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ABSTRACT

Thispaper dealswith thedecentralized hierarchical PSS (Power System Sabilizer)
controller design toachieveabetter damping of specificinter-area oscillations. The
two-level decentralized hierar chical structureconsistsof two PSScontrollers. The
first level controller isalocal PSScontroller for each generator to damp local modein
theareawherecontroller islocated. Thiscontroller usesonly local signalsasinput
signals. Thelocal signal comesfrom thegenerator at which thecontroller islocated.
Thesecondary level controller isamultivariabledecentralized global PSScontroller
todampinter-areamodes. Thiscontroller usesselected suitablewidearea PM U (Phasor
M easur ement Units) signalsasinputs. The PM U or global signalsaretaken from
networ k locationswher ethe oscillationsar ewell observable. Theglobal controller
usesonly thoseglobal input signalsin which theassigned singleinter-areamodeis
most observableand islocated at a gener ator that ismost effectivein controllingthe
assigned mode. Theglobal controller worksmainly in afrequency band given by the
natural frequency of theassigned mode. Theeffectivenessof theresulting hierar chical
controller isdemonstrated through smulation sudiesconducted on atest power system.

KeyWords: Two-L evel Decentralized Hierarchical Sructure, PMU Signals,
Selective Damping, Global PSS Contraller.

1 INTRODUCTION

or secure and economical operation of power
systems, power system small-signal stability isan
important requirement [1]. Thederegulationinthe
electricity market and the extensions of large
interconnected power systems led to a situation whereby
many tie lines operate near their maximum capacity,
especially those connected to areas of high load density.
Stressed operating conditions can increase the possibility
of inter-area oscillations between different control areas

and can even |ead to the breakup of thewhole system[2].
Weakly damped low frequency inter-area oscillations,
inherent in large interconnected power systems during
transient conditions, degrade the reliability and
performance of such systems. Since power transfers are
expected to increase in future, therefore, the damping of
inter-areaoscillationswill decrease[3-4]. The solution for
thisisto construct new transmission lines[3-4]. However,
construction of new power transmission lines is limited
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because of environmental and cost factors[3-4]. The other
solution for increasing damping of oscillations is to use
heavy high-voltage equipment such as series-
compensation. The draw back of this is that the high-
voltage equipment isexpensive. Therefore, for achieving
maximum availabletransfer capability andimproved system
security, such kind of system stability control should be
used which leads to damping improvement.

Thebest signal to be used asan input to the controller, for
damping the dominant inter-areamode, would befrom the
location wherethe oscillations are well observable. In[5]
it is reported that the damping of oscillations may be
increased with the controller which uses global or remote
signa's, coming from distant | ocations of the power system,
asitsinput signals during the design. The global signals
contain information about overall network dynamics as
opposed tolocal control signalswhich do not have enough
observability of some of the significant inter-area modes

[6].

WAM (Wide Area Measurement) technologies using
PMUSs can deliver synchronous control signals at high
speed. PMUs, deployed at suitable locations on the grid,
obtain acoherent picture of the entire network inreal time
[7]. PMUs measure voltages and currents at different
locations of the grid. GPS (Global Positioning System)
ensures proper time synchronization among several global
signals [8]. The measured global signals are then
transmitted via modern telecommunication egquipment to
the controllers.

In [8], the design of alocal decentralized PSS controller,
using both local and remote input signals, for selective
damping of electromechanical oscillations is presented.
This paper presents the design of a local two-level
decentralized hierarchical PSS controller for selective
damping of inter-areaoscillations. The hierarchical control
scheme consists of two levels of control. The first level
control is a local PSS controller that gives minimum
performance of the power system. Second level control is
agloba PSS controller, using remote PMU signals, that

maximizesthe performanceof local controllers. Simulation
studies on a 3-machine test power system are conducted
to investigate the effectiveness of proposed controllers
during system disturbances.

The remaining paper is organized as follows. Section 2
discussesthe structure of thetwo-level hierarchical control
scheme. The design of H_-based robust hierarchical PSS
controller is described in Section 3. In Section 4, the
application results are presented for a dynamic model of
three- machine, three-area test power system. Section 5
concludes the paper.

