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a b s t r a c t

Multi area power systems work most often with a poor inter-regional coordination about reactive power
concerns. Poor coordinated operation may not achieve significant improvements in the quality and effi-
ciency of power system operation, and may even increase the risk of blackout for multi-TSO (Transmis-
sion System Operators) power systems. This paper focused on the voltage/reactive power coordinated
control. Voltage/reactive power interactions between interconnected power networks were derived from
the augmented active and reactive power decoupled network equations. According to distribution com-
puting concept, a novel voltage/reactive power control model was presented in this paper, which could
optimize the active power losses of both local network and its interconnected areas. And the model’s data
communication was simple: only an equivalent susceptance matrix and the optimal reactive power injec-
tion value for external network need be communicated irregularly. Moreover, this model could avoid
raising confidentiality issues because it need not exchange explicit structure and constraints information
between different TSOs. Efficacy of the proposed model was illustrated through simulations on two IEEE
systems and an application to an actual system.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Several large-scale disturbances emphasized that secure opera-
tion of interconnected power systems requires coordination be-
tween transmission system operators (TSOs). In particular, articles
[1–3] report several major disturbances whose consequences were
leveraged by the lack of coordination between the TSOs. To address
the problem of coordination in multi-TSO systems, a great deal of ef-
fort has been devoted [4–22]. On one hand, the emergence of some
Mega voltage/reactive power control center resulted from the
aggregation of several smaller ones. For example, the hierarchical
voltage control systems named Coordinated Voltage Regulation
(CVR) or Secondary and Tertiary Voltage Regulations (SVR and
TVR), depending on their hierarchical level, have been studied in
Italy [4,5], France [6,7], Belgium [8,9], Spain [10,11], South Africa
[12] and China [13–15]. And some studies about voltage/reactive
power coordinated control with distributed generators are based
on the similar method also, e.g. [16]. Those methods are character-
ized as hierarchical systems based on Pilot Nodes and control subdi-
vision, but, to some extent, are applicable expedients. On the other
hand, where the consolidation of control areas has not occurred,
new strategies to coordinate the actions of those entities have been
studied and implemented. Li and Venkatasubramanian outline in

[17] a scheme for coordinating path transfers to increase transfer
capability. Marinakis et al. present a solution in [18] which requires
each TSO gets the information of entire system to coordinate reac-
tive power control by arriving at the Nash equilibrium of a sequence
of optimizations. In article [19] Marek Zima et al. analyze the behav-
iors of uncoordinated control centers and highlight the fact that
they may lead to different, sometimes counterintuitive, collective
dynamics. Also, Ilic et al. emphasize in [20] the danger that decen-
tralized optimization may have on power system security when
conflicting local strategies result in a reduction of each TSO’s own
performance criterion. Phulpin and Begovic analyze in [21] the
problem of decentralized optimization for a power system parti-
tioned into several areas controlled by different TSOs, based on
the external equivalents of PV, PQ, REI and Thévenin-Like Equiva-
lent, and find out that decentralized control scheme can converge
to nearly optimal global performance for relatively simple equiva-
lents and simple procedures for fitting their parameters. And Phul-
pin also highlights a fair method [22] based on cost functions for
centralized optimization of multi-TSO power systems, which is typ-
ical in multi-TSO coordinated voltage/reactive power control.

As, whether for hierarchical (centralized) control systems or for
distributed control systems, it is impossible and unnecessary to de-
pend on only one control center to accomplish voltage/reactive
power control for a large-scale network, coordination between
the operations of different TSOs or control centers is necessary.
This paper presents a simple coordinated control model for inter-
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connected power systems. The study focused on deriving some
interactive laws of voltage/reactive power control within a multi-
TSO framework, and on establishing a multi-objective optimization
model aiming at minimizing the active power loss both in the local
TSO area and in the interconnected ones. Considering voltage/reac-
tive power control is coupled with angle/active power weakly, we
augmented fast decoupled load flow equations [23] by including
PV buses and derived the interactive laws of multi-TSO voltage/
reactive power control. According to these laws, each TSO could
evaluative the effect of its operations on the interconnected areas,
and minimized the active power loss both in local area and in the
interconnected zones by a Pareto-solution based multi-objective
algorithm.

