bus level. TD-ED resolves issues concerning the active power 

in the network. Therefore, an immediate solution to realise and investigate power flow and its 

impact on the grid is considering a coordinated AC optimal power flow (ACOPF) in the 

transmission and distribution networks. (Lin et al., 2019a) 

The privacy of TSOs and DSOs data restricts the proper and more coordinated solution for 

ACOPF. It should be authorised and centrally managed somehow that the scheduled and 
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planned optimisation will benefit every participant in power production, distribution, and 

consumption. It is evident that a decentralised and coordinated optimal power flow (TD-

ACOPF) solution would suit the best while investigating the RES contribution. There are still 

some crucial factors to consider; naturally, ACOPF is a non-linear and non-convex model, 

which is another issue that emerges and needs to be resolved. However, decomposition 

methods, such as Bender’s decomposition (Benders, 2005), often need linear constraints for 

adaptability, usually inappropriate to the non-linear TD-ACOPF model. Thus, providing a 

reliable, resilient, and extensible decentralised method is urgent regarding the TD-ACOPF 

problem’s coordinated solution (Lin et al., 2019a). Most importantly, due to the data privacy 

of TSOs and DSOs, which are not shared usually with one another, the decentralised ACOPF 

is deployed and introduced.  

 

In today's transmission networks (TNs), the sudden outage of some generation units (GUs) 

from the generation cycle can cause some problems such as imbalance between generation and 

demand-side (consumption) and therefore increase the cost of operating the power system. 

Thus, a robust cooperation problem for integrated TN & DN is essential.  

However, it is impossible to solve the robust cooperation of the TN & DN problem without 

considering the AC optimal power flow (ACOPF), the operators' independence, and the 

information privacy. On the other hand, the robust cooperation of TN & DN based on the 

ACOPF model is a Mixed-Integer Nonlinear Programming (MINLP), which is impractical to 

solve with existing solvers.  

Thus, in this thesis, a linearised ACOPF model for robust cooperation of TN & DN is presented, 

as well as an efficient decentralised solution method to solve robust association of integrated 

TN & DN in which the information privacy is maintained for both operators. In addition, the 

standard IEEE 30-bus transmission network and an IEEE 33-bus standard distribution network 

are utilised to implement the proposed problem simulation. Finally, through simulations, the 

results validate the accuracy and computational efficiency of the proposed robust operation 

problem and decentralised method and the advantage and efficiency of the optimisation method 

and the proposed solution methodology. 
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1.2 Project background 

 

The unexpected outage of some generation units (GUs) in the power system can cause 

problems such as load curtailment in some buses, reducing network reliability and thus 

increasing the power system operation cost. Therefore, to deal with this issue, the power system 

operator has two fundamental options; The first option is the separation of several distribution 

networks (DNs) from the transmission network in some load buses as an urgent alleviation to 

balance the power flow. 

The second option is to utilise DGs in DNs to resolve the issue of power and consumption 

imbalances in some TN buses. On the other hand, DGs with fast reaction capability can be 

deployed as a relatively suitable alternative for the sudden outage of GUs in the TN. Although 

choosing the first option in operating power systems is a typical and more favourable choice, 

it will cause some issues, for instance, increasing the voltage level and a lack of reactive power 

to operate the DN. 

 

However, this option is very costly for both networks. Accordingly, choosing the second option 

can be the best choice to address the mentioned problems for both network operators. Hence, 

the TN operator should cooperate with the DN operator to effectively take advantage of DGs. 

Cooperation between two network operators can also effectively reduce the cost of power 

generation for both network operators. Moreover, there are two significant challenges to 

integrated collaboration between the distribution and transmission networks. 

First, the operators of each network are independent; therefore, the security of information 

exchange for both network operators should be preserved. Secondly, for practical cooperation 

and secure exchange of data between the two network operators, the voltage level and reactive 

power issue are of great importance, especially for DN, so the power flow model for both 

systems should be in the form of ACOPF. For instance, the operation of DGs in DNs rely on 

the busbar’s voltages. Also, the high injection of power into the DN by the TN can cause a 

considerable voltage increase in the DN. On the other hand, the integrated cooperation of the 

DN and TN based on the ACOPF is a Mixed-Integer Nonlinear Programming (MINLP), which 

is impractical to solve with existing solvers. Thus, in this thesis, integrated DN and TN 

cooperation is investigated with linearised ACOPF (LACOPF), making the optimal solution 

with the available solvers possible. 
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Also, as both operators decide independently, solving the cooperation TN and DN issue should 

not be considered a centralised cooperation problem. Therefore, in this thesis, an iterative 

hierarchical method for the decentralised solution of the integrated cooperation problem of DN 

and TN is represented, in which each operator makes an independent decision and data security 

is maintained for both network operators. 

Besides, as discussed earlier, the outage GUs is critical in our proposed co-optimisation 

problem. Therefore, in this thesis, a robust maximum-minimum optimisation model based on 

the Benders decomposition method is deployed to model the sudden outage of GUs in the TN 

operation problem. Moreover, one point that should be considered is that solving the 

cooperation of integrated TN and DN by considering the robust maximum-minimum 

optimisation model is a non-convergent and non-convex problem. Therefore, in order to solve 

this problem in this thesis, a four-step solution methodology is presented based on blend the 

iterative hierarchical approach and the Benders decomposition method. 

 

1.2.1 ACOPF Basic Formulation 

 

This section explains the ACOPF formulation, taking into consideration the alternating 

direction method of multipliers (ADMM). 

 

The ACOPF mathematical formulations expressed as following (Sun et al., 2013): 

 

                 

                   min𝑃^𝐺,𝑄^𝐺,𝑒,𝑓  ∑𝑖∈𝒩  𝑓𝑖(𝑃𝑖
𝐺) 

 

 

(1) 

     𝑃𝑖
𝐺 − 𝑃𝑖

𝐷 = ∑𝑗∈𝒩  [𝑒𝑖(𝑔𝑖𝑗𝑒𝑗 − 𝑏𝑖𝑗𝑓𝑗) + 𝑓𝑖(𝑔𝑖𝑗𝑓𝑗 + 𝑏𝑖𝑗𝑒𝑗)], ∀𝑖 
(2) 

   𝑄𝑖
𝐺 − 𝑄𝑖

𝐷 = ∑𝑗∈𝒩  [𝑓𝑖(𝑔𝑖𝑗𝑒𝑗 − 𝑏𝑖𝑗𝑓𝑗) − 𝑒𝑖(𝑔𝑖𝑗𝑓𝑗 + 𝑏𝑖𝑗𝑒𝑗)], ∀𝑖 
(3) 

𝑃𝑖 ≤ 𝑃𝑖
𝐺 ≤ 𝑃‾𝑖,  ∀𝑖 

(4) 

𝑄𝑖 ≤ 𝑄𝑖
𝐺 ≤ 𝑄‾𝑖,  ∀𝑖 

(5) 

𝑉𝑖
2 ≤ 𝑒𝑖

2 + 𝑓𝑖
2 ≤ 𝑉‾𝑖

2,  ∀𝑖 (6) 
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The variable fi (𝑃𝑖
𝐺) denotes the generator i generation cost, considering it as a convex quadratic 

function. The corresponding PF equations (2) and (3) present the active and reactive power PF. 

They also show the level of voltage and output amplitude of the generator at different nodes. 

The upper, lower boundaries of (𝑃𝑖
𝐺) and (𝑄𝑖

𝐺) would be zero when no generator at node i exist.  

 

1.2.2 Lagrange Relaxation Method for ACOPF 

 

The ADMM algorithm has a good convergence of the decomposition and multiplication 

methods of the dual algorithm that its brief description can be seen as follows (Sun et al., 2013).  

 

min       f(x) + g(y) 

   x,y 

 

 subject to        Ax + By = c. 

 

Deploying λ, which denotes a dual variable, and ρ a positive penalty parameter, the Lagrange 

augmented formulation would be; 

 

𝐿𝜌(𝑥, 𝑦, 𝜆) = 𝑓(𝑥) + 𝑔(𝑦) + 𝜆𝑇(𝐴𝑥 + 𝐵𝑦 − 𝑐)

 +
𝜌

2
∥ 𝐴𝑥 + 𝐵𝑦 − 𝑐 ∥2

2
 

 

 

The iterations that the ADMM algorithm contains are; 

 

𝑥𝑘+1: = arg min𝑥  𝐿𝜌(𝑥, 𝑦
𝑘, 𝜆𝑘) 

𝑦𝑘+1: = arg min𝑦  𝐿𝜌(𝑥
𝑘+1, 𝑦, 𝜆𝑘), 

𝜆𝑘+1: = 𝜆𝑘 + 𝜌(𝐴𝑥𝑘+1 + 𝐵𝑦𝑘+1 − 𝑐) 

 

 

The minimisation over x, y variables in the first two steps take place, and λ, which is a dual 

variable, is updated in the third step when the size of the step is ρ > 0. 
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1.3 Objectives and research question: 

 

 

The prime Objectives of the thesis are as follows; 

 

• Investigating the interaction of TSOs, and DSOs to describe its potential impact on 

the market model as a consequence of energy transition.  

• Developing an operational planning formulation to TSO/DSO collaboration.  

• Developing a robust decentralised solution for AC Optimal Power Flow to facilitate 

TSO/DSO collaboration. 

• Implementing mathematical modelling of TSO/DSO collaboration utilising robust 

decentralised operation in the simulation environment. 

 

The research question is as follows; 

• How does interactive TSO/DSO collaboration influence the robust operation problem 

of the power grid? 

 

 

1.4 Structure of the thesis 

 

The work performed in this thesis consists of 7 parts: Chapter 1, Introduction and Background, 

Chapter 2 provides a literature review of Transmission System Operator (TSO), and 

Distribution System Operator (DSO) collaboration, Chapter 3 represents a literature review of 

Decentralised AC Optimal Power Flow. Chapter 4 provides a detailed description of the 

proposed models and the problem statement and solution methodologies; the problem 

formulation and methods are explained in this section. In Chapter 5, the Simulation results and 

Discussion have been investigated and explained. Chapter 6. explains and conclude the entire 

work performed in this thesis. 

 

 

 

 

 



 

18 

2 TSO, DSO COLLABORATION 
 

 

2.1 Transmission system operators (TSOs) and distribution system operators (DSOs) 

collaboration 

 

Many changes are taking place in current power grids. For instance, the demand for sufficient 

distribution networks increases the demand side’s interest to participate more actively in the 

power grid. DSOs can provide the prosumers with a highly profitable network to supply and 

meet their demand-supply requirement to get substantial benefits from the delivered system. 

The DSOs can also benefit from arranging such a system. Concerning the environmental 

challenges that we have been confronting, such as global warming, the extensive integration of 

renewable energy sources (RESs) such as solar panels, wind, or micro-turbines can 

substantially mitigate the problem if well-coordinated cooperation between TSOs and DSOs is 

provided. These energy sources are utilised with the help of power electronic converters (PECs) 

as a grid interface. The so-called Power Electronics Interface (PEI) equips an excellent 

mechanism to offer controllable functions for DSO. (Pettersen et al., 2020, Perilla et al., 2020, 

Rakhshani et al., 2020) 

 

Also, regulators are broadly aware of the need to strengthen cooperation between the TSOs and 

the DSOs. DSOs and TSOs should greatly enhance mutual participation to deliver the best 

results at the distribution level to prosumers (Hartnett et al., 2021, Gerard et al., 2016). Over 

the past few years, cooperation has been proceeded between TSO and DSO in creating a 

suitable framework for supplementary cooperation between the transmission and distribution 

operators. 

The extensive distributed energy resources (DERs) in the distribution network creates the 

possibility to contribute services to the distribution network. DERs integrated at the distribution 

level inevitably facilitates the grid. However, a coordinated optimisation approach would allow 

the DERs to contribute and make the system more resilient, profitable, and flexible between 

the TSO and the DSO (Gerard et al., 2016).  

 

Strengthening the collaboration between DSOs and TSOs is a crucial consideration, and more 

research projects support the cooperation of renewable energy sources in power grids. 

(Gonzalez et al., 2016, Saint-Pierre and Mancarella, 2016, Migliavacca et al., 2017, 
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Capitanescu, 2018a, Capitanescu, 2018b) For instance, several coordination models have been 

modelled, which simulate the possible interaction of TSO and DSO at their interfaces. 

(Migliavacca et al., 2017, Papavasiliou and Mezghani, 2018, Capitanescu, 2018b) In order to 

support the TSO-DSO cooperation, a new concept, namely the PQ diagram (active and reactive 

power) (or achievable area), is introduced to characterise the active distribution networks 

(ADNs) flexibility. (Keane et al., 2012) The power balance, overload management, or voltage 

support/safety (Migliavacca et al., 2017, Capitanescu, 2018b) on the TSO-DSO interface 

contributes to the transmission system’s safe operation. Each DSO provides TSO with a 

suggested PQ flexibility, which can satisfy ADNs within a specifically agreed time frame limit. 

The TSO can be activated optimally this flexibility (for compensation purposes, for example) 

and declare the DSO to adjust the settings accordingly in the ADNs. By flexibly sharing and 

using ADN, it is possible to establish the iteration between DSO and TSO to assure that the 

combined transmission/distribution system constraints are met (Capitanescu, 2018b). 

 

 

The evolution of energy systems is demanding a massive integration of distributed renewable 

energy sources (DRESs), along with more dynamic behaviour of consumers in participating in 

demand-side response (DSR) initiatives (Schuster et al., 2014). As this happens, the complexity 

of power systems’ operational and planning activities is dramatically increasing (Silva et al., 

2012), raising the need for a reinforced collaboration between TSOs and DSOs. Although the 

interaction among grid operators is already a common practice at different levels, TSOs and 

DSOs should enlarge each other’s grid as actions taken tend to impact neighbouring networks 

and need to be smartly coordinated significantly. The TSO-DSO participatory method requires 

exchanging a large number of extra data (Grids, 2015). From the two network operators’ 

perspective, the existing framework is essential to increase system visibility by creating 

effective methods for fast and effective data exchange, thereby increasing the interaction 

between TSO and DSO. 

 

Also, enhancing the level of data exchange is an initial idea that allows network operators to 

discover flexible shared resources to satisfy system requirements in order to maintain high 

efficiency, security, and service quality. For various purposes, data exchange between TSO 

and DSO is a prerequisite that should have considerable quality. These actions could optimise 

additionally operations and scheduling plan that is usually weekly coordinated between 

network operators, such as (Alves et al., 2015); 
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• ancillary services 

• congestion management 

• voltage control 

• grid topology   

• system security  

• system planning and development 

 

It has been proven that there is a need to improve data exchange between TSOs and DSOs as 

well as to strengthen the core benefits and coaction of TSO-DSO cooperation. Examples 

concerning actual case studies emphasise the important effects of coordination and improved 

information sharing between network operators. (Gerard et al., 2016, Silva et al., 2018) 

 

2.2 Improved network observability and controllability  

 

The continued growth of RESs integration, primarily at the distribution network, and the 

reduction in the number of large-scale thermal power generation equipment linked to the 

transmission can cause the TSO to make the entire system invisible. Generally, TSOs have not 

yet reached the visible level required for power distribution valuable equipment such as HV 

lines and substations. If the TSO DSO data transfer is performed correctly, future energy 

networks’ observability will allow TSO to ensure system security. From a DSO point of view, 

the transmission system visibility has been insufficient. Moreover, under the two-way flow 

pattern, DSO needs to improve the visibility of the transmission system. Data exchange with 

TSO enables DSO to manage its network more efficiently and securely more effectively, that 

is, by increasing the DRESs penetration rate and reconfiguring the distribution network 

topology. (Suljanović et al., 2019) 

 

2.3 Increase RES Flexibility 

 

Diminished flexibility in distribution and transmission networks is the result of limited RES 

controllability. Although if restricted, existing RES control functions have become a more 

valuable resource for TSOs and DSOs and should be utilised accurately. Network operators 

require to exchange data for gaining more flexibility in subscription for TSOs and DSOs 

simultaneous support. Resources with flexibility in the distribution system can utilise TSOs in 
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the operation of the transmission network. Besides, while operating RES power control 

amount, TSOs and DSOs coordination is mandatory as it influences one another’s power grids. 

(Alves et al., 2015) 

 

2.4 Demand-side response 

 

Energy efficiency, renewable energy sources (RESs) and distributed generators (DGs) have 

extensive integration and share into today’s grids. They assure and provide the possibility to 

stabilise the system and secure that the demand and supply matches as efficient as possible. As 

with traditional grids, a substantial amount of electricity was dissipated in the heat before 

reaching the prosumers. Therefore, a considerable optimisation in the losses is reachable 

through the distribution generation of electricity as close as possible to the end-users. (Farmad 

and Biglar, 2012) This has paved the path for micro-generation solutions in residential, 

commercial and industrial areas to be interconnected. But there are periods, for instance, in the 

day-ahead programme, especially in industrial applications, the need for flexible and secure 

provision of electricity to be guaranteed to operate and meet their demands. Therefore, the 

TSOs and DSOs interaction in a highly interconnected way can resolve the issue that might 

appear during the prosumers’ required flexibility. 

The demand-side response (DSR) is a critical issue that takes attention most from the energy 

industries. However, even knowing the benefits of DSR, using this type of flexibility cannot 

still reach its full potential. However, as the enormous contribution of DSR is related to the 

distribution level, TSO also plays a crucial role in activating DSR capacity. Transmission and 

distribution network operators need to find a place to cooperate with DSR to take full advantage 

of DSR.  

 

2.5 Data Exchange Extent between TSO-DSO 

 

Clearly defining the extent of exchangeable data is difficult after demonstrating the need to 

improve the TSO-DSO interaction. Due to technical feasibility, large power grids need to limit 

the amount of information shared between TSOs and DSOs. To be able to exchange data, 

cooperation should be done to exchange it. European electricity network regulations also 

recognise the priority of supporting network operators to determine operational safety 
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information exchange accuracy. This sets legal requirements between network operators to 

achieve better TSO and DSO interaction.  

 

TSOs and DSOs observability areas should be defined to analyse the distribution network and 

transmission network when exchanging information. From TSO’s point of view, the visible 

area refers to the transmission grid and associated parts of distribution networks. TSO monitors, 

models, or exchanges other types of information with neighbouring DSOs in real-time. (Alves 

et al., 2015) The same visible area concept applies to DSO, including the DSO distribution 

system and transmission network relevant parts. DSO monitors and exchanges data with TSO. 

The ideal case is that the data exchange between network operators should be near the 

boundaries between transmission and distribution networks related to areas closer to adjacent 

networks by electrical distance. In this regard, the actions taken by the TSOs or DSOs strongly 

influence each other’s functions and programs for network activities. 

 

The types of data exchanged between TSOs and DSOs are different, including three different 

categories (Alves et al., 2015); 

A) Real-time data points to the network’s necessary data and its related users, which is 

essential for the real-time analysis of the transmission or distribution system. 

B) Plan and forecast data- points to the grid’s data and its related users on day-ahead 

and intra-days. This information is utilised to analyse the transmission or distribution system’s 

operational safety within these operational plans’ time range. 

 

C) Structured data- points to general data from the system and its related users. This 

information is fundamental for the model used in the transmission and distribution system’s 

operational safety analysis in any time frame. It is also used for system planning purposes. 

 

2.6 TSOs and DSOs Collaboration Areas 

 

Through close interaction between grid operators, the advantages of the power system can be 

fully utilised at the operational and planning levels, especially in the following areas where 

TSO-DSO data exchange is often restricted: 
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2.6.1 Ancillary Services 

 

With the popularity of ESs, DERs, DSR, flexible thermal generators’ availability to 

accommodate ancillary services to the network might be inadequate. TSOs may seek feasible 

alternatives to satisfy the system’s demand for ancillary services to preserve the lack of such 

services. The mentioned use of energy distribution resources is becoming a recognised solution 

to assist TSO in providing various system services. In this case, since most of the available 

distributed resources are already connected to the distribution network, the DSO will need to 

participate in triggering these services actively. Therefore, TSOs and DSOs should clearly state 

that they should utilise flexible resources (distributed generators, consumers and emerging 

service providers) to provide ancillary services, which is crucial. (Migliavacca et al., 2017, 

Savvopoulos et al., 2019) 

 

2.6.2 Congestion Management 

 

It is envisaged that distributed generations, storages connected to the distributed network 

facilitate the entire electrical system need. The use of these distributed energy resources 

(DERs) for effective transmission and distribution networks requires establishing a coordinated 

interface between TSOs and DSOs (Savvopoulos et al., 2019). DSO can enable DERs to 

provide local services (for example, voltage support, congestion management). Moreover, they 

can work with the entire TSO and act as a service facilitator for the whole system. Thus, it is 

vital to coordinate various resources which provide real-time ancillary services (AS) services 

at each level. (Migliavacca et al., 2017) 

 

The future alternating power generation into the grid changes the direction of electricity flow. 

As a result, congestion in distribution and transmission networks is expected to become a 

common occurrence. In this regard, active power management will be more critical as a tool 

that consents TSOs and DSOs to handle congestion in their networks. Various methods of 

implementing active power management may include;  

• controlling the active power of generating sectors, including RES 

• Energy storage equipment management  

• Active demand management 

• Control of various equipment for active power management, such as flexible AC 

transmission system (FACTS) or High Voltage Direct Current (HVDC) connections. 
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The collaboration between network operators in the face of congestion will help to 

accommodate the best solution to dominate congestion in their network. Likewise, the share of 

data between TSO and DSO is vital to secure that network operators’ actions are coordinated 

due to their potential cross-border effects. (Alves et al., 2015) 

 

2.6.3 Voltage Security 

 

Although DERs can bring benefits, it also challenges TSO and DSO to manage power grids 

more harmoniously. Access to data management and resources should be coordinated between 

DSO and TSO to deliver the possible flexibility of the DERs fully. The flexibility comprises 

supply-demand balance, congestion management and voltage control. (Yuan and Hesamzadeh, 

2017) 

 

TSOs with the utilisation of tap changing of reactor and capacitor devices assure that the power 

system voltage level is within the required range. DSO also typically uses these utilities to alter 

the level of reactive power penetrated in the distribution grids (Mohammadi et al., 2018). If 

this action is not coordinated, it will affect the local voltage and main voltage levels. From this 

mindset, the whole system needs to exchange TSO-DSO data on reactors and capacitor 

installations in transmission and distribution networks to allow TSO and DSO to prepare for 

any potential influence on their networks and integrate actions in order to optimise reactive 

power resource utilisation.  

 

2.6.4 Security of the system 

 

Providing system security is recognised as an essential responsibility of the TSOs (Mohammadi 

et al., 2018, Savvopoulos et al., 2019). However, it is a primary, urgent probability for 

cooperation with DSOs to strengthen the system’s security. Operational safety investigations 

performed by TSOs usually does not consider parts of the distribution grid, primarily due to 

the shortage of data about the DSO’s network. A typical evaluation of the transmission and 

distribution system’s security level can make the system work more securely, and this is only 

possible over fair data sharing.  

 

In general, DSO is achieved by decreasing the system losses and TSO by ensuring overall 

voltage stability. Similarly, DSOs involvement in the recovery plan can help build a secure 
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system. DSOs and TSOs need to strengthen their partnership to take full advantage of a wide 

range of DRESs functions to manage system repairing in a quick, controllable and cost-

effective way. (Alves et al., 2015) 

 

2.6.5 System Planning and Development 

 

Since the expansion of transmission and distribution network infrastructure generally requires 

a lot of investment, power grid planning and development activities should be carried out to 

cost-effective standards. Therefore, TSOs and DSOs should collaborate in cooperated planning 

and development to improve network infrastructure development and cost savings 

(Savvopoulos et al., 2019). As coordination in system planning improves, network operators’ 

network expansion methods should reflect the expected impact of reinforcement on each 

other’s transmission and distribution networks.  

TSOs and DSOs need to enhance their communication to invest intelligently in their network, 

create harmonious effects to preserve inessential expenditures, and provide a cost-effective 

plan and development for the entire network.  The DSO acts as an aggregator and transmits 

suggestions intelligently to the TSO. DSO can act as an intermediary between the aggregators 

and the TSO. The bids submitted to the DSO may have a distinctive arrangement than the entire 

bids presented to the TSO; if the terms of the tender and the DSO are different, the bid price 

may be more sensitive to the TSO requirements. Due to market fragmentation, because bids 

are set for each DSO area, the total bid price may not be ideal, thus eliminating the potential 

combination of flexible resources belonging to different DSO areas. Besides, specific rules 

may need to be set to ensure that further local markets integration offers in a coordinated 

manner. The danger of having numerous local markets is that there may be other market 

products. (Alves et al., 2015) 

 

Nevertheless, different local market products may be advantageous for a particular DSO 

because they can meet the specific DSO needs. DSO Enables resources flexibility to resolve 

local constraints. This may cause an imbalance. The DSO should interact with this activation 

information to the TSO so that the TSO can modify the balance and possibly take corrective 

action to restore balance to the network. (Gerard et al., 2016)   
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Table 1. Taxonomy of the TSO/DSO Collaboration proposed in the thesis.  

Y/N denotes that the subject is/is not considered. And also, 1 denotes Ancillary services, 2 denotes Congestion 

management, 3 denotes Voltage security, 4 denotes security of the system, and 5 denotes System planning and 

development. 

 

 

Reference 

 

Reactive 

Power 

 

Network 

Losses 

 

Voltage 

Security 

 

OPF 

 

Type of 

Service(s) 

     

DCOPF 

 

ACOPF 

 

LACOPF 

 

(Keane et al., 

2012) 

N N N N Y Y 1,3,4,5 

(Schuster et al., 

2014) 

Y N N N Y N 3,4 

(Grids, 2015) N N N N Y N 2,3,4 

(Alves et al., 2015) Y Y Y N N Y 1,2,3,4,5 

(Gonzalez et al., 

2016) 

Y N Y N Y N 1,3,4 

(Saint-Pierre and 

Mancarella, 2016) 

Y Y N N Y N 1,3 

(Migliavacca et al., 

2017) 

Y N N N Y N 1,2,3,4 

(Capitanescu, 

2018a) 

Y N N N Y N 1 

(Papavasiliou and 

Mezghani, 2018) 

Y N N N Y Y 1,2 

(Capitanescu, 

2018b) 

Y N Y N Y Y 1,2,3,4 

(Mohammadi et 

al., 2018) 

Y N Y Y Y Y 3,4,5 

(Savvopoulos et 

al., 2019) 

N N N Y Y Y 1,2,4,5 

(Perilla et al., 

2020) 

Y N Y N Y N 1 

(Pettersen et al., 

2020) 

Y Y Y N N N 1,3 

Thesis Y Y Y N Y Y 1,2,3,4,5 
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3 DECENTRALISED AC OPTIMAL POWER FLOW 
 

 

3.1 Power Flow 

 

The power flow as a steady-state analysis aims at determining active and reactive PF, voltage 

and current in the grid under certain load conditions. The study and analysis of the network, 

which investigates the grid’s essential parameters in normal or critical situations, is called 

power flow. Power Flow (PF) is considered as one of the primary analyses in a power system. 

Basically, PF approaches, for instances, Newton-Raphson, Gauss-Seidel, Decoupled, Fast 

Decoupled methods, are mainly build on iteration, and if one method has a higher speed of 

solution than the others, that solution should be considered.  

 

Power flow is a numerical analysis of how electrical power is distributed in the network. In 

load distribution, the focus is on various parameters such as; Voltage, voltage angle, current, 

real power, reactive power, power losses, power exchange between different power systems, 

the balance of production and consumption in the network. From 1929 to the early 1960s, the 

first network analysis was done in physical modelling, after which computer analysis replaced 

analogue numerical solutions. Nowadays, in addition to being able to distribute loads for us, 

computers can also simulate a variety of possible errors, load distribution, dynamic state 

analysis, and so on. (Low, 2014) 

 

As mentioned, power flow analysis is also used to examine voltage profile, line current and 

losses. In fact, these parameters can be considered as the structure and core of the power 

system, which is examined by load flow analysis. On the other hand, the presence of renewable 

energy sources, electric vehicles, and distributed generation resources (DGRs) in distribution 

networks significantly impact the network. The effects that these resources have would be on 

the network power flow that affects the grid’s voltage and current profile. 

 

The grid voltage profile, which usually shows the voltage of different parts of the grid over 

time, is the first and most crucial component that is extracted from the output of the load 

distribution results. In fact, the voltage profile of a network can indicate many advantages and 

disadvantages of the network. These advantages and disadvantages can include determining 

the strengths and weaknesses of the network, determining the possibility of new loading, and 
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so on. In checking the voltage profile; The voltage lower and upper limits range are critical, so 

these points determine the limits of the network. 

 

3.1.1 Factors affecting the regulation of voltage profiles: 

 

Among the power flow components, voltage profile is of higher importance because it directly 

affects customer satisfaction (Frank and Rebennack, 2012). The concepts of power quality also 

define the quality of voltage. Therefore, the issue of voltage regulation is crucial, and we should 

always try to keep the delivered voltage within the allowable range. On the other hand, if 

prosumers voltage exceeds the allowable range, then the consumer devices can fail to operate, 

and even if they can continue to operate, their lifespan will be reduced. Therefore, the voltage 

delivered to the customers is directly related to their satisfaction and should always be within 

the allowable range. 

The parameters affecting the voltage profile are very diverse, and their range is extensive. 

These parameters can be divided into adjustable and non-adjustable categories. Non-

configurable parameters usually depend on the intrinsic parameters of the network. These 

parameters can be changed during the network design phase but can no longer be changed 

while operating the network. The most important of them can be classified as follows: (Frank 

and Rebennack, 2016) 

✓ Network topology, the characteristics of the network, such as the distance of consumers 

from each other and substations.  

✓ Line impedance, the impedance of the lines directly affects the voltage drop. Since it is 

almost impossible to change line conductors after design for different conditions, this 

parameter is one of the uncontrollable parameters of the classification network. 

✓ Network loading, the amount of network load, impacts the voltage, and it is the most 

critical parameter that should be considered in voltage regulation since it varies with 

time. During peak hours, with increasing network load, there may be a problem of 

voltage drop, and during reduced hours, there may be a voltage increase. 

✓ The power factor of network loads, generators’ generating power and clients load are 

usually expressed in terms of active power. In fact, a TN and DN are created for active 

power transmission, and the passage of reactive power through these networks is 

considered an undesirable phenomenon that, in addition to occupying the line capacity, 
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can affect the voltage profile. Reactive PF in the lines will be due to the selfie feature 

of the lines. 

 

In order to optimise these issues, we introduce the AC Optima Power Flow (ACOPF) method 

to have an efficient, beneficial, and reliable system. 

 

3.2 Grid configuration 

 

The Electricity network can be designed as a power node network integrated by branches that 

connect transformers, transmission lines and various equipment in the power system. The bus 

depicts the connection point between the power system devices, and the branch represents the 

path through which the current passes. The power transmission system aim is to generate 

electricity from the power bus (power) of other parts of the network to the load bus (demand) 

(Frank and Rebennack, 2016) 

 

3.3 Traditional power flow 

 

Equation (1) using numerical analysis methods for the traditional PF problem that deploys a 

deterministic solution. The traditional PF, where there is no targeted performance, is a utility 

issue. However, its objective would be to obtain the voltage profile of system buses and the 

power injected into the system. In equation (1) the PF issue as polar voltage coordinates that is 

the classic expression is included (Frank and Rebennack, 2016). 

 

             S = Ṽ ○ (ỸṼ)*,                                                                       (1) 

 

S = P + jQ is a power injection complex vector on every bus and element-wise vector 

multiplication denoted as ○. Every bus as noted as i, is the total injected power that identifies 

the generation 𝑆𝑖
𝐺and the load 𝑆𝑖

𝐿 . (Frank and Rebennack, 2016) 

 

𝑆𝑖 = 𝑆𝑖
𝐺  - 𝑆𝑖

𝐿                𝑃𝑖 + 𝑗𝑄𝑖 = (𝑃𝑖
𝐺 − 𝑃𝑖

𝐿) 

 

Equation (2) is a non-linear PF equation that is decomposed into real-valued set of equivalent 

equations with the imaginary and real components for numerical analysis or optimisation. The 
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voltage of every bus with the amplitude V in polar form, and phase angle δ then will decompose 

the equation (1) into a set of PF equation (Frank and Rebennack, 2016). 

 

                    Pi (V, δ) = 𝑃𝑖
𝐺 − 𝑃𝑖

𝐿  ∀ i ∈ N,                                                                              (2) 

 

                    Qi (V, δ) = 𝑄𝑖
𝐺 − 𝑄𝑖

𝐿  ∀ i ∈ N,                                                                             (3) 

 

Pi represents the gird active power injection, and Qi depicts the reactive power injection in the 

system, and they represent system voltages in trigonometric functions. The bus in every system 

has the variables as listed below; 

• Active power (Pi)  

• Reactive power Qi 

• Voltage magnitude 𝑉𝑖 , and  

• Voltage angle 𝛿𝑖 that 

 

Therefore, a deterministic solution to the typical PF issue acquires solving the values of two of 

the four variables in each bus. 

 

3.4 Optimal Power Flow (OPF) 

 

For half a century, researchers have been paying attention to the optimal power flow (OPF) 

because of its importance and considered a vital decision issue in the power grids operation. 

OPF plays a crucial role as a critical tool for effectively planning and increasing the electrical 

system’s performance. Optimal power flow’s main task is to investigate the best and safest 

operating point (control variables) for a particular function while meeting system constraints, 

equalities and inequalities. Various target functions concerning the power networks can be 

optimised, including transmission line loss, FACTS cost, voltage deviation, total power 

transfer and voltage stability, the generation output minimisation cost, the grid power flow 

constraints, system security, and several other physical constraints. (Khamees et al., 2016, 

Erseghe, 2014, Lam et al., 2012) 

 

Considering the recent decades, the enormous contribution of RESs, DGs, electric vehicles 

(EVs), energy storages (ESs), and DSR are challenging the grid stability, reliability, and 
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flexibility (Sun et al., 2013). Thus, an immediate solution is required to address such issues 

that may cause many power systems problems. Hence, the OPF is utilised, that was introduced 

in the 1960s (Carpentier, 1979). The goal of OPF is to obtain the most desirable results in terms 

of energy dissipation, production, and minimising the cost of a power grid considering 

inequality constraints. However, it has been confirmed that it is still a complicated problem to 

be perfectly resolved. For instance, non-convexity is the main obstacle to global optimality 

(Pourbabak et al., 2019).  

 

There are several prime reasons why the OPF problem is a challenging task to modify, which 

are listed as follows; (Pourbabak et al., 2019) 

1. Non-linearity: the relationship among voltage, powers, and the system’s physical 

parameters are non-linear (Erseghe, 2014, Hug-Glanzmann and Andersson, 2009). 

2. Non-convexity: the voltage magnitude upper and lower bound and power flow non-

linear equations result in non-convexity (Erseghe, 2014, Dall'Anese et al., 2013). 

3. Cost of computation: OPF has to run and manage the system planning annually, 

consider the day-ahead market the next day, and run every minute to achieve the real-

time security of the market and the system (Pourbabak et al., 2019). 

4. Uncertainty: Unsafety in massive power grids occurs as the RESs penetrates the grid, 

and therefore disturbs the OPF (Li et al., 2016b, Nikoobakht et al., 2017). 

 

OPF with PF equations (2) and (3) integrates a target function in order to create the optimisation 

issue. The PF equations presence is to identify OPF from other categories of power network 

issues, for instance, classical ED, market clearing, and UC issues (Frank and Rebennack, 2016). 

Lots of OPF variants are derived from Carpentier’s classic formulation (1962). The expansion 

of traditional ED in the formulation aims to reduce the power generation entire cost considering 

the grid’s operation safety simultaneously. The network as a series of buses N connected by a 

series of branches L is presented with controllable generators situated at the system buses 

subset G ⊆ N. Each generator’s operation costs depend on its real output power (4): Ci (𝑃𝑖
𝐺), 

and aims to decrease the entire generation cost. (Frank and Rebennack, 2012) 

 

The classic form of the formulation is (Frank and Rebennack, 2016);  
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min              ∑ 𝐶𝑖(𝑃𝑖
𝐺)𝑖∊𝐺  ,                                                                   (4) 

subject to         Pi (V, δ) = 𝑃𝑖
𝐺 − 𝑃𝑖

𝐿        ∀ i ∈ N,                                                            (5) 

           Qi (V, δ) = 𝑄𝑖
𝐺 − 𝑄𝑖

𝐿        ∀ i ∈ N,                                                      (6) 

                    𝑃𝑖
𝐺,𝑚𝑖𝑛

 ≤  𝑃𝑖
𝐺  ≤ 𝑃𝑖

𝐺,𝑚𝑎𝑥
   ∀ i ∈ G,                                                            (7) 

                    𝑄𝑖
𝐺,𝑚𝑖𝑛

 ≤  𝑄𝑖
𝐺 ≤ 𝑄𝑖

𝐺,𝑚𝑎𝑥
   ∀ i ∈ G,                                                           (8) 

                    𝑉𝑖
𝑚𝑖𝑛 ≤  𝑉𝑖 ≤ 𝑉𝑖

𝑚𝑎𝑥          ∀ i ∈ N,                                                            (9) 

                               𝛿𝑖
𝑚𝑖𝑛 ≤  𝛿𝑖 ≤ 𝛿𝑖

𝑚𝑎𝑥           ∀ i ∈ N,                                                         (10) 

 

Equations (5) and (6) are the polar form of PF constraints. The active and reactive power, and 

system voltage lower/upper boundary constraints are shown in equation (7)-(9) respectively. 

Generators active/reactive power ae considered as controllable variables with the lower/upper 

boundaries, while the load’s active/reactive power usually considered as a fixed variable. 

Therefore, considering these facts, the OPF issues instead of general-purpose solvers are 

addressed using tailored algorithms. (Frank and Rebennack, 2016) 

 

3.5 OPF Solution Methodology 

 

Various classic non-linear techniques have been deployed to solve and optimise the OPF issues, 

methods such as;  

• Newton’s method  

• gradient descent methods  

• Sequential Quadratic Programming (SQP), and  

• Sequential Linear Programming (SLP) 

 

In most OPF methods, the decision variables are a series of state and controllable variables. 

Hence, it is widely utilised to enhance computing performance. Lately, numerous convex 

relaxation methods and non-linear Interior-Point Methods (IPMs)  have been deployed to 

address and solve OPF problems, such as semi definite programming, which is popular. (Frank 

et al., 2012a) Most of these approaches largely depend on the PF equation’s certain 

characteristics to create convergence features and assess the relaxation preciseness. Numerous 
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meta-heuristic techniques and hybrid combined with deterministic methods are utilised to 

address the problems of OPF (Frank et al., 2012b). 

 

3.5.1 Methods solving OPF problem 

 

The OPF solution algorithms are categorised into the Conventional and Heuristic methods, as 

shown in Fig. 1. 

 

 

 

OPF methods 

 

 

 

 

Conventional methods 

 

   

 

  

 

 

 

 

Figure 1. Optimal Power Flow Solution classification (Khamees et al., 2016) 

 

 

Fig.1 briefly categorises the conventional (deterministic) and heuristic (nondeterministic) 

approaches that are deployed for decades to address solutions for OPF. Classical (traditional) 

optimisation methods usually utilise sensitivity analysis and are gradient-based methods. It 

should be noted that due to the non-linearity of PF issues, classical methods can be limited to 

local optimisation. Therefore, metaheuristic optimisation methods are utilised mainly to 

address and resolve the optimal power flow issues. 

 

Heuristic Algorithms 

1. Linear Programming  

2. Non-linear Programming  

3. Quadratic Programming  

4. Newton-Raphson  

5. Gradient methods  

6. Interior Point  

1. Particle swarm optimisation 

2. Genetic algorithm 

3. Artificial neural network  

4. Bee colony optimisation  

5. Differential evolution  

6. Grey wolf optimiser 
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3.6 Decentralised AC Optimal Power Flow 

 

In the past, power systems were mainly concentrated on the TN, from generation, through 

transmission to substations. A single entity carried out the entire planning, control, and 

optimisation.  By integrating RESs and ESs and meeting DSR, the attention is moved to the 

prosumers side, i.e. distribution networks (Varaiya et al., 2010). And as we are concerned about 

ACOPF, a literature review that categorises OPF approaches are presented and dividing the 

solution into two major groups: 

 

1. Centralised methods require central monitoring and control to gather, spread, and 

coordinate the information and data among the power systems parties. Many centralised 

approaches related techniques have been investigated and sorted many times, such as 

(Pourbabak et al., 2019); 

 

✓ Quadratic programming 

✓ Interior point 

✓ Lagrange relaxation 

✓ Gradient methods 

✓ Mixed-integer linear programming (MILP), 

✓  Newton-based methods, etc. 

 

2. Decentralised or Distributed approach utilises a specific algorithm to coordinately 

distribute data among components to achieve an optimal point (Pourbabak et al., 2017). 

 

The optimal power flow (OPF) is implemented in most system networks to control the entity 

by displaying shared data in neighbouring entities. Consequently, decentralised or centralised 

algorithms are utilised to achieve the best, most reliable and best network performance. (Swief 

et al., 2021) Distributed or centralised solution algorithms can be deployed to optimise the 

connected regions. The decentralised method considers all the corresponding regions as one 

and shares and interchanges the data straightly with their neighbours in order to optimise the 

entire system real power generation units, bus voltages to achieve a cost-effective optimisation 

under specific constraints.  
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However, the centralised approach considers the GUs real power and voltage buses at the 

boundary between the interconnected areas. This enables the GU real power and the line 

voltage of the entire network to be controlled. Hence, this method provides a stable, reliable, 

and robust system. (Kargarian et al., 2016, Hasanien, 2017, Swief et al., 2021) However, 

compared to centralised systems, decentralised systems are more scalable and flexible than 

centralised algorithms, making them more efficient in terms of performance and modifying the 

variable topology (Elsayed and El-Saadany, 2014). Because of these and many other reasons, 

the need to study and investigate decentralised algorithms is evident. Moreover, concerning a 

single point failure, the decentralised method cannot address the reliability problem securely 

(Pourbabak et al., 2019).  

 

And also, the use of controllable energy resources in the power distribution network’s 

integrated transmission and distribution network using the coordinated ACOPF in the 

transmission network can provide the power grid with higher operating efficiency and safety 

advantages.  

Moreover, considering the data protection in the transmission and distribution network, the 

calculation of ACOPF centrally is not feasible. As the massive penetration of DGs in the DN 

occurs, when using the non-linear ACOPF model, some decentralised methods can confront 

numerical issues and may not converge. Thus, a decentralised approach to fix and eliminate 

the ACOPF issue in the combined transmission and distribution networks is required. (Lin et 

al., 2019a) The ACOPF problem is to supply the system load by allocating the available power 

generation resources while satisfying the operating constraints of the available power 

generation resources, thereby determining the most competent and lowest operating costs of 

the grid.  

Given the entire network, it is usually infeasible to apply the centralised optimal power flow 

method. The scale of emerged optimisation issue and the simultaneous system control by many 

autonomous entities are major reasons. The entire problem can be divided and decomposed 

into subproblems that are solved in a coordinated way to facilitate optimal control to substantial 

systems. Moreover, this is also consistent. It is a challenging task controlling and monitoring a 

system shared by different entities, each responsible for a specific part of the network. In this 

case, coordination should occur, as the settings selected by one entity are likely to affect the 
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whole network’s status and, therefore, the selection of other entities settings. (Hug-Glanzmann 

and Andersson, 2009) 

 

Over the years, various methods for decomposing optimisation issues, mainly having their 

foundation in Lagrangian and augmented Lagrangian theories, have been introduced and 

investigated (Conejo et al., 2006).  

 

3.6.1 Decentralised Optimisation Algorithms 

 

Recently, there is an increasing interest in distributed algorithms application that is utilised for 

OPF problems. Non-convexity is an essential obstacle hindering finding the best global 

optimality. There are several studies available that address this issue. Some decentralised 

optimisation methods are explained below; 

1. Semi definite programming, briefly known as the SDP relaxation method, converts 

non-convex issues into equivalent convex problems. A distributed OPF approach is 

investigated considering the SDP relaxation for an unstable distribution grid by 

dividing the main SDP optimisation problem into numerous convex sub-problems. 

(Dall'Anese et al., 2013) A distributed algorithm is also presented by breaking down 

the main optimisation problem into smaller subproblems that are addressed by SDP 

(Zhang et al., 2014). 

2. A decentralised OPF technique represented applying the alternating direction multiplier 

method (ADMM) developed on local optimisation that data exchange is merely 

happening inside a region (Erseghe, 2014). 

3. A distributed optimal gas power flow (OGPF) predicated on the ADMM algorithm 

developed where a convex relaxation is deployed to alleviate issues at power and gas 

distribution sides which later coordinated by the ADMM (Wang et al., 2017).    

4. Another distribution solution utilised by both the SDP relaxation and ADMM algorithm 

is to create a scheduled asynchronous approach to resolve OPF issues. The SDP 

relaxation and the ADMM are deployed to convexify established subproblems and 

satisfy and comfort agents to update their local variables (Chang et al., 2017).  

 

The enhancement of the ADNs enables a vast number of DGs and RESs to be interconnected 

directly in the network (Loia and Vaccaro, 2013, Yang et al., 2013, Zhang and Chow, 2012). 
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Nonetheless, the distribution networks’ flexibility is insufficient to integrate variable resources, 

which is an emerging challenge extensively. The coordination of the DN and TN is essential 

to increase the assimilation of the proper DGs size. The TN and DNs operated and optimised 

separately traditionally by their corresponding operators, limiting the utilisation of flexible 

resources in two-level networks. 

 

By coordinating TD-ED and RESs, electricity generation and delivery cost can be reduced by 

appropriately distributing the electricity generation resources in the electricity grids (Elsayed 

and El-Saadany, 2014). However, the implementation of TD-ED also has significant 

shortcomings. First, PQ power flows in the ADNs cannot be decoupled, and ignoring the 

reactive power in TD-ED can lead to severe errors. Second, DG integration into the ADNs is 

severely limited by the bus voltage problem caused by the reverse PF. Integration of high power 

into the active power distribution network can lead to overvoltage problems in the 

corresponding buses. Thus, TD-ED, which only takes the active PF into account, probably 

might facilitate a rigid network solution. Therefore, it is necessary to determine the coordinated 

ACOPF of the TN and DN by determining the PQ. 

 

However, because of the privacy of system data and individual operators’ independent 

decisions at the entire levels, it is unattainable to couple TN and DN models and centrally 

resolves a single ACOPF. Therefore, coordinated and decentralised TD-ACOPF should be 

explored to investigate the role of RESs. Furthermore, the TD-ACOPF model is non-linear and 

non-convex, challenging to fix, and even more challenging to perform in a decentralised way. 

Most decomposition methods, such as Bender’s decomposition (Hasanien, 2017), impose 

linear constraints on efficiency, and these constraints are usually not applicable to the TD-

ACOPF non-linear model. Even though the dual decomposition method is suitable for non-

linear models, there is no theoretical confirmation to prove the convergence of the dual 

decomposition method in the non-convex ACOPF model. Hence, it is reasonably mandatory 

to find a stable, vigorous, and extensible decentralised technique to compromise the TD-

ACOPF problem’s coordinated solution. 
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3.6.2 Why do we need a decentralised method? 

 

It is arduous for traditional power network to satisfy the growing demand for electricity with 

sustainable, environmentally friendly and stable power supply in these modern times. A 

decentralised and localised power generation system is closer to the end-users and reduces 

transmission and electricity provision costs. Innovative technology integrates decentralised and 

local power generation systems with renewable energies, thus reducing energy costs and the 

costs of clean energy.  

 

Besides, technological advances play a crucial role in the efficiency of electrical systems. By 

inserting advanced applications and technical equipment into the power grid, electrical 

reliability can be enhanced, greenhouse gas emissions can be diminished, renewable energies 

can be integrated effectively, and the increasing power demand can be met. Centralised power 

plants are investigated to transmit large amounts of electricity over hundreds of kilometres of 

national power grids, and they are continuously closed down. Therefore, they are being 

replaced by smaller, smarter, and more distributed energy sources. 

 

The physical construction of the power grid has mainly become distributed in today’s TN and 

DNs. Moreover, in these energy frameworks, separate entities are responsible for each network 

parts. It is challenging to control and monitor a system shared by different entities, each 

responsible for a specific part of the network. In this case, coordination should occur, as the 

settings selected by one entity are likely to affect the whole network’s status and the selection 

of other entities settings due to their connection via transmission lines. The entities cooperation 

is an urgent requirement to enhance and thus provide the whole network with a safe, stable, 

robust and cost-effective operation. 

 

Moreover, the existing centralized methods are not suitable for the management and operation 

of the distributed electrical system. Therefore, a decentralised approach for optimal power flow 

in the grid is vital for several reasons. For instance, data privacy is one of the most important 

reasons that the TSOs, and DSOs are unwilling to provide for one another. Also, as there is still 

a lack of regulation either by the government or private coordinators who can satisfy all 

participants concerning the provision of power generation, they would share data with each 

other to enhance and benefit both generators of electricity or prosumers with the highest profits. 
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4 PROBLEM STATEMENT AND SOLUTION METHODOLOGIES 
 

4.1 Research Gap 

 

In recent years, solving the cooperation of the integrated TN and DN problem has been 

discussed in many articles and various decentralised solution methods (Gerard et al., 2018). In 

reference (Li et al., 2016a), a decentralised non-homogeneous method for solving the integrated  

TN problem and DN  is presented, but in this reference, only the active power to operate both 

networks has been investigated. In fact, the integrated collaboration of TN and DN problem is 

addressed based on DC optimal power flow (DCOPF). Also, in references (Lin et al., 2016) 

and (Kargarian and Fu, 2014), a linear DCOPF is deployed for solving the cooperation of the 

integrated TN and DN problem. As we know, in linear DCOPF, the voltage and reactive power 

issue are not considered, so the actual utilisation with this type of power flow model is very 

problematic for both network operators.   

 

Accordingly, in references (Mohammadi et al., 2018) and (Li et al., 2018), they provided an 

improved decentralised non-homogeneous method for solving the collaboration of TN and DN 

issue based on ACOPF. A decentralised reactive power optimisation problem in references 

(Lin et al., 2016) (Ding et al., 2017) for TN and DN based on nonlinear convex  ACOPF is 

presented.  In (Lin et al., 2016), the Benders decomposition method is utilised for solving the 

decentralised co-optimisation problem. Also,  in reference (Ding et al., 2017), a hierarchical 

iterative solution method for the reactive power optimisation based on optimising network 

losses has provided for collaboration of TN and DN. 

 

In reference (Lin et al., 2019a), a decentralised method for solving non-linear non-convex 

ACOPF in the collaboration of TN and DN problem is presented. But, Studies conducted in 

references (Ding et al., 2017)  (Mohammadi et al., 2018) (Li et al., 2018)  (Lin et al., 2016) and  

(Lin et al., 2019a) show that the collaboration of integrated TN and DN problem based on 

ACOPF is critical. However, it should be noticed that in these references, the co-operation of 

integrated TN and DN problem based on ACOPF is not investigated. On the other hand, 

because the integrated cooperation of integrated TN and DN problem with nonlinear ACOPF 

is a MINLP, it is not possible to solve it optimally using the proposed solution methods in the 

mentioned references and with the available solvers.   
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As mentioned earlier, the TN operation problem is an essential matter because of the energy 

supply of the DN operation problem. For this reason, considering the worst scenario of sudden 

outage of generator and line even with the slightest probability of occurrence is very important. 

Still, in many published papers so far, this issue has not been considered. If it has been 

investigated, it is modelled as stochastic models (Aghaei et al., 2016, Yang and Nagarajan, 

2020) and (Lin et al., 2019b). But as we know, in stochastic models, the size of the problem is 

directly related to the number of scenarios. 

 

On the other hand, in stochastic models depending on the accuracy of the probability 

distribution function (PDF), the probability of that random parameter is complicated to obtain. 

Especially, the exact model of the PDF for the sudden outage of the transmission lines or GUs 

is practically challenging. Moreover, the use of predetermined scenarios may not simulate the 

worst possible situation for the TN operation problem, so it may not be able to provide the 

necessary security level for the TN operator in the event of the worse-case scenarios. 

 

Of course, stochastic models for networks with a very low probability of worse-case scenario 

or the importance of exploiting them are at a lower level, such as DN operation problem, can 

be a good option for modelling the operation problem of those networks. For example, the 

loads in a DN have a random nature. However, the probability of a worse-case scenario is very 

rare for them. Hence, deploying the stochastic model for the DN operation problem can be a 

viable option because robust models for the DN operation problem may increase the cost of 

operation for the DN operators. 

 

Accordingly, in this thesis, a robust model has been proposed based on which worse-case 

outages of GUs can be modelled. On the other hand, the model does not need to generate 

scenarios or obtain an accurate PDF for those random parameters. Therefore, unlike stochastic 

methods, the size of the operation problem is always constant, so the speed of solving the 

optimisation problem in this model is much higher. Moreover, in this thesis, a stochastic 

method (SM) based on predetermined scenarios are utilised to model the loads’ uncertainty in 

the DN operation problem.    
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4.2 Contribution 

 

According to references (Gerard et al., 2018), (Li et al., 2016a), (Lin et al., 2017), (Kargarian 

and Fu, 2014), (Mohammadi et al., 2018)[6], (Li et al., 2018)[7], (Lin et al., 2016), (Ding et 

al., 2017) and  (Lin et al., 2019a), the innovation has been considered by this thesis can be 

summarised as follows:   

1- The cooperation of integrated TN and DN problem based on linear ACOPF has been 

proposed. In fact, the nonlinear ACOPF model in references (Lin et al., 2019a) and  (Li et al., 

2018) has been linearised based on existing linearisation methods and now deploying the 

typical solvers as an optimal solution with high executive speed for the cooperation problem 

can be achieved. 

2- In this thesis, a robust max-min optimisation model has been utilised to model the worse-

case outage of GUs, in which the worst scenarios of GUs outage are considered for the TN 

operation problem.  

3- And also, an effective four-level iterative decentralised solution method is deployed in 

this thesis to solve the robust co-optimisation of the integrated TN and DN problem. Also, in 

this proposed solution methodology, the independent decision making and preserving the 

security of information exchange between the TN and DN operators have been considered. 

 

4.3 The general structure of integrated TN and DN operation problem 

 

Figure 2 consists of one robust TN operation problem and three DN operation problems. In 

fact, as depicted in the picture, the integrated TN and DN operation problem consists of two 

primary levels: 

1. The first level (upper-level) is related to the robust TN operation problem, and  

2. the second level (lower-level) is associated with the stochastic DN operation problem 

 

The objective function of the first level is to minimise the costs of GUs considering the worst 

sudden GUs outages. And the objective function of the second level is minimising the costs of 

DGs and the cost of active power purchased from TN for each DN separately in the presence 

of consumer load uncertainty.  
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As shown in Figure 2, the TN operator in the upper-level is hierarchically connected to DN 

operators in the lower-level by boundary buses. As mentioned earlier, preserving the security 

of the information exchanged between both TN and DN operators is very important, so the 

exchange of coupling variables 𝛺𝑇 and 𝛺𝐷 (i.e., active and reactive power flow) connects both 

network operators. In fact, 𝛺𝑇 include the coupling variables (active and reactive power flow 

of boundary buses) that are handled by the TN operator and the 𝛺𝐷 are the coupling variables 

that are governed by DNs. Accordingly, the TN and DN operators are interested in controlling 

these coupling variables to reduce the operation costs and improve their network performance. 

On the other hand, the highest performance for both networks is achieved when both control 

variables are equal (i.e., 𝛺𝑇 = 𝛺𝐷) 

 

 

Figure 2. Structure of bi-level hierarchy in collaborative TN and DNs operation problem. 
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4.4 Decentralised integrated TN and DN operation problem 

 

 

4.4.1 Assumptions  

 

To simplify the assumptions considered in this thesis, they are listed as the following: 

1- Only the worse-case GU outage for the TN operation problem has been considered. 

2- Also, only load uncertainty has been seen for the DN operation problem. 

Actually, load uncertainty is modelled as predetermined scenarios; explaining how to generate 

scenarios is not the primary concern of the thesis. Of course, it is worth noting that the DGs 

and line outage can be modelled by the DN operation problem.   

3- The voltage magnitude in TN and DN operation problems is close to one per unite. Also, 

the voltage angle difference between the two lines (between the two buses) is small, i.e., it is 

less than 14.3 degrees (0.25 radians). 

 

4.4.2 Problem formulation 

 

As mentioned previously, the collaborative TN and DN operation problem consists of two 

levels: the upper level and the lower level. The objective function of the upper-level is 

minimising the generation cost of GUs under the worse-case GU outage and considering the 

AC security network constraints of the TN operation problem. Also, the objective function of 

lower-level two is to minimise the stochastic generation cost of DGs and the active power cost 

purchased from TN in the presence of uncertainty of the load consumption and considering the 

AC security network constraints for the DN operation problem. Finally, the decentralised 

cooperation of TN and DN problem are listed below.  

 

4.4.3 The TN operation constraints  

 

Equation (1) shows the objective function of the TN operation problem. In fact, this equation 

consists of two terms: The generation cost of GUs is related to the first term, and the GUs start-

up cost is related to the second term. The GUs and TN physical security constraints are defined 

by Equations (2)-(14). Hence, Equation (2) presents the on/off states of a GU. Equations (3) 

and (4) enforces the minimum time that the GUs should be on-line or off-line. The minimum 

and maximum active and reactive power output for each GU is ensured by Equations (5) and 
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(6), respectively. Equation (7) ensures the down and up ramp rate of a GU. Equations (8) and 

(16) represent LACOPF equations. It is worth noting that additional explaining about the 

details of the linearisation procedure in order to linearize the non-linear ACOPF equations is 

not the primary concern of the thesis. Therefore, the linearised method's full details for these 

equations are explained in the article (Nikoobakht et al., 2017).  

 

Equation (10) expresses a linear approximation for non-linear cosine term in these ACOPF 

equations. In this regard, the variable ,ij t   in (10) denotes the cosine value (i.e., ,( )ij tcos   for 

bus voltage angle between the buses i and j. Equation (11) shows the min/max voltage angle 

across a transmission line. Equations (12) and (13) denote the minimum and maximum active 

and reactive power flow through a transmission line. Equation (14) imposes the min and max 

voltage magnitude at a bus. Equations (15) and (16) determine the balance of active and 

reactive power in a bus.  
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4.4.4 The DN operation constraints  

 

This section describes the DN operation constraints in more detail. 
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11  

 
(13) 

�̱�𝑖
𝛺 ≤ 𝑉𝑖𝑡

𝛺 ≤ �̄�𝑖
𝛺: 𝜅𝑖𝑡

12, 𝜅𝑖𝑡
13 

 
(14) 

∑𝑃𝑔𝑡
𝛺

𝑔(𝑖)

+∑𝑃𝑤𝑡
𝛺

𝑤(𝑖)

− ∑ 𝑃𝑖𝑗,𝑡
𝛺

𝑘(𝑖,𝑗)

= 𝑃𝑖𝑡
𝛺 

 

(15) 

∑𝑄𝑔𝑡
𝛺

𝑔(𝑖)

− ∑ 𝑄𝑖𝑗,𝑡
𝛺

𝑘(𝑖,𝑗)

= 𝑄𝑖𝑡
𝛺 (16) 
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∑𝑃𝜔𝑔𝑡
𝛺

𝑔(𝑖)

+ ∑ 𝑃𝑠𝑡
𝑠∈𝑠(𝑖)

− ∑ 𝑃𝜔𝑖𝑗,𝑡
𝛺

𝑘(𝑖,𝑗)

= 𝑃𝜔𝑖𝑡
𝛺 − 𝛥𝑃𝜔𝑖𝑡

𝛺 , ∀𝛺 ∈ {𝐷} 

 

        

(19) 

∑𝑄𝜔𝑔𝑡
𝛺

𝑔(𝑖)

+ ∑ 𝑄𝑠𝑡
𝑠∈𝑠(𝑖)

− ∑ 𝑄𝜔𝑖𝑗,𝑡
𝛺

𝑘(𝑖,𝑗)

= 𝑄𝜔𝑖𝑡
𝛺 − 𝛥𝑄𝜔𝑖𝑡

𝛺 , ∀𝛺 ∈ {𝐷} (20) 

 

{𝑃𝑠𝑡⏞
𝐴𝐷𝑁

= 𝑃𝑖𝑡
𝑇⏞

𝑇𝑁

𝑄𝑠𝑡 = 𝑄𝑖𝑡
𝑇
}∀𝑠 ∈ 𝑠(𝑖) 

 

(21) 

 

As explained above, equation (17) presents the stochastic objective function of the DN 

operation problem, which includes three prime parts:  

 

1. The first part also includes the power generation cost of DGs in each scenario and the 

start-up cost of DGs. 

2. The second part is related to the purchase (or sales) cost of the active power from/to 

TN. 

3. The third part is concerned about the costs of active and reactive load curtailment, 

respectively, in each scenario at each load. 

It should be noted that the DGs in DN are very similar to GUs in TN. Hence, the physical 

security constraints and equations related to GUs in the TN for DGs can also be valid in DN. 

Therefore, equations (2) and (7) have been utilised to maintain the security constraints of DGs. 

Also, linear ACOPF equations in TN, or equations (8) and (14), can also be considered for DN. 

Equations (19) and (20), ensuring the balance of active and reactive power at each bus. 

Equation (21) denotes equality constraints related to the active and reactive power exchange in 

a boundary bus between the TN and DN operation problems. 
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4.5 Identifying the worse-case GU outage 

 

As mentioned, the unexpected outage of fast or large GUs from the TN operation problem can 

pose several hazards. Accordingly, considering the security constraints of sudden outage of 

GUs in the TN operation issue is of great importance and should be necessarily taken into 

account. On the other hand, in previous studies, the outage of GUs is modelled by utilising 

predetermined scenarios in the power system operation problem. However, an important 

realisation is that the utilisation of predetermined scenarios may not simulate the worse-case 

outage of GUs in the TN operation problem. Therefore, in this thesis, a max-min robust method 

is implied to identify the worse-case outages. Equation (22) is a max-min objective function 

that expresses the total active and reactive load curtailment. This max-min objective function 

is maximized based on the set of variables 4  , and it is minimized based on the set of variables 

3 . 

 

𝑚𝑎𝑥
𝛯3
𝑚𝑖𝑛
𝛯4
∑∑(𝛥𝑃𝑖𝑡

𝛺 + 𝛥𝑄𝑖𝑡
𝛺)

𝑖𝑡

 

 

(22) 

�̱�𝑔
𝛺𝑢𝑔𝑡

𝛺 𝜗𝑔
𝛺 ≤ 𝑃𝑔𝑡

𝛺 ≤ �̄�𝑔
𝛺𝑢𝑔𝑡

𝛺 𝜗𝑔
𝛺: 𝜅𝑔𝑡

14, 𝜅𝑔𝑡
15 

 

(23) 

�̱�𝑔
𝛺𝑢𝑔𝑡

𝛺 𝜗𝑔
𝛺 ≤ 𝑄𝑔𝑡

𝛺 ≤ �̄�𝑔
𝛺𝑢𝑔𝑡

𝛺 𝜗𝑔
𝛺: 𝜅𝑔𝑡

16, 𝜅𝑔𝑡
17 

 
(24) 

(8) − (14), ∀𝛺 ∈ {𝑇} 

 
(25) 

∑𝑃𝑔𝑡
𝛺

𝑔(𝑖)

+∑𝑃𝑤𝑡
𝛺

𝑤(𝑖)

− ∑ 𝑃𝑖𝑗,𝑡
𝛺

𝑘(𝑖,𝑗)

= 𝑃𝑖𝑡
𝛺 − 𝛥𝑃𝑖𝑡

𝛺: 𝜅𝑖𝑡
18 

 

(26) 

∑𝑄𝑔𝑡
𝛺

𝑔(𝑖)

− ∑ 𝑄𝑖𝑗,𝑡
𝛺

𝑘(𝑖,𝑗)

= 𝑄𝑖𝑡
𝛺 − 𝛥𝑄𝑖𝑡

𝛺: 𝜅𝑖𝑡
19 

(27) 

0 ≤ 𝛥𝑃𝑖𝑡
𝛺 ≤ 𝑃𝑖𝑡

𝛺: 𝜅𝑖𝑡
20 (28) 
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0 ≤ 𝛥𝑄𝑖𝑡
𝛺 ≤ 𝑄𝑖𝑡

𝛺: 𝜅𝑖𝑡
21 

 
(29) 

−𝛥𝑟𝑔 ≤ 𝑃𝑔𝑡
𝛺 − �̂�𝑔𝑡

𝛺 ≤ 𝛥𝑟𝑔: 𝜅𝑔𝑡
22, 𝜅𝑔𝑡

23 

 
(30) 

 (31) 

Equations (23) and (24) enforce the min/max limits of active and reactive power generation, 

respectively. Binary variable g
  in these equation shows worse-case GU outage; when 0g

 =  

generation unit g outages. Equations (8) and (14) in Equation (25) have been explained 

previously. Equations (26) and (27) are the balance constraints of active and reactive power at 

each bus, respectively, taking into account the forced curtailment variable of active and reactive 

load, and Equations (28) and (29) the curtailment limits of active and reactive loads at a bus, 

respectively.  

 

When the unexpected outage of GU occurs, the rest of the GUs in the TN should change their 

power generation to maintain the power balance in the TN. But, this change in the power 

generated for each GU should be within a permissible limit. Thus, Equation (30) denotes the 

GUs output changes acceptable range in the GUs under the unexpected GU outage conditions. 

Equation (31) shows the maximum number of sudden GUs outage that can happen to power 

plant units operating in the network. 

 

4.6 Solution Methodology  

 

It is impossible to solve the decentralised robust max-min operation problem of integrated TN 

and DN without using an effective solution method. Thus, in this section, an effective four-

level iterative solution method is presented. More detail about the task and the problem related 

to each level is described as following: 

 

4.6.1 The task of first and second levels 

 

At first, the decentralized operation problem of TN and DN is initially investigated by a two-

level iterative solution method. In the first and second levels, the DN and TN operation 

( )  1 , 0,1g g

g

n −   



 
 

                                                    

49 

problems are solved, respectively. An iterative procedure needs to be implemented to enforce 

the difference between coupling variables (i.e., D  and T ) to zero and find the optimal 

solution of the two-level solution method. The mathematical model of this iterative two-level 

solution method is explained in detail as follows. The flow chart of the proposed solution 

method is depicted at the end of level-IV. 

 

4.6.1.1 Level-I (the DN operation problem) 

 

The DN operation problem and AC security constraints for the DGs and network are considered 

at this level. The equation (32) consists of two key parts:  

i. The first part is the same equation as in (17) and  

ii. The second part is related to the penalty coefficient function, which itself consists of 

two parts.  

 

A penalty function ˆ
D

v D T   −  is regarded in the objective function to relax the equality 

coupling constraints (i.e., Equation (17)), where D

v is the vectors of multipliers and it will be 

updated during the iterative solving process. Similarly, D  and ˆ T  are related to coupling 

variables, i.e., {𝑃𝑠𝑡
𝐷 , 𝑄𝑠𝑡

𝐷 } and {�̂�𝑖𝑡
𝑇 , �̂�𝑖𝑡

𝑇 }  , in the boundary bus. In this level, the values ˆ T  is 

constant that values D  is obtained by the DN operation problem. The symbol " "  represents 

the Hadamard product. Accordingly, the TN and DN operation problems can be solved 

separately in each element of the hierarchy. 

 

 

 

Equation (33) is also fully explained earlier. 

 

 

 

 

𝑀𝑖𝑛𝛷𝑖
𝐷 + 𝜎𝐷

𝑣 ⋅ |𝛩𝐷 − �̂�𝑇| (32) 

(18) − (20), ∀𝛺 ∈ {𝐷} (33) 
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4.6.1.2 Level-II (the TN operation problem) 

 

The TN operation problem based on AC security constraints for the GUs, transmission network 

and feasibility Bender’s cuts constraints are solved at this level.   

𝑀𝑖𝑛𝛷𝑇 + (𝜎𝑣)|𝑃𝑖𝑡
𝑇 − �̂�𝑠𝑡

𝐷| + (�̃�𝑣)|𝑄𝑖𝑡
𝑇 − �̂�𝑠𝑡

𝐷 | (34) 

(2) − (16), ∀𝛺 ∈ {𝑇} (35) 

 

Like equation (32), equation (34) has two main parts, the first part is already explained, and 

the second part is the same penalty function described in the previous level. Similar to earlier, 

the penalty multiplier T

v  is fixed in the penalty function and updated before each iteration. 

 

4.6.1.3 Convergence Mechanism 

  

The convergence criterion in the two-level iterative solution method is achieved when the 

following conditions are met: 

 

|𝛩𝑣
𝛺 − 𝛩𝑣−1

𝛺 | ≤ 휀, ∀𝛺 ∈ {𝑇, 𝐷} (36) 

 

Where 휀  denotes the stopping threshold of the proposed solution method, in Equation (36), 

𝜈 expresses the number of iterations for the solution method.  

 

4.6.1.4 Level-III (identifying the worse-case GUs outage) 

At this level, the robust max-min problem, i.e., Equations (22)-(31) should be solved to identify 

the worse-case GUs outage. However, solving this robust problem directly with the existing 

commercial solvers is not possible. Hence in this part, the robust max-min problem has become 

a maximum problem based on dual theory, which is likely to solve using existing solving tools. 

The details of the mathematical model of the maximum problem are explained below. 

 

𝑀𝑎𝑥∑∑(�̱�𝑔
𝛺�̂�𝑔𝑡

𝛺 𝜗𝑔
𝛺𝜅𝑔𝑡

14 − �̄�𝑔
𝛺�̂�𝑔𝑡

𝛺 𝜗𝑔
𝛺𝜅𝑔𝑡

15

𝑔

)

𝑡

+ 
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∑∑(�̱�𝑔
𝛺�̂�𝑔𝑡

𝛺 𝜗𝑔
𝛺𝜅𝑔𝑡

16 − �̄�𝑔
𝛺�̂�𝑔𝑡

𝛺 𝜗𝑔
𝛺𝜅𝑔𝑡

17

𝑔

) +

𝑡

 

∑∑(�̱�𝑔𝜅𝑔𝑡
1 − �̄�𝑔𝜅𝑔𝑡

2 )

𝑔𝑡

+∑∑(𝛥𝑟𝑔𝜅𝑔𝑡
22 + 𝛥𝑟𝑔𝜅𝑔𝑡

23)

𝑔𝑡

 

+∑∑(𝑔𝑘
𝛺𝜅𝑖𝑗,𝑡

3 − 𝑏𝑘
𝛺𝜅𝑖𝑗,𝑡

4 )

𝑖𝑗𝑡

+∑∑𝜓𝑖𝑗,𝑡
𝛺

𝑖𝑗𝑡

+∑∑𝜆𝑖𝑗
𝛺𝜅𝑖𝑗,𝑡

5

𝑖𝑗

 

−∑∑�̄�(𝜅𝑖𝑗,𝑡
6 + 𝜅𝑖𝑗,𝑡

7 )

𝑖𝑗𝑡

−∑∑�̄�𝑘
𝛺(𝜅𝑔𝑡

8 + 𝜅𝑔𝑡
9 )

𝑖𝑡

 

−∑∑𝑆𝑘
𝛺(𝜅𝑖𝑗,𝑡

10 + 𝜅𝑖𝑗,𝑡
11 )

𝑖𝑡

+∑∑(�̱�𝑖
𝛺𝜅𝑖𝑡

12 − �̄�𝑖
𝛺𝜅𝑖𝑡

13)

𝑖𝑡

 

−∑∑(𝑃𝑖𝑡
𝛺𝜅𝑖𝑡

20 + 𝑄𝑖𝑡
𝛺𝜅𝑖𝑡

21)

𝑖𝑡

+∑∑(𝑃𝑖𝑡
𝛺𝜅𝑖𝑡

18 + 𝑄𝑖𝑡
𝛺𝜅𝑖𝑡

19)

𝑖𝑡

 

+∑∑((�̂�𝑔,𝑡
0 − 𝛥𝑟𝑔)𝜅𝑔𝑡

22 − (�̂�𝑔,𝑡
0 + 𝛥𝑟𝑔)𝜅𝑔𝑡

23)

𝑔𝑡

, ∀𝛺 ∈ {𝑇} 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(37) 

 

𝜅𝑔𝑡
14 − 𝜅𝑔𝑡

15 + 𝜅𝑔𝑡
1 − 𝜅𝑔,𝑡−1

1 − 𝜅𝑔𝑡
2 + 𝜅𝑔𝑡

2 + 𝜅𝑖𝑡
18 + 𝜅𝑔𝑡

22 − 𝜅𝑔𝑡
23 ≤ 0 

 

(38) 

𝜅𝑔𝑡
16 − 𝜅𝑔𝑡

17 + 𝜅𝑔𝑡
19 = 0 

 

(39) 

𝜅𝑖𝑗,𝑡
3 + 𝜅𝑖𝑗,𝑡

8 − 𝜅𝑖𝑗,𝑡
9 − 𝜅𝑖𝑗,𝑡

18 = 0 

 

(40) 

𝜅𝑖𝑗,𝑡
4 + 𝜅𝑖𝑗,𝑡

10 − 𝜅𝑖𝑗,𝑡
11 − 𝜅𝑖𝑗,𝑡

19 = 0 

 

(41) 

∑𝑔𝑘(−𝜅𝑖𝑗,𝑡
3 + 𝜅𝑗𝑖,𝑡

3 ) +∑𝑏𝑘(𝜅𝑖𝑗,𝑡
4 − 𝜅𝑗𝑖,𝑡

4 )

𝑖𝑗𝑖𝑗

− 𝜅𝑖𝑡
12 − 𝜅𝑖𝑡

13 ≤ 0 
(42) 

 

𝑔𝑘𝜅𝑖𝑗,𝑡
3 − 𝑏𝑘𝜅𝑗𝑖,𝑡

4 + 𝜅𝑗𝑖,𝑡
5 ≤ 0 

 

 

(43) 

𝑏𝑘𝜅𝑖𝑗,𝑡
3 + 𝑔𝑘𝜅𝑗𝑖,𝑡

4 − 𝛾𝑖𝑗𝜅𝑗𝑖,𝑡
5 + 𝜅𝑖𝑗,𝑡

6 − 𝜅𝑖𝑗,𝑡
7 = 0 (44) 
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𝜅𝑖𝑡
18 + 𝜅𝑖𝑡

20 ≤ 1 

 

(45) 

𝜅𝑖𝑡
19 + 𝜅𝑖𝑡

21 ≤ 1 

 

(46) 

(31) (47) 

 

 

Equation (37) is the objective function of the Dual problem. However, due to a binary variable 

is multiplied in a continuous variable in Equation (37), (i.e., 𝜗𝑔
𝛺𝜅𝑔𝑡

()
) our dual problem has 

become a MINLP problem, which is very difficult to solve, as discussed earlier. On the other 

hand, the multiplication of the binary variable in the continuous variable can be linearised by 

the method proposed in (Nikoobakht et al., 2018). Hence, the proposed dual problem can easily 

become mixed-integer linear programming (MILP).  

Equations (38)-(46) are related to variables {𝑃𝑔𝑡
𝛺 , 𝑄𝑔𝑡

𝛺 , 𝑃𝑖𝑗,𝑡
𝛺 , 𝑄𝑖𝑗,𝑡

𝛺 , 𝑉𝑖,𝑡
𝛺 , 𝜓𝑖𝑗,𝑡

𝛺 , 𝜑𝑖𝑗,𝑡
𝛺 , 𝛥𝑃𝑖𝑡

𝛺 , 𝛥𝑄𝑖𝑡
𝛺}, ∀𝛺 ∈ {𝑇}, 

respectively. Also, Equation (47) is explained earlier. 

 

4.6.1.5 Level IV (Generation feasibility Bender’s cuts) 

 

In this section, if the minimum amount of active and reactive load curtailment is greater than 

the predetermined value, a feasibility Bender’s cuts constraint will be generated and added to 

the first level problem, to redispatch GUs in the TN operation problem. Equation (49) has 

already been explained. Moreover, in Equation (49), variables {�̂�𝑔
𝑇 , �̂�𝑔𝑡} are obtained from the 

previous level solutions. Therefore, these variables are constant for the third level problem. 

Equation (50) relates to hourly feasibility Bender’s cuts constraint. In this regard, the variable 

t

  in objective function is related to hourly the active and reactive load curtailment, the dual 

variables 𝜅𝑔𝑡
(14)…(17)

 is related to the dual of inequality constraints (23)-(24). Also, variables 

{�̂�𝑔𝑡
𝛺 , �̂�𝑔𝑡

𝛺 , �̂�𝑔𝑡
𝛺 } are constant in the feasibility Bender’s cuts equation. 

 

𝑀𝑖𝑛 ∑∑(𝛥𝑃𝑖𝑡
𝛺 + 𝛥𝑄𝑖𝑡

𝛺)

𝑖

⏞          
𝛷𝑡

𝑡

 (48) 
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(5) − (14) &(26) − (27), ∀{�̂�𝑔
𝑇 , �̂�𝑔𝑡} 

 
(49) 

𝛷𝑡
𝜈 −∑𝑆𝑏(𝜅𝑔𝑡

14 + 𝜅𝑔𝑡
15)

𝑔

(𝑃𝑔𝑡
𝛺 − �̂�𝑔𝑡

𝛺 ) 

−∑𝑆𝑏
𝑔

((𝜅𝑔𝑡
14 + 𝜅𝑔𝑡

15) + (𝜅𝑔𝑡
16 + 𝜅𝑔𝑡

17)) (𝑢𝑔𝑡
𝛺 − �̂�𝑔𝑡

𝛺 ) 

−∑𝑆𝑏(𝜅𝑔𝑡
16 + 𝜅𝑔𝑡

17)

𝑔

(𝑄𝑔𝑡
𝛺 − �̂�𝑔𝑡

𝛺 ) ≤ 0 

 

 

 

 

 

(50) 

 

 

If the first level problem with the maximum number of the hourly feasibility Bender’s cuts (i.e., 

Equation (50)) does not get the optimal results, the final feasibility Bender cuts (i.e., Equation 

(51)) will be added to the first level problem. It should be noticed that previously added feasibility 

Bender cuts should be removed from the first level problem, then the first level problem should 

be resolved anew. 

 

 

∑𝛷𝑡
𝜈

𝑡

−∑∑𝑆𝑏(𝜅𝑔𝑡
14 + 𝜅𝑔𝑡

15)

𝑔

(𝑃𝑔𝑡
𝛺 − �̂�𝑔𝑡

𝛺 )

𝑡

 

−∑∑𝑆𝑏
𝑔

((𝜅𝑔𝑡
14 + 𝜅𝑔𝑡

15) + (𝜅𝑔𝑡
16 + 𝜅𝑔𝑡

17)) (𝑢𝑔𝑡
𝛺 − �̂�𝑔𝑡

𝛺 )

𝑡

 

−∑∑𝑆𝑏(𝜅𝑔𝑡
16 + 𝜅𝑔𝑡

17)

𝑔

(𝑄𝑔𝑡
𝛺 − �̂�𝑔𝑡

𝛺 )

𝑡

≤ 0 

 

 

 

 

 

 

 

(51) 
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S.t. (33)

Find optimal 

solution
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Solve (34)
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Figure 3. Flowchart of the solution process. 
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4.7 Summary of the problem solution procedure 

 

The proposed solution strategy explained in more detail below: 

i. The initial values are adjusted for {�̂�𝑖𝑡
𝑇 , �̂�𝑖𝑡

𝑇 , 𝜎𝐷
𝑣}. 

ii. The DN stochastic operation problem, in fact, Equation (32), subject to Equation 

(33), is solved for constant values {�̂�𝑖𝑡
𝑇 , �̂�𝑖𝑡

𝑇 } in order to obtain values {𝑃𝑠𝑡
𝐷 , 𝑄𝑠𝑡

𝐷 } for the 

DN operation problem.  

iii. The TN operation problem, or solving the Equation (34), subject to Equation (35), is 

solved for constant values {�̂�𝑠𝑡
𝐷 , �̂�𝑠𝑡

𝐷 } in order to obtain values {𝑃𝑖𝑡
𝑇 , 𝑄𝑖𝑡

𝑇 } for the TN 

operator.  

iv. The convergence property of the two-level iterative solution method can be 

guaranteed and an optimal solution of the proposed decentralized method (DM) can 

be provided once the value of Equation (36) be less than the 휀. 

v. The Equation (37) subject to (38)-(42) is solved to identify the worse-case outage of 

GUs. 

vi. The Equation (48) subject to (49) is solved, if the value of Equation (48) is smaller 

than the predefined value, the iterative solution procedure will converge and an 

optimal solution of the proposed DM can be provided. Otherwise, an hourly 

feasibility Bender’s cuts (i.e., Equation (50)) will be generated and added to first level 

problem and solution process continues. Nevertheless, if the first level problem is not 

feasible by adding the hourly Bender’s cuts, the 24-hour feasibility Bender’s cuts 

(i.e., Equation (51)) will be added to the first level problem, and the solution process 

will be repeat. 

vii. Finally, Fig.3 summarises the proposed decentralized solution of the robust operation 

problem of TN and DN. 
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5 Simulation Results and Discussion 

5.1 Case Study 

In this thesis, for the TN&DN robust operation problem, the standard IEEE 30-bus TN and an 

IEEE 33-bus standard DN are implemented to show performance of proposed decentralized 

solution method and the robust optimization problem (Gnanadass)  Accordingly, the overall 

picture of TN and DN is given in Fig.4. As can be seen in Fig.4, the 30-bus TN consists of 8 

GUs, 41 transmission lines, 20 demands, and 20 buses. According to Fig.4, the DN is connected 

to boundary bus 4 of the TN.  

 

 

Figure 4. Transmission and distribution test network 

 

 



 
 

                                                    

57 

The hourly load profile for each network is shown in Figure 5. In addition, in order to better 

understand the simulation results for the reader, hourly load profile for both networks is 

assumed to be the same. As discussed earlier, the load profile in the DN stochastic operation 

problem is stochastically modelled. Hence, ten predetermined scenarios with equal occurrence 

probability are deployed for the hourly load profile. The maximum load peaks for TN and DN 

are 320MW and 5MW, respectively. Moreover, the load factor for load in TN is 90%.  

 

The proposed co-optimisation problem simulation is processed with GAMS software and 

solving tools (12.6 CPLEX) on a computer with 16GB RAM and CPU model (Intel-cori7) with 

processors clocking at 4.50 GHz.  

 

 

 

Figure 5.  Hourly load profile. 
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5.1.1 Result Analysis 
 

Finally, in order to investigate the efficiency of the decentralised TN & DN robust operation 

problem the following three case studies are considered: 

• Case (1): Comparison of the TN & DN operation problem with centralised method 

(CM), decentralized method (DM) and isolated method (IM). 

• Case (2): The effect of worse-case GUs outage on the TN and DN integrated operation  

• Case (3): evaluation of the proposed solution method. 

 

The three case studies are explained in detail as follows. 

5.1.1.1 Case (1) 

As has been described earlier, TN and DN operation is possible in three ways:  

 

1. Centralized  

2. Decentralized and  

3. Isolated mode.  

In this case, three operation methods, i.e., CM, DM and IM, are compared. Indeed, in the CM, 

the objective function is to minimize the operation costs for both network operators 

simultaneously, but in decentralized operation, the objective function for each network operator 

is to minimise individually, but both network operators are connected by the boundary bus. 

Accordingly, a comparison of the two CM and DM solution results reveals the CM and DM 

have a similar performance.  

 

The results obtained from the CM and DM can be compared in Table 2. What is interesting 

about the data in that the difference between operation costs which are obtained from the CM 

and DM are very negligible. Likewise, even considering the robust model in the TN&DN operation 

problem, the numerical results for the centralized and decentralized operation problem are very similar. 

For example, in Table 2, when no worst-case GU outage occurs, the TN operation costs for CM and 

DM are $0.12095 and $0.12096, respectively. Similarly, the DN operation costs for both mentioned 

methods are $7.636 and $7.636.  Actually, these results are anticipated. However, the reason for 
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this is probably that the active power exchanged (APE) between the TN and DN operation 

problem is the same for both CM and DM, which is shown in Fig.6. 

 

Table 2. Total TN & DN operation costs under worse-case GUs outage. 

Total Operation Cost  

Number of worse-case GU outage 

0 1 2 3 

TN (M$) 

CM 0.12095 0.12107 0.12107 0.12116  

DM 0.12096 0.12108 0.12108 0.12126  

IM 0.12553 0.12563 0.12563 Inf 

DN (K$) 

CM 7.636 7.636 7.636 7.637  

DM 7.637 7.637 7.637 7.637  

IM 6.436 6.436 6.436 6.436  

 

As obviously can be noticed in this table is that entirely different numerical results are found between 

IM and both CM and DM because no information is shared between the network operators. Also, the 

total TN & DN operation costs differences between IM and other methods can be distinguished in Table 

2. The data in this table states that the TN operation cost has risen compared to other operation methods. 

However, what is interesting about the data in this table is that the DN operation cost has decreased, 

contrary to TN operation cost. 

Detailed information about the input parameters and variables concerning table 2 is briefly 

provided in the appendix1 section. Such as operation cost for TN & DN, power generation cost, 

the start-up cost of generation units, cost of active and reactive load curtailment at specific 

buses, and exchanged active and reactive power cost between TN & DN. 

 

Moreover, these results have three prime reasons:  

1) According to figures 8 and 9, the presence of GU in the TN is the same for centralized 

and decentralized methods. 
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2) Considering figures 10 and 11, the difference in the total power generation of a GU 

within 24 hours for centralized and decentralized methods is very small.  

3) In line with figure 6, the APE between the TN and DN is the same for both centralized 

and decentralized methods.   

Moreover, for some variables, numerical results are not the same for both methods. For 

example, as depicted in figure 7, the reactive power exchanged (RPE) between the two 

networks is not the same at all times. Of course, this result was predictable because the cost 

function sensitivity to reactive power in a centralised approach is very low. However, in the 

decentralized method, this sensitivity is relatively higher. 

Also, the presence of GUs in all operation time for TN operation problem are the same for both 

solution methods. The results of the IM and other both methods can be compared in Table 2. 

What stands out in this table is that completely different numerical results are found between 

IM and both CM and DM, because no information is shared between the two network operators. 

For example, as seen in table 2 and figures 6-7 and 12, the numerical results difference for the 

TN and DN operation in the IM and CM methods are considerable. Also, as can be seen in 

figure 13, the voltage of busbars in the power peak for IM operation is different from the other 

two methods. From the data in table 2, it is apparent that the TN operation cost has increased 

compared to other operation methods. In contrast, the DN operation cost has decreased.  

There are several possible explanations for this outcome. According to figure 6, one of the 

main reasons for the increase in the transmission network operation cost is justified that in the 

IM method, the DN has only played the load role for the TN, while in the CM, it has played 

both the load and the generator role. Also, the power generation expensive cost in the DN 

operation problem and the cheap purchasing cost of active power from the TN have been the 

reason that the DN operators provide most of its power demand from the upstream network. 

On the other hand, according to the numerical results in figure 10, another reason for the 

increase in the TN operation cost is that the generation power of most GUs has increased. 

Taken together, these results suggest that the DM for operation problem of integrated TN&DN 

can provide an operation problem purposes while maintaining information security for both 

network operators. 
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Table 3. The worse-case GUs outage for different solution method. 

 

 
       Figure 6. Hourly active power exchanged (APE) between TN & DN. 

 

As shown in Figure 6, the active power exchanged (APE) between the TN and DN operation 

problem is the same for both CM and DM. At the same time, for IM, it is entirely different 

because the TN & DN solves their operation problem separately. According to figure 6, one of 

the main reasons for the increase in the transmission network operation cost is that in the IM 

method, the DN has only played the load role for the TN, while in the CM, it has played both 

the load and the generation role. 
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   Figure 7. Hourly reactive power exchanged (RPE) between TN & DN. 

 

 

Figure 7 shows the amplitude inequality for the TN and DN operation in the IM and CM 

approaches. The reactive power exchanged between the two networks is not the same at all 

times.  

5.1.1.2 Case (2) 

In this case, the worse-case GUs' effect on the TN & DN operation problem is investigated. As 

shown in Table 2, the TN operation cost increases due to the increasing number of worse-case 

GUs outage. However, this rising trend is not continuous; for instance, when the number of 

worse-case GUs outage increases from one unit to two units, the TN operation cost is constant. 

 
  Figure 8. Number of GUs within 24-hour for TN, without worse-case outage 
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Figure 8 states the GU’s presence within 24b hours. Moreover, G3, G6, and G7 are off and 

not present in the network. 

 

 

  Figure 9. Number of GUs within 24-hour for TN, with three worse-case GUs outages. 

 

Figure 9 states the presence of all GUs within 24 hours and the outages of three GUs (G4, G5, 

G7). When G4, G5 and G7 units are separated from the TN, the DN operator can play an 

essential role in the TN operation problem. For example, according to tables 2 and 3 numerical 

results, when the DN is operated in IM, solving the TN and DN operation problem for this 

number of worse-case GU outages is impractical. 

A possible explanation for this result may be that when the G4 unit is disconnected from the 

network, the loads in bus 19 and 26 cannot be supplied. In this situation, in problem level-IV, 

the feasibility Bender’s cut constraints are generated and fed back to the TN operation problem 

(i.e., first-level problem). With the addition of these constraints to the first level, the 

arrangement of the online units in the TN operation problem changes again. According to 

Figs.8 and 9, in case of outage of G4, the new units G6 and G8 are replaced by the G4 and G5 

units in the TN. 

What is interesting that stands out in these figures is that the G5 outage does not affect the GU 

commitment under three worse-case GUs outage, i.e., outage G4 and G5. A closer inspection 

of Table 2 shows that the DN operation cost is fixed if the number of worse-case GU outages 
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increases; as can be seen from figure 6, this is due to the commitment of DGs in the DN 

operation problem. There are several possible explanations for this outcome. The prime cause 

of this result is due to the active power exchanged (APE) between the DN and TN is the same 

for all number of worse-case GUs outages. But, when three worse-case outages or the G4, G5 

and G7 units are disconnected from the TN, the DN operator can play an essential role in the 

TN operation problem. For example, according to tables 2 and 3 numerical results, when the 

DN is operated in an isolated way (i.e., IM), it is impossible to solve the TN and DN operation 

problem for this number of worse-case GU outages. According to the analysis of the result in 

this section, it can be concluded that it can effectively mitigate the harmful effect of the worse-

case GU outages on the operation problem of TN&DN by exchanging information between 

two networks and increase the performance of both network operation. 

 

5.1.1.3 Case (3) 

 

As mentioned earlier in this thesis, an effective solution method has also been investigated, 

which has made it possible to solve the decentralized operation problem of TN and DN 

networks at high speeds. For instance, as can be seen in figures 13 and 14, the decentralized 

operation of TN and DN gets the result in two iterations with a time of 25 seconds for a situation 

where no sudden outage occurs in the TN. Also, when three sudden outages happen in the TN 

operation, it gets the result in three iterations with less than one minute. As we know, these 

solving times are acceptable for solving an operational problem.  

 

 
Figure 10. Total active power generation within 24 hours for each unit regardless of the worse-case 
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Figure 10 depicts the total generated power for each GU without considering the worse-case 

outage of G3, G6, and G7. According to the numerical results in figure 10, the reason for the 

increase in the TN operation cost is that the generation power of most GUs has increased.  

 
Figure 11. Total active power generation within 24 hours for each unit considering the worse-case 

outage of 3 GUs 

 

 

Figure 11 shows the total generated power for each GU considering the worse-case outage of 

G4, G5, and G7.  

 

 

 
Figure 12. Voltage changes per hour of power units considering three sudden outages of power plant 

units 

 

As shown in figure 12, the numerical results difference for the TN and DN operation in the 

IM compared with CM and DM methods is considerable. 
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        Figure 13. Convergence of transmission operation problem 

 

The voltage of busbars in the power peak for IM operation is different from the other two 

methods shown in figure 13. And also, as shown in figures 13 and 14, the decentralised 

operation of TN and DN gets the result in two iterations with a time of 25 seconds for a situation 

where no sudden outage occurs in the TN. Also, when three sudden outages happen in the TN 

operation, it gets the result in three iterations with less than one minute. Figure 13 also depicts 

the operation cost for TN in millions. 

 

 
Figure 14. Convergence of distribution operation problem 

 

Figure 13 shows the operation cost for DN in thousands of dollars. 
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6 Conclusion 

6.1 Concluding remarks 

 

This thesis first explains the basic information about the power grid and its development and 

the AC optimal power flow optimisation and Lagrange relaxation method for AC optimal 

power flow. Then it explains the prime objectives and the research question, and the need for 

transmission system and distribution system operator’s collaboration and benefits are 

investigated, and challenges concerning their cooperation such as data privacy, renewable 

energy sources, demand-side response, ancillary services, congestion management, voltage 

profile, system security and development are explained in detail. The decentralised AC optimal 

power flow is then explored, and the power flow and its optimisation and solution 

methodologies are investigated. Besides, the methods solving the AC optimal power flow 

explained and the need for a decentralised approach further discussed.  

 

Also, the research gap and the contribution and the general structure of TN and DN integrated 

operation problem, and the decentralised approach is deployed to address the issue. Three 

centralized, decentralized and isolated operation methods, considering the GUs outages worse-

case scenarios for integrated TN and DN operation based on the LACOPF are investigated. 

According to the numerical results, it can be concluded that DM for the integrated TN and DN 

operation problem has better performance than the other two methods, firstly, because the 

operating results of this method are almost identical to the centralized operation method. 

Secondly, in addition to preserving data security for both network operators, both network 

operators can make decisions independently. Similarly, in this thesis, it is shown that effective 

cooperation between two TN and DN can reduce the harmful effects of the worse-case 

scenarios of GUs outages in the operation of both networks. Finally, in this thesis, an effective 

four-level iterative solution method for the optimal collaboration of robust decentralized 

cooperation of TN and DN is presented. 

6.2 Further Studies  

There are still many issues to be addressed regarding the power grid operation and challenges, 

from a detailed investigation of other possible problems such as considering the wind turbines 

uncertainty and transmission and distribution line worse-case outages. And also, the integration 

of the local electricity market and the existing wholesale market can be another possible 

research direction. 
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APPENDIX 1. Operation problem input parameters, variables for TN & DN for the three case 

studies investigated in this thesis that listed below are provided in this section; 

 
1. Centralized  

2. Decentralized and  

3. Isolated mode.  

The values are the same for all the methods; therefore, brief information is provided in this 

section. Pictures are taken from GAMS. 

 

Figure 15. Transmission Network Data. 

 

Fig 15 depicts the generation data; operation cost (OC), active and reactive power min-max 

amplitudes, and ramp-rate. 
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Figure 16. Transmission data 

 

As it can be seen, fig 16 shows the amplitudes of resistance (R), susceptance (B), active and 

reactive power in the TN lines. 
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Figure 17. Load Data 

 

Fig 17 shows load active & reactive power amplitudes, active distribution network status, and 

load connection.  
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Figure 18. Wind Power  

 

Fig 18 shows the wind power status. 
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Figure 19. Load and Wind power data.  

As can be seen, figure 19 shows wind power and load percentage. 

 

Figure 20. Distribution Network data 
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Fig 20 depicts all the detailed information about the DN parameters; generation start-up cost 

(SU), operation cost (OC), active and reactive power min-max amplitudes (P-min/P-max, Q-

min/Q-max), and ramp-rate. 

 

 

 

Figure 21. Line Data 

 

Figure 21 illustrates the amplitudes of resistance (R), susceptance (B), and active and reactive 

power in the DN lines. 
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Figure 22. Load data and its perecntegae 

 

Fig 22 shows the load status as a binary variable (1), load active power, and the load 

percentage. 
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Figure 23. Wind Power 

 

Wind power generation parameters that are considered in the Transmission Network is shown 

in fig 23.

 

Figure 24. TN variables and parameters (1) 

 

Variables and parameters for the TN operation are shown in fig 24, which also commented in 

the figure, such as the entire power grid operation cost (TC_PS), Operation cost for power 

system (Ope_cost_PS) in TN & DN, active generation power (pg (i,t)), and reactive generation 

power qg (i,t), benders cut decomposition that is utilised for operation problem as explained in 

the three case studies we considered in this thesis.  
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Figure 25. TN variables and parameters (2) 

 

As shown in figure 25, the generation unit on and off-state is included in the operation 

problem. All the parameters are binary; either they are considered 0, which is off, or one on 

state.  

  

 
Figure 26. Variables & Parameters for Distribution Operation 

 

Fig 26 depicts the variables, as explained earlier, the status of generation units as binary; 

either they are one and generate the power demand, or they are off. And also, it can show the 

GUs outages as binary variables 0 and 1 as one/off, respectively.  