2. TWO-LEVEL DECENTRALIZED
HIERARCHICAL CONTROLLER

Thetwo-level decentralized hierarchical control structure
consists of two controllers. First level controller is a
conventional local PSS controller for each generator to
damp local mode in the area where controller is located.
The first level local controller uses only local signals as
input signals. Thelocal signal isasignal that comesfrom
the generator at which it is located. The secondary level
controller is a multivariable decentralized global PSS
controller to damp inter-areamodes. The secondary level
global controller uses selected suitable wide area PMU
signals as inputs. The PMU or global signals are taken
from network locations where the oscillations are well
observable. The total control signal which is fed to the
generator is the sum of the control signals of first level
local PSS controller and the secondary level global PSS
controller. The first level control gives minimum
performance of the power system. Second level control
enhances the performance of local controllers.

Thetwo-level decentralized hierarchical control structure
described above has been applied in this paper for
sel ective damping of inter-areaoscillations. In selective
damping scheme [8], each of the decentralized global
PSS controllers is designed separately for each of the
inter-area modes of interest. Thus, each global PSS
receivesthe most suitable measurement information about
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theinter-areaoscillationsto be damped. The global PSS
controller uses only those remote PMU input signalsin
which the assigned single inter-area mode is most
observable. Theglobal controller islocated at agenerator
that is most effective in controlling the assigned mode.
Theglobal controller works mainly in afrequency band
given by the natural frequency of the assigned mode.
Thearchitecture used inthiswork isshowninFig. 1. The
hierarchical controllersare acting on the reference inputs
of the AVRs (Automatic Voltage Regulators). Inputs of
global PSS controller are the PMU signals which come
from the complete system [7].

Global Measurments

u | u I
vy B

[PMU,] - [PMU,]
|

Global Signals -
| Global Signals : |

G1

AVR , o Excitor

Local Signal

Hierarchical
Controller

! Gn
J + I Usn

| AVR, [*[Excitor

| + |

: Local | Local Signal

PSS !
L=————1

Hierarchical
Controller

FIG. 1. MULTI-MACHINE POWER SYSTEM WITH
DECENTRALIZED HIERARCHICAL CONTROLLER

3. DESIGN OF DECENTRALIZED
HIERARCHICAL PSS CONTROLLERS

The general structure of the i"-generator together with
the decentralized hierarchical controller in a multi-
machine power system is shown in Fig. 2. It has been
assumed that each generator in the multi-machine power
system is equipped with local PSS controller. Local
input signal of thelocal PSS controller isconsidered to
be deviation of rotor speed (Aw,). Now, the objectiveis
to design global PSS controller of decentralized
hierarchical controller for theit"-generator in the multi-

machine power system.

The decentralized hierarchical controller is merged into
the multi-machine power system to form a closed loop
system. The closed loop system can be described by the
following equations[9]:

xcls(t) = A ggkgs®) + Byaw () )

2(t) = C, x_(t) + D w(t) @

X
Is”"cls

where, x (1) =[x, (1) ngc(t)]T is the augmented state
vector for the closed-loop system, x (t) is state vector of
open-loop system (plant and the local PSS controller)
augmented by weighting functions of global PSS controller
of hierarchical controller, and ch(t) isstate vector of global
PSScontroller. Now, anH_-based global controller for the
open loop system can be obtained by finding the controller
matrix, in Equestions (1) and (2), such that the controller
matrix internally stabilizes closed loop transfer functions
H_,(s) (Fig. 3). The controller matrix should also satisfy an
H_ norm bound condition on H, (s) = C_(slI-A )" B,
from disturbance w(t) to the regulated outputs z(t) [10].
This means that for a certain prescribed disturbance

attenuation level y >0, HzW(S)HOO <7.
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4. APPLICATIONRESULTS

4.1 Demonstration M odel

Three-machine, three-area test power system [8], shown
in Fig. 4, has been chosen to apply and show the
effectiveness of proposed decentralized hierarchical
controller design approach for better selective damping
of inter-area oscillations. The considered test power
system hasthree equivalent synchronous generators, each
representing one of the three areas. Detailed information
about thistest systemisgivenin[8]. Thei-generator and
the n"_-order global PSS controller in a multi-machine
power system shown in Fig. 2 is considered for all
simulation studies and the global PSS controller design.

