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Abstract—This paper presents a wide-area coordinated
control strategy for voltage stability, which is based on
multi-agent systems and wide area measurement system. The
strategy combines the effectiveness of the Multi-layer
secondary woltage control and the real time of wide area
measurement system. It improves the woltage stability of
power system by quickly and effectively controlling the
woltage of the pilot bus. The proposed strategy has been
verifiedin the IEEE 39 buses system.
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I. INTRODUCTION

Vo Itage stability has been an important security index
of power system because of the formation of
interconnection of major regional power grids, the west to
east power transmission pattern and the practice of
electricity market. \oltage stability control can prevent
voltage collapse accident and improve the voltage stability
of power system. All of existing control strategies for
regulating control of reactive power generators are
decentralized local control in the view of control level,
there is no coordination between each decentralized
control, so the voltage stability of system cannot be
guaranteed, other security and economic are not enough
[1-3].

Multi-Agent System (MAS) technology has matured in
recent years. It is suitable for dynamic, distributed and
open environment, and can effectively solve the complex
control problems of geographical distribution and
decentralization of control function [4-6]. At the same time,
as the popularity of PMU (Phasor Measurement Unit) and
the development of wide-area monitoring theory,
formulating online PMU-based voltage stability analysis
and control measures has been an effective way to achieve
security and stability of power system [7-10]. Therefore,
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the combination of MAS and WAMS (Wide Area
Measurement System) has a very important practical
significance to voltage stability control.

Il. MAS NETWORK MODEL OF POWER SYSTEM AND WIDE

AREA MEASUREMENT SYSTEM

Power grid voltage stability control usually adopts the
hierarchical distributed structure. The system is divided
into layers of organization, coordination and execution to
complete the corresponding task. Considering that the
common goal of voltage stability control equipment in the
same area is to maintain the voltage stability of regional
power grid, so agents in the same area are formed a
coordination layer. Intra-area information is managed by
regional coordination agent. Communication and
interaction between agents in different areas can be
accomplished through coordination layers in each area.
Based on this idea, a hierarchical distributed coordinated
multi-agent network model for the grid voltage stability
control is formed, as shown in Fig. 1.
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Figure 1. MAS network model of power system



Wide Area Measurement System adopts the
synchronous phasor measurement technology. Through the
step-by-step layout of PMU in the key points of grid, the
real-time high-speed acquisition of synchronous phasor
and key data on the whole grid can be achieved. Collected
data is transmitted to WAMS in real time through the
power dispatching data network. Accordingly real-time
monitoring, analysis and calculation for the grid in the case
of normal operation and accident disturbance are processed
and the dynamic process of the power grid operation can
be obtained and mastered timely. Based on the
synchronization state information provided by the WAMS,
the predicted security instability objective function of the
key buses is created; the edge of the system voltage
stability is calculated by equivalent impedance and voltage
of the system. As voltage stability control systemgains the
stability indexes of buses from WAMS, comparing these
indexes globally. If some indexes are outside the boundary
of the voltage stability, coordinate control measures are
executed immediately. In the meantime, the effect of
voltage stabilization control is fed back by the WAMS.
Then the control system further adjust with the feedback
effect, thereby a stable voltage closed-loop control system
is formed.

I1l. MULTI-LAYER VOLTAGE COORDINATED CONTROL

STRATEGY BASED ON WAMS

A. Multi-layervoltage control strategy

The whole system is divided into a number of the
approximate decoupling areas with multi-layer voltage
control [11-17]. Then select the key bus as the pilot bus in
each region and choose effective control bus for the
corresponding pilot bus. In the operational process of the
system, the secondary voltage controller determines the
reference value of primary voltage controller by
monitoring and analyzing the voltage amplitude of the
pilot bus, so the voltage amplitude of the pilot bus is
maintained near the set value and the voltage stability of
the whole system is maintained. The Multi-layer voltage
control diagram as shown in Fig. 2 and Fig. 3:

: : Participation

Control unit is responsible for the formulation and
distribution of the control strategy within the region.

