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Abstract—In this paper, a new nonlinear decentralized distur-
bance attenuation excitation control for multi-machine power sys-
tems is proposed based on recursive design without linearization
treatment. The proposed controller improves system robustness to
dynamic uncertainties and also attenuates bounded exogenous dis-
turbances on the system in the sense of L2-gain [1]. Computer test
results on a 6-machine system show clearly that the proposed ex-
citation control strategy can enhance transient stability of power
systems more effectively than other excitation controllers.

Index Terms—Decentralized control, disturbance attenuation,
nonlinear system, power system stability, recursive design.

I. INTRODUCTION

POWER systems are large scale, distributed and highly non-
linear systems with complicated and fast transients. The

random and exogenous disturbances especially short-circuit
faults make the system stability problem even more severe.
The existing linear control strategies, such as PID control,
PSS (Power System Stabilizer) and LOEC (Linear Optimal
Excitation Control) [2]–[4] have some drawbacks because their
designs are based on linearized system models at one or more
operating points and verified by nonlinear system simulation.
Under certain unforeseen large disturbances the performance
of linear controllers might not be satisfactory because of highly
nonlinear nature of real power systems. Besides the selection of
base operation points and large disturbances is quite empirical.
With the application of differential geometric approach to
power systems by Luet al. [5], [6], many fruitful results have
been achieved in nonlinear control of power systems [7]–[9]. It
is noticed that nonlinear control designed based on differential
geometric approach has much better effect than their linear
counterparts mentioned above on enhancing power system
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large disturbance stability [10]. However, these nonlinear
design approaches are generally based on mathematic models
with fixed structure and parameters without considering un-
certainties regarded as disturbances in modeling. In order to
overcome the limitation and to enhance robustness of systems,
modern nonlinear robust control has been applied to power
systems and yielded attractive results [11]–[13]. This paper
aims at developing a new nonlinear decentralized disturbance
attenuation control for multi-machine power systems based
on recursive design without linearization treatment. The
proposed controller improves system robustness to dynamic
uncertainties, measurement errors and also attenuates bounded
exogenous disturbances on the system in the sense of-gain
[1].

The design of new controller involves two steps. First step is
to establish robust model considering disturbances, and to se-
lect the regulation output such as tracking errors. The second
step is to design the nonlinear robust controller to attenuate the
influence of disturbances on the regulation output. Since power
systems are interconnected and distributed over vast areas, the
designed nonlinear robust control law should have decentralized
feature, that is, the variables appeared in the expression of con-
trol law should be local measurements.

Indeed, a series of literature have discussed decentralized
control of power systems [7], [8], [10]–[14], [17], however the
research work on applying nonlinear decentralized and robust
control to multi-machine systems is marginal. Significant con-
tribution has been made in [15], [16], [19], in which nonlinear
adaptive control methods are developed by using so-called
back-stepping algorithm. Stimulated by [15], [16] and [19],
this paper develops a new recursive design method, through
which the dissipative inequality for excitation control of a
multi-machine system is solved and the expression of nonlinear
decentralized and the corresponding robust excitation control
law for multi-power systems is derived.

The paper is arranged as follows. In Section II, nonlinear de-
centralized disturbance attenuation problem is defined with its
standard format presented. In Section III, the system model is
built up for multi-machine excitation robust control design. The
author derives the nonlinear robust excitation control law using
recursive design method explicitly. Computer test results of a
multi-machine power system are given in Section IV with the
conclusion drawn in Section V.
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II. NONLINEAR DECENTRALIZED DISTURBANCEATTENUATION

PROBLEM

The definition of a nonlinear decentralized disturbance atten-
uation problem (NDDAP) is as follows.

Consider a large-scale nonlinear system composed of inter-
connected sub-systems and described as

...
...

...

(1)

where

is the state vector, is the control input;

is the exogenous disturbance; is the regulation
output; the functions and are mapping with
corresponding dimensions.

Problem: For system (1), the nonlinear decentralized distur-
bance attenuation problem is to constructstate feedback con-
troller , such that for a prescribed posi-
tive number , the corresponding closed-loop system satisfy the
following -gain dissipative inequality [1]

(2)

where is a nonnegative storage function to be constructed,
and is a initial state; denotes -space;

is the exogenous disturbance; denotes the Euclidean norm
of a vector; and the -space is defined as

and

Inequality (2) means that the -gain of the system from dis-
turbance to output is less than or equal to the prescribed
number , which also means that the influence of disturbance
to output is attenuated. The degree of the effect of disturbance
attenuation is characterized by the value of. The smaller the
value of , the stronger the corresponding effect. Ifreaches its
minimum, then we can get the so-called optimal robust control.
However, if the value of is too small and less than an existing
minimum, the NDDAP has no solution.

Generally speaking, it is difficult to solve the NDDAP of
system (1) thoroughly. Up to now, only for a few of simple cases,
such as lower-triangular structure model [16], the problem can
be solved. In this paper, we are going to develop a new recursive
method to solve the NDDAP of a large scale nonlinear system
and apply it to power systems.