The profile of two most weakly damped inter-areamodes
of oscillation, for the nominal power flow solution of the
test system, without PSS controllers and with local PSS
controllerslocated in the system only, isgivenin Table 1
[8]. The results provided in the table indicate that local
PSS controllers have not significant effect on inter-area
modes 1 and 2.

Hashmani, A.A., et. d., [9] have carried out the selection
of suitable remote input signals and locations of local
decentralized PSS controllers, to be designed to damp out
the two most weakly damped inter-area modes in the
considered three-machine, three-area test system shown
in Fig. 4. It has been found in [9] that current flowing
through transmission line connected between buses 5 and
6 (1) issuitableasaglobal input signal for the global PSS
controller to be designed to damp inter-area mode 1 and
generator G1ishighly effective and suitable asthelocation
of the designed global PSS controller. It has also been
foundin[9] that 6 , issuitable asaglobal input signal for
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FIG 2. GENERAL STRUCTURE OF THE i"™-GENERATOR TOGETHER WITH DECENTRALIZED HIERARCHICAL CONTROLLER IN A
MULTI-MACHINE POWER SYSTEM
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the global PSS controller to be designed to damp inter-
area mode 2 and generator G3 is highly effective and
suitable as the location of the designed global PSS
controller.

Thus, for the design of global controller for inter-area
mode 1, we havey(t) =1 (t) and z(t) = [I,(t) u,(t)]"and
for the design of global controller for inter-areamode 2,
wehavey(t) =6, (t) and z(t) = [0 ,(t) u,()]". Thedesign
procedure stated in Section 3 will be followed for the
design of global controllers.

4.2  Designof Controllers

For the design of global controllers, sequential design
method [8] is used. The description of two possible
sequentia designsisgiven in the following subsections.
Note that first control loop consists of plant and the
hierarchical controller 1 (global PSS controller designed
for inter-areamode 1) located at G1. The second control
loop consists of plant and the hierarchical controller 2
(global PSS controller designed for inter-area mode 2)
located at G3.

4.2.1 First Sequential Design

First sequential design hastwo steps. The stepsare given
asfollows:

0] Global PSS controller for inter-area mode 1 is
designed first by keeping the second control loop
open;

(i) Global PSScontroller for theinter-areamode2is

then designed by keeping the first control loop
closed, i.e. with aready designed hierarchical
controller 1 located at generator G1 in the test
system.

Thegloba PSS controller for inter-areamode 1 isdesigned
first by keeping the second control loop closed. The
designed global PSS controller for theinter-areamode 1is
given asfollows:

(1+50.0324)(1+ s1.0918)

(1+s0.1974)(1+ s0.1353)

Table 2 providesthe profile of two weakest damped inter-
areamodes of thetest system with hierarchical controller
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FIG 4. THREE-MACHINE, THREE-AREA TEST POWER SYSTEM

TABLE 1. WEAKLY DAMPED INTER-AREA MODES OF TEST SYSTEM

Without PSS Controllers With Local PSS Controllers Only
Mode No. Inter-Area Modes C (%) Frequency (Hz) | Inter-Area Modes C (%) Frequency (Hz)
1. -0.4070+4.2293 9.58 0.67 -0.4071+4.2293 9.98 0.67
2. -0.3810+5.8765 6.47 0.92 -0.3810+5.8765 7.07 0.92
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1 located in the system only and with both hierarchical
controllers1 and 2 located in the system. Theresults show
that with the designed global PSS controller for inter-area
mode 1 added to the already installed local PSS controller
(hierarchical controller 1), thedamping of inter-areamode
1 hasincreased significantly.

The global PSS controller for inter-area mode 2 is now
designed by keeping thefirst control loop closed, i.e. with
already designed hierarchical controller 1 located at
generator G1inthetest system. The designed global PSS
controller for theinter-areamode 2 isgiven asfollows:

(1+50.2169)(1+ $2.6702)
(1+50.1274)(1+ $0.1853)

The results given in the Table 2 indicate that with the
designed global PSS controller for inter-areamode 1 added
tothe aready installed local PSS controller (hierarchical
controller 2), the damping of inter-area mode 2 has
increased significantly while there is little effect on the
damping of inter-areamode 1.