Regional reactive power control signal Qé is got from the

voltage deviation of pilot bus and transmitted to each
generator in the region. The pilot bus voltage is lower than
the set value when AQ,,, > 0 and generator reactive power

output should be increased. Conversely reduce generator
output.

If reactive power of all generators is less than the upper
limit, regional reactive signal allocates reactive power
between each generator unit in accordance with the
proportion of reactive power margin, generator
participation factor is calculated by regional coordination
agent and allocated to each generator. Generator
participation factor is calculated as follows:
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Figure 2. The primary voltage control diagram
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Figure 3. The secondary voltage control diagram
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where Q is the reactive power upper limit of

generator unit, QJ

]
gmin

is the reactive power lower limit of

generator unit, and Q; is the actual reactive power of

generator unit.

The above formula is applied to the generators whose
reactive power doesn’t exceed the limit. The generator
participation factor for generators whose reactive power
beyond the upperand lower can be calculated as follows:

Qi = Qgox ~ Q5 (AQus >0) ®
Qn = Q; _ngin (AQref < O) @)

Through these formulas all participation factors of
generators are gained and transmitted to the executive
agents in primary voltage control by coordinative agents.
Executive agents adjust their reactive power outputs
according to the control parameters so as to maintain the
systemvoltage level.

B. Coordinated control strategy implementation

Through the continuation power flow method [18-23]
which is a basic method to solve the equilibrium point
solution trajectory of the nonlinear flow equations the
complete PV Curves can be sketched and the bifurcation
point of continuous trend is obtained. Taking advantage of
the bifurcation point information useable in the voltage
stability analysis and control, the voltage stability control
issues can be effectively solved.

The linear form of the power flow equations is

{AP} NFSRN {A@}
AQ| |Jo Jou || AU
where APis the active micro-increment change of the
bus, AQ s the reactive micro-increment change of the bus,
AQ is the voltage angle micro-increment change of the bus

and AU is the voltage micro-increment change of the bus.
Take  singular  value analysis to J

Q)

2n-m
J =VZUT = ZV@Ui where  singular  value
i=1

vector V, and U, are 1 column of normalized

matrices V and U .

When the minimum singular value of the system is
close to 0, the systemis close to the voltage collapse point,
The state of the system is completely determined by the
minimum  singular value &, . and its corresponding

singular vectors Vom and Usiim
AG » ;| AP .
Therefore =0 -mYsn-mVonm and the maximal
AU AQ

tabulated value of matrixV,, ,, means the most sensitive

direction of the change of active and reactive power
injection, from which the most dangerous change model of
load and generated energy. The maximal tabulated value of
matrixU,, . means the most sensitive electricity voltage,
from which vulnerable buses are identified. The voltage
stability margin can be expressed by the minimum singular

value of Jacobian matrix 0,;, . The system is close to the
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limit of voltage stability while &_; is close to 0, conversely

the systemis safe enough.

The singular value decomposition method can be used
to calculate the sensitivity of the system voltage stability
margin of the state and control variables. From the basic

definition of singular value analysis, it can be
gotJ"JU =55 U ; W'V =5V
WhereU =u_ ,V =v,

min ? min *

According to the sensitivity of the minimum singular
value to the state variables the vulnerable areas of the
system can be determined and the reactive power
allocation can be programmed reasonably. The function of
each adjustment of the control parameters to the system
voltage stability can be reflected by the sensitivity.

Accordingly suitable generators can be chosen to control

the system.
The sensitivity of the minimum singular value to the
control variables are
a5min aé‘min aé‘min ' m
x || | SR
% m and
|:66min :| |:85min 6é‘min :|T m
- <R
oY, oy, Wy

The steps of multi-layer voltage controlstrategy

In this paper, through the introduction of PMU
technology multi-layer voltage stability control has been
improved. The basic idea is real-time measurement of
buses information by PMU installed in pilot buses without
repeated flow calculation, and then sendthe information to
the coordination agents of MAS. Coordination agent will
calculate the flow of each reactive power generator with
choosing appropriate control strategy and transmit control
signal to executive agents. Executive agents will control
the reactive power generators so as to achieve the purpose
of voltage stability.