The paper is organized as follow. In the next section (Section 2),
the derivation concerning interactive effect in a multi-TSO frame-
work is obtained. In Section 3, the method of Optimal Matching In-
jected Flow (OMIF) [24] is introduced to solve the optimal reactive
power injection in the interface between different TSOs. In Section
4, a multi-objective optimization model is established and the rea-
son why to choose a Pareto-solution based algorithm is presented;
moreover, the model’s data exchange load is compared with
several typical decentralized control schemes. Section 5 reports
the comparison outcomes between the proposed model and three
typical methods published in voltage/reactive power control, and
test systems are IEEE 14 nodes based system and IEEE 118 nodes
system. The performance of the model in an actual system is
outlined in Section 6. Finally, some conclusions are drawn in
Section 7. And Appendices A and B present the relevant informa-
tion about the OMIF method and the AeMOEA used in this paper
respectively.

2. Interactive laws of reactive power control for multi-tso

Let us consider a two-area power system, shown in Fig. 1, where
AREA A and AREA B were controlled by different TSOs (or voltage/
reactive power control centers). The areas were connected through
a series of transmission lines, and i, j and e, h denoted the number
of start nodes and end nodes, i.e. boundary nodes, of these lines
respectively.

According to the fast decoupled load flow [23], the DQ � DV
equations of the interconnected power systems can be described
as following:

�BDV ¼ DQ ð1Þ

where DQ, DV are difference vectors of all nodes’ reactive power
and voltage, excluding PV nodes; and B is the susceptance matrix
of the network. We augmented (1) by including all PV nodes. And,
for each area, its nodes could be divided into two categories: one
was the inner nodes which were disconnected from other areas,
and the other was boundary nodes which were interface nodes be-
tween two areas. For the system shown in Fig. 1, we denoted the in-
ner nodes of AREA A and AREA B by Ad and Bd respectively, and
denoted the boundary nodes by Ab and Bb. Then (1) could be ex-
panded and rearranged to (2), where, for facilitating analysis, all in-
ner nodes were arrayed at the top of matrix while boundary nodes
were at the bottom of matrix.

�

BAd BAdb

BBd BBdb

BAbd BAb BAbBb

BBbd BBbAb BBb
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37775
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37775 ¼
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DQ Bb

26664
37775 ð2Þ

Assuming that the voltage or reactive power of AREA A need be
regulated for some reasons, for example load fluctuation, and the
reactive power of AREA B need not to be adjusted, we could obtain,
approximately, DQA – 0 and DQB � 0. Therefore, we got

�
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We eliminated the inner nodes of AREA B by premultiplying the
DVBd equations by �BBbd ðB�1

Bd Þ and added the resulting equations to
the DVBb equations, and following equations could be obtained,

�
BAd BAdb

BAbd BAb BAbBb

BBbAb
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DVBb

264
375 ¼ DQ Ad
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0
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where

eBBb ¼ BBb � BBbd B�1
Bd

� �
BBdb ð5Þ

In a similar way, we could eliminate the inner nodes of AREA A
and got

�
eBAb BAbBb

BBbAb
eBBb

" #
DVAb

DVBb

� �
¼ D eQ Ab

0

" #
ð6Þ

where

eBAb ¼ BAb � BAbd B�1
Ad

� �
BAdb ð7Þ

D eQ Ab ¼ DQ Ab � BAbd B�1
Ad

� �
DQ Ad ð8Þ

Basically, (6) indicated the influence on the boundary nodes of
both AREA A and AREA B when the reactive power distribution in
AREA A changed. However, we should notice that different rela-
tionship between AREA A and AREA B would lead to different solu-
tions. In general, there were two situations:

1. the power system of AREA B supplies power to AREA A, which
means the system in AREA B is dominant;

2. the power systems of AREA A and AREA B are parallel, which
means the power flow in the transmission lines between them
could be bidirectional.

To the first situation, the boundary nodes are treated as slack
node or PV nodes usually, which means their voltages are constant.
Basically, the premise is true for the nodes of AREA B, because the
effect of reactive power distribution of AREA A on the node voltage
of AREA B is weak. However, for AREA A, it is not the case. Because
there are not real generators in boundary nodes of AREA A, the
voltage in boundary nodes will change according to reactive power
injection. We premultiplyed the DVBb equations in (6) by
�BAbBb ðeBAb Þ�1 and added the resulting equations to DVAb equations.
Then a new equation was obtained which eliminated the effect of
node voltage in AREA B on the node voltage in AREA A as (9).
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where

AREA A 

(TSO A) 

AREA B

(TSO B) 

... 
i e

j h

Fig. 1. Illustration of interconnected power systems.
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