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Nonlinear Decentralized Disturbance Attenuation
Excitation Control via New Recursive Design for
Multi-Machine Power Systems

Qiang Ly Senior Member, IEEEShengwei MeiMember, IEEEWei Hu, Student Member, IEEE
Felix F. Wu Fellow, IEEE Yixin Ni, Senior Member, IEEEand Tielong Shen

Abstract—In this paper, a new nonlinear decentralized distur- large disturbance stability [10]. However, these nonlinear
bance attenuation excitation control for multi-machine power sys- design approaches are generally based on mathematic models
tems is proposed based on recursive design without linearization ,,:h fixed structure and parameters without considering un-
treatment. The proposed controller improves system robustness to - . . .
dynamic uncertainties and also attenuates bounded exogenous dis-certainties regr_:lrd_ed_ as disturbances in modeling. In order to
turbances on the system in the sense of-gain [1]. Computer test Overcome the limitation and to enhance robustness of systems,
results on a 6-machine system show clearly that the proposed ex-modern nonlinear robust control has been applied to power
citation control strategy can enhance trgns_ient stability of power systems and yielded attractive results [11]-[13]. This paper
systems more effectively than other excitation controllers. aims at developing a new nonlinear decentralized disturbance

Index Terms—Decentralized control, disturbance attenuation, attenuation control for multi-machine power systems based
nonlinear system, power system stability, recursive design. 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 senég-ghin
[1].

OWER systems are large scale, distributed and highly non-The design of new controller involves two steps. First step is

linear systems with complicated and fast transients. The establish robust model considering disturbances, and to se-
random and exogenous disturbances especially short-cirdgit the regulation output such as tracking errors. The second
faults make the system stability problem even more seveggep is to design the nonlinear robust controller to attenuate the
The existing linear control strategies, such as PID contrehfluence of disturbances on the regulation output. Since power
PSS (Power System Stabilizer) and LOEC (Linear OptimaYstems are interconnected and distributed over vast areas, the
Excitation Control) [2]-[4] have some drawbacks because thel¢signed nonlinear robust control law should have decentralized
designs are based on linearized system models at one or rfeegure, that is, the variables appeared in the expression of con-
operating points and verified by nonlinear system simulatiotrol law should be local measurements.
Under certain unforeseen large disturbances the performancihdeed, a series of literature have discussed decentralized
of linear controllers might not be satisfactory because of hightyntrol of power systems [7], [8], [10]-[14], [17], however the
nonlinear nature of real power systems. Besides the selectiomgfearch work on applying nonlinear decentralized and robust
base operation points and large disturbances is quite empiriegntrol to multi-machine systems is marginal. Significant con-
With the application of differential geometric approach taribution has been made in [15], [16], [19], in which nonlinear
power systems by Let al. [5], [6], many fruitful results have adaptive control methods are developed by using so-called
been achieved in nonlinear control of power systems [7]-[9]. back-stepping algorithm. Stimulated by [15], [16] and [19],
is noticed that nonlinear control designed based on differentifls paper develops a new recursive design method, through
geometric approach has much better effect than their linaahich the dissipative inequality for excitation control of a
counterparts mentioned above on enhancing power systgmlti-machine system is solved and the expression of nonlinear

decentralized and the corresponding robust excitation control

. . , _ law for multi-power systems is derived.
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Il. NONLINEAR DECENTRALIZED DISTURBANCE ATTENUATION
PROBLEM

The definition of a nonlinear decentralized disturbance att

uation problem (NDDAP) is as follows.

Consider a large-scale nonlinear system composed of int

connected sub-systeni}(1 < ¢ < n) and described as

(&1 = fir(z:) + g (@) + Si(@i)win
Zio = fio(®s) + gio(x) + Siowi)wio

Tip—1 = figm1)(®i) + Gie—1) (@) + Sir—1) (@) wir—1)
T = fir(@i) + gin(@)u; + Sin(wi)win

Ly = hix;) (1<i<n, 1<j<k 1<Ek<m)
(1)
where
T = (Ti1, Tiz, -, -Tik)T S Rk;
z :(xf, xg, cee xZ)T e Rk,

x is the state vectog; € R is the control input;

T k
w; = (wi1, Wiz, ..., wix) €R

is the exogenous disturbancg; € RP is the regulation
output; the functionsf;;, ¢;; and S;; are C* mapping with
corresponding dimensions.
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Generally speaking, it is difficult to solve the NDDAP of
system (1) thoroughly. Up to now, only for a few of simple cases,

e@gch as lower-triangular structure model [16], the problem can

e solved. In this paper, we are going to develop a new recursive
g}ethod to solve the NDDAP of a large scale nonlinear system
and apply it to power systems.

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

M ULTI-MACHINE SYSTEM MODEL WITH DISTURBANCES

Problem: For system (1), the nonlinear decentralized distur-

bance attenuation problem is to constitiétstate feedback con-
troller w; = u;(x;), 1 <4 < n such that for a prescribed posi-
tive numbery, the corresponding closed-loop system satisfy the

following L.-gain dissipative inequality [1]

T T
|l <a? [ ulfde + Vo)
0 0

Yw e Ly(0,T) VI >0 )

whereV(+) is a nonnegative storage function to be constructe

andzo is a initial state;L,(0, T') denotes.,-space;

T TNT - pnxk
w=(w;,wy, ..., w,) €R

(6:(t) = wit) — wo
sy = Yo p Di gy w0 wo
wz(t) — ‘2\4Z Prnz ‘2\4Z (wz(t) CU()) ‘2\4Z Pez + ‘2\4Z €14
nJl I o '/ . ol _ .
Ey(t) = Tdo (i () + Lui(wai — g;)] + Too: Vi5i(t)
+ m €2
i(6:(t) — boi
zi:[mé ((t)) 0))} 1<:<n
\ q2i\Wi — Wo
)
where
= E/ Z E BU Sln (5) + G“ COS((Si — (51))
is active power;
Idi = Z E(IIJ(G“ sin(éi - (51) - Bij COS((SZ‘ - (51))
j=1, 57

is d-axis current;z; is regulation outputg;; denotes torque
disturbance acting on rotating shaft of the generator sgt;
denotes the electromagnetism disturbance entering the excita-
tion winding described by the third equation of (3); andg»;

are weighting constants to be determined. Since the error of
rd)tor speed is smaller than that of rotor angle, weighting factor
q2; is selected larger thaq ;. In the meantimeg;; should not

be too small because it reflects directly the power angle tran-
sients. For our 6-machine test system (see Section V) we use
0.3 < ¢1; £