4.2.2 Second Sequential Design

Second sequential design has also two steps. The steps
aregiven asfollows:

(i) Global PSScontroller for theinter-areamode 1is
then designed by keeping the second control
loop closed, i.e with already designed
hierarchical controller 2 (global PSS controller
for inter-areamode 2) located at generator G3in
the test system.

Table 3 providesthe profile of two weakest damped inter-
area modes of the test system with the hierarchical
controllersdesigned for inter-areamodes 2 and 1 located
in the system.

Itisevident from the results, provided in Tables 2-3 that
the damping of inter-area modes 1 and 2 has enhanced
moreinthe second sequentia design than that inthefirst
one. Thus, it can be concluded that second sequential
design is better than the first one for the test system
under consideration.

4.3 Time-Domain Simulation Results

For simulating the behavior of the system to large
disturbances, a balanced three-phase fault, for the
duration of 300 ms, is applied at bus 6 in the considered
test power system. The behavior of deviation of real
electrical power delivered by generator G2 (AP_(t)), with
local PSS controllersonly, with the hierarchical controller
1 (designed during second sequential design) only and

0) Global PSS controller for inter-area mode 2 is with both hierarchical controllers1and 2 (designed during
designed first by keeping the first control loop second sequential design) located in the system, isshown
open. inFig. 5. Fig. 5 showsthat response of AP_,(t) with only

TABLE 2. WEAKLY DAMPED INTER-AREA MODES OF TEST SYSTEM
Mode No. With Hierarchical Controller 1 With Hierarchical Controllers 1 and 2
Inter-Area Modes C (%) Frequency (Hz) | Inter-Area Modes C (%) Frequency (Hz)
1. -1.0070+4.2295 31.37 0.68 -1.1070+4.2295 33.37 0.68
2. -0.3890+5.8765 7.77 0.92 -1.6290+5.8065 39.77 0.91
TABLE 3. WEAKLY DAMPED INTER-AREA MODES OF TEST SYSTEM
Mode No. With Hierarchical Controller 2 With Hierarchical Controllers 2 and 1
Inter-Area Modes C (%) Frequency (Hz) | Inter-Area Modes C (%) Frequency (Hz)
1. -0.4170+4.2293 9.98 0.67 -0.4170+4.0293 41.08 0.70
2. -1.2610+5.3765 42.42 0.89 -1.2610+5.3765 42.42 0.89
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local PSS controllersis oscillatory. The figure indicates
that the damping of the responseimproveswhen proposed
hierarchical controller 1 wasused. Asgloba PSScontroller
of the hierarchical controller 1 wasdesigned for inter-area
mode 1 only, therefore the response of AP_(t) inFig. 5is
still oscillatory. Fig. 5 also showsthat the responseiswell
damped with the hierarchical controllers1 and 2 located in
the system. Thus, the proposed hierarchical controllers
improve the performance of local PSS controllers and
enhance small-signal stability.

S. CONCLUSION

Thedesign of alocal two-level decentralized hierarchical
PSS controller for selective damping of inter-area
oscillations, proposed in this paper, is applied on athree-
machine, three-area test power system. The first level
control is alocal PSS controller while the second level
control is a global PSS controller. Two decentralized
hierarchical controllers have been designed. Hierarchical
controller (global controller) for an assigned single inter-
areamode is designed first by keeping the other control

loop open. Hierarchical controller (global controller) for
the other assigned singleinter-areamode isthen designed
by keeping the first control loop closed, i.e. with already
designed hierarchical controller for thefirst assigned single
inter-area mode located in the test system. The global
input signals, used by the global controllers, have been
selected in a way that the assigned modes are highly
observable in the input signals of the corresponding
controllers. The generators which are highly effectivein
controlling the assigned modes have been selected asthe
locations of the hierarchical controllers. The design of
global controllers has been carried out designed in such a
way that each global controller is effective only in the
natural frequency of its assigned mode. The designed
hierarchical controllers, thus, damp only their
corresponding assigned modes. The nonlinear simulation
results show that thefirst level controal, i.e., local controller
gives minimum performance of the power system while,
thesecond level contral, i.e., globa controller, using remote
PMU signals, maximizes the performance of local
controllers.
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