The steps of multi-layer wide-area coordinative control
strategy of voltage stability:

Measuring the phasor information of pilot buses before
and after disturbance with PMU.

Calculating voltage stability margin of each bus
according to the difference between the two samples. Then
determine to take local control strategy or regional
coordination controlstrategy.

Calculating the corresponding control law with voltage
deviation, selecting reactive power generators which
should participate in the control and re-setting parameters
of them.

Re-sampling phase value of the system and calculating
voltage stability margin again to determine the
effectiveness of control measures. Take emergency control
to reactive power generator if the control law is effective.
Conversely turn to Step 2.

IV. SIMULATION RESULTS

In this paper, the test is performed on the IEEE 39
buses system with the proposed method. The interference
of load sudden increase at load bus is considered.
Assuming that the load in bus 15 and 16 jump 70%.
Taking three kinds of voltage stability control measures,
no control, intra-regional control and inter-regional


app:ds:conversely

coordination control, to the general bus 16 and pilot bus 23
and analyzing their effects.

Firstly, find the Jacobian matrix of the system near the
voltage collapse point. Then take minimum singular value
analysis to it and determine the control sensitivities of all
generators. The control sensitivity of different generator is
shown in TABLE I.

TABLE I. THE CONTROL SENSITIVITY OF DIFFERENT GENERATOR

generator sensitivity generator sensitivity
30 0.07 35 0.68
31 0.03 36 0.79
32 0.09 37 0.12
33 0.26 38 0.04
34 0.29 39 0.01

The results, as shown in Table 1, shows that for bus 15
and 16 in this operating condition, the intra-regional
control buses is bus 35 and 36, while inter-regional
coordinated controlbuses is 33 and 34.

For the general bus 16, the effect contrast of different
control strategies is shown in TABLE II:

TABLE II. EFFECT CONTRAST OF DIFFERENT CONTROL STRATEGIES
FORBUS 16
no intra- inter-

Control strategy regional regional

control control control

Initial voltage value 1.0344 1.0344 1.0344
Recovery voltage

value 0.98037 1.02138 1.0314

Voltage deviation 0.0540 0.0130 0.0030
The percentage of

voltage deviation 5.22% 1.26% 0.29%

It can be seen from Table 2, inter-regional coordination
control of the generator can effectively improve the
voltage level of the power system.

Multi-layer voltage control can effectively maintain the
voltage level of the pilot bus, the control effect for the pilot
bus 23 can better reflect the voltage control level of the
whole system, the control effects contrast of different
control strategies forbus 23 is shown in TABLE IlI:

TABLE lll. ~ TABLE Ill. EFFECT CONTRAST OF DIFFERENT CONTROL
STRATEGIES FOR BUS 23
no intra- inter-
Control strategy regional regional
control control control
The initial voltage
amplitude 1.046 1.046 1.046
Recovery voltage
amplitude 1.0117 1.0336 1.0457
Voltage deviation | 0.0343 0.0124 0.0003
The percentage of
voltage deviation 3.28% 1.19% 0.03%

This shows that the intra-regional coordinated control
can significantly increase the voltage level of the system,
and the control effect of inter-regional coordinated control
is betterthan the intra-regional control.

V. CONCLUSIONS

In this paper, the coordinated control strategy based on
MAS and WAMS has both the effectiveness of Multi-
agent secondary voltage stability control and the advantage
of the real-time wide-area measurement system. Firstly,
the proposed strategy can improve voltage stability margin
of the system and provide a good reference for operator to
effectively control. Secondly, all reactive power generators
of the system can be fully utilized to improve the voltage
control effect. At last, the phasor information of WAMS is
fully utilized. It cannot only improve the speed of voltage
stability analysis and control, but also can better reflect the
dynamic nature of the control process.

In short, the coordinated control strategy presented in
this paper can improve the voltage stability of power
systemtimely and effectively.
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