III. M ULTI-MACHINE SYSTEM MODEL WITH DISTURBANCES

An -generator power system with disturbances can be de-
scribed in the form

(3)
where

is active power;

is -axis current; is regulation output; denotes torque
disturbance acting on rotating shaft of the generator set;
denotes the electromagnetism disturbance entering the excita-
tion winding described by the third equation of (3); and
are weighting constants to be determined. Since the error of
rotor speed is smaller than that of rotor angle, weighting factor

is selected larger than . In the meantime, should not
be too small because it reflects directly the power angle tran-
sients. For our 6-machine test system (see Section IV) we use

and . In the selected interval
the system behavior is almost the same. If necessary, genetic
algorithm can be used to optimize and . Other notations
appeared in (3) are the same as those in [10].

For system (3), the problem defined in Section II is going to
be solved. A nonlinear decentralized disturbance attenuation ex-
citation control signal will be developed,
so that the transient stability as well as dynamic performances
of the corresponding closed-loop power system is improved ef-
fectively in spite of the existence of the disturbancesand
in (3).

To begin with, set pre-feedback

(4)

where the introduced variable could be regarded as a new
input of the system.
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Substituting (4) into (3) yields

(5)
Denote

(6)

Choose the regulation output as

(7)

System (5) can be written as:

(8)

For (8), in order to construct desired feedback control law, we
consider the new input variable in (4) as a function of

(9)

and define the following coordinate transformation

(10)

where is a given number and is a smooth function
to be designed.

Our goal is to find , and ,
such that the inequality

(11)
holds. Here is the storage function to be constructed,
is the initial state of (8), is a prescribed positive number,

and .
Inequality (11) is the dissipative inequality of the system,

which shows that system (8) has an-gain from disturbance
to output which is less than or equal to.
Now let us seek for a storage function , which

satisfies dissipative inequality (11). As a consequence, a desired
function in (10) and the function (9) will be achieved in
the recursive design procedure, and the storage function,

in fact, will play the role of a Lyapunov function of the corre-
sponding closed-loop system. Our algorithm will involve three
main steps.

Step 1: Let

(12)

where is a positive number to be selected, and and
have been defined by (10). From (10) we have

(13)
where , .

Then we introduce a function denoted by which is de-
fined as

(14)

where denotes the differential of function
given by (12) with respect to time along the equation (13).
From (13) we know that (14) can be written as

(15)

where is a prescribed number and .
According to (7) and the coordinate transformation defined

in (10), we have

(16)

By substituting (16) into (15) and making some algebraic ma-
nipulation, we have

(17)

where

(18)

(19)

(20)

Now, we define the last component of the new coordinates
in (10) as a linear function of , and taking the form

(21)

Since the second term of the right side of (17) is negative, and
considering (21), we can see that the inequality

(22)

holds.
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Step 2: Based on Step 1, construct the nonnegative function

(23)

and define

(24)

where denotes the differential of function
along the state equation (13).

Since

(24) can be rewritten as

(25)

Similar to Step 1, there is no difficulty to prove

(26)

Since the second and third terms of the right hand side of (26)
are both negative, the following inequality must hold

(27)

Therefore in (27) we set

(28)

it must have

(29)

In view of (18), if let

then

From (25) and (29), we have

(30)

Step 3: For the whole multi-machine system, we define the
storage function as

(31)

then

(32)

where .
Inequality (32) implies

(33)
Inequality (33) is called dissipative inequality of system (3).

Because is nonnegative, (33) says

(34)

Comparing (34) with (2) and remembering the pre-feedback (4),
we can see that the -gain of system (3) from disturbanceto
output is less than or equal to a prescribed number. This
means that the problem of nonlinear disturbance attenuation of
a power system, as stated in Section II, has been solved by ex-
ploiting the feedback strategy (4). Now, we can summarize the
acquired final result in a formal statement.

Statement of Results:Consider multi-machine system (3), its
nonlinear decentralized disturbance attenuation excitation con-
trol for each generator can be implemented by using the feed-
back strategy in the expressions as

(35)
where , and are the state
variables of theth generator; and are
given in (10), (19), (20), and (6).

Remarks:

1) In the derived control law (35) for generator, all the vari-
ables and parameters are just related to the same gener-
ator, so it is clear that the proposed control law is indeed
a decentralized one.
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2) From power system dynamics [2], we know that

where is the terminal voltage of generator; is
generator reactive power output. As a result, the control
strategy given by (35) can be rewritten as

(36)

where all the variables are local measurements. Control
law (36) looks somewhat complicated, however there is
no difficulty in digital implementation.

3) The proposed control law can make the corresponding
closed-loop system possesses a-gain from disturbance
to regulation output which is less than or equal to a pre-
scribed number . That is to say the influence of dis-
turbance on output of the system is weakened under the
action of the proposed control law as we mentioned in
Section II.

4) The back-stepping technology [19] is applied to the dis-
turbance attenuation control design. The essence of the
approach is to construct a storage function for the control
system. As we mentioned above the new approach first
pre-sets an imperfect “storage function” for the first two
sub-equations of state equation (3), then extend it to the
last sub-equation of (3) and yield a perfect storage func-
tion. So we call it a “recursive” method.

5) The work reported above is indeed a continuation of pre-
vious research work [5], [6], [10], [11], [17].

IV. COMPUTERTEST RESULTS

A 6-machine power system is used for computer test (Fig. 1).
The system data is listed in Appendix A where machine 6 of

Fig. 1. Test system diagram.

the system is a synchronous condenser with a conventional
PID-type excitation controller. In the time simulation, the
generators’ models are the same as in (3) and there are no
turbine governors. In order to investigate the effectiveness
of the suggested controller in improving transient stability,
comparisons are made to several different types of excitation
controllers.

In the test we set , , , and
.

The selection of these parameters is based on the following
considerations. For and , we select them based on the in-
equality . In order to avoid high gain, we usually select
the smallest values of and which satisfy . And the
smallest and are approximately equal to 2 and 1. The se-
lection of and has been explained in (3). The values of
and are set to be 0.4 and 0.6, respectively. Parameterchar-
acterizes the degree of the effect of disturbance attenuation. The
smaller the value of , the better the disturbance attenuation ef-
fect. Of course, as stated in Section II, the value ofshould not
be too small for secure NDDAP solution. For the 6-machine test
system, the smallest is approximately 10.

Four cases are studied. They are:
Case 1: Generators 2 to 5 are installed conventional PSSs with

their transfer functions given in Appendix B-1; Case 2: Genera-
tors 2 to 5 are equipped with linear optimal excitation control de-
signed by LQR approach with feedback gains given in Appendix
B-2; Case 3: The same generators are equipped with nonlinear
optimal excitation controllers (NOEC) [5]; and Case 4: The gen-
erators are equipped with the nonlinear decentralized distur-
bance excitation controllers (NDDEC) proposed in this paper
using the control law given in (36).

System transients are stimulated by a three-phase short circuit
fault occurred on line 11–12 close to bus 11 (see Fig. 1) and
cleared by tripping the faulted line in 0.1 s. The pre-fault power
flow in line 11–12 is 3.66–j0.62 pu. The simulation results for
the 4 cases are shown in Figs. 2–5, respectively, where generator
rotor angle response to the fault is plotted.

We can see from Figs. 2 and 3 that if linear PSS or LOEC
is used, the system loses its synchronism soon after the fault
occurs. However the system remains stable when NOEC or
NDDEC is applied (see Figs. 4 and 5). Comparing Fig. 5 with
Fig. 4, we can see that when NDDEC scheme is used, the
corresponding rotor dynamics is better than that of NOEC
scheme a little. Besides NDDEC has better robustness, which
is significant to real power system applications. Figs. 6–9 show
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Fig. 2. Dynamic response of the system with PSS.

Fig. 3. Dynamic response of the system with LOEC.

Fig. 4. Dynamic response of the system with NOEC.

Fig. 5. Dynamic response of the system with NDDEC.

the excitation voltage of the generator 2 under the four
different controls for comparison.

Fig. 6. Efd of the generator 2 with PSS.

Fig. 7. Efd of the generator 2 with LOEC.

Fig. 8. Efd of the generator 2 with NOEC.

Fig. 9. Efd of the generator 2 with NDDEC.

Since the NOEC method is based on mathematical models
with fixed structure and parameters without considering
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uncertainties, theoretically the NDDEC is superior to NOEC in
robustness, just as the linear robust control is superior to linear
optimal control (LOEC) in robustness, which has been verified
by modern control theory strictly [17], [18]. We also observed
this feature in other test cases which are not presented here for
the limited length.

V. CONCLUSION

In this paper, a novel nonlinear decentralized disturbance
attenuation (NDDAP) excitation control has been designed for
multi-machine systems. Based on a recursive design approach,
solution of the dissipative inequality (31) of multi-machine
systems can be reached without performing system lineariza-
tion. The obtained control law (34) has following apparent
advantages.

The control law is of robustness in the sense of-gain. The
control strategy is decentralized and independent to networks
parameters. It is easy to implement the control law using mi-
crocomputer, since all the variables appearing in the expression
of this control law are local measurements. The control is non-
linear and much effective in enhancing system transient stability
under large disturbances.

Computer test results from a 6-machine power system show
clearly the effectiveness of the suggested nonlinear robust exci-
tation control in improving transient stability and dynamic per-
formances of power systems.

APPENDIX A
SYSTEM DATA

TABLE I
LINE AND TRANSFORMERPARAMETERS

TABLE II
POWER FLOW DATA

TABLE III
SYNCHRONOUSMACHINE DATA

APPENDIX B
STABILIZER DATA

1) PSS transfer function (input signal is )
Generator 2:

Generator 3:

Generator 4:

Generator 5:

The output limitation of each PSS is5%.
2) Linear optimal excitation control laws

Generator 2:

Generator 3:

Generator 4:

Generator 5:
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