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Chapter 9

Conclusions and research suggestions

9.1 Conclusions

This thesis provides a framework to design distributed controllers that maintain
the frequency of power networks at nominal operating conditions, while retaining
economic efficiency. A key insight is that many power network models are incre-
mentally passive systems with respect to their desired steady state solutions. To
show this property we study incremental storage functions that interestingly can be
interpreted as a Bregman divergence of energy functions, establishing a connection
with classical work in the field of power systems. We propose incrementally pas-
sive and distributed controllers and study the closed loop behavior of the overall
system. We particularly focus on nonlinear models describing high voltage net-
works and AC microgrids. The passivity property is essential to include the second
order turbine-governor dynamics in the stability analysis and we consider two ap-
proaches to the controller design. In the first approach, we develop an overall dis-
sipation inequality for the combined power network and turbine-governor system.
In the second approach, we apply a distributed sliding mode controller to recover a
suitable passivity property of the turbine-governor system once the system reaches
the sliding manifold. An important aspect of the proposed distributed controllers
is the exchange of information on a communication network. We show that the
used incremental storage functions can be adapted to incorporate the discrete time
exchange of information. The resulting cyber-physical system is modelled within
the framework of hybrid systems and we determine the maximum amount of time
that is allowed between two communication instances. Also here, the passivity pro-
perty of the power network plays a major role in the allowed inter-communication
time. An important conclusion of this work is that it is important to incorporate the
generation side and the communication network explicitly in the design phase of
controllers and that neglecting these aspects can result in an unjustified belief that
stability of the network is guaranteed by suggested solutions.
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9.2 Research suggestions

This thesis contributed to the (analytical) understanding of the optimal coordination
of power networks. Despite the progress made, there are numerous possibilities to
extend the presented results, and we discuss below a few that are closely related to
this work.

Region of attraction

The incremental storage functions appearing in this thesis, have been mostly used
to prove local stability results. An important continuation of these efforts is to study
the related level sets of the storage functions in further detail to characterize the
regions of attraction of the steady state solutions.

Relaxing assumptions

There are three assumptions appearing throughout this work, that are mainly re-
quired to develop suitable incremental storage functions and to prove stability. Re-
laxing these assumptions would provide new and interesting perspectives on the
presented results. First, we mainly assume that the cost function at a node is linear-
quadratic, e.g. Ci(θi) = qiθ

2
i , where θi is the power generation. A naturally exten-

sion is to consider general strictly convex functions Ci. This leads e.g. to the study
of the following system:

η̇ = BTω
Mω̇ =−Dω − BΓ sin(η) + θ − Pd
θ̇ =−∇2C(θ)L∇C(θ)− ω.

(9.1)

Second, it is assumed that the state state voltage angle differences across a line sa-
tisfy δi − δj = ηk ∈ (−π2 , π2 ), which is required to show that the considered storage
functions have a local minimum at the steady state. It is worthwhile to study the sta-
bility of the system when this assumption, and other similar ‘Hessian conditions’,
are violated. Third, the transmission lines are assumed to be lossless. Energy functi-
ons have been established for power networks where all lines have an identical ratio
of susceptance and conductance (Padiyar 2013), and the results in this work are ap-
plicable to that case. However, incorporating general lossy networks appears to be
very challenging and is a long-standing open problem in analytical power network
stability studies.
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Generation, transmission and load dynamics

The proposed methodology to study the stability of the power network and to de-
sign (distributed) controllers relies on system-theoretical properties, such as incre-
mental passivity. This enabled us to study a power network with nonlinear dyn-
amics, where various components are represented in more detail than is generally
done in analytical studies. Incorporating dynamics of the generation and demand
side that are on par with the models considered in numerical studies is however still
required. This includes e.g. the incorporation of saturation, limiting the generator
output power.

New control objectives

The focus of this work is the regulation of the frequency in the power network, while
minimizing the generation costs. Future research should additionally include the
control of the voltages, which we only have briefly discussed. Also, exact regulation
is often not needed in a power network and it is desirable to formulate and analyze
objectives where small deviations from the desirable values are allowed. The emp-
hasize of this thesis is on asymptotic stability properties. An important extension is
to study the transient behaviour of the system.

Cyber-physical systems

In this work we have made an important step to incorporate the cyber layer of the
control structure explicitly, by assuming that the communication occurs at discrete
time instances. Other aspects have been neglected, such as delays, quantization
effects and (measurement) noise. An interesting endeavour is include those pheno-
mena and to study their effect on the stability of the overall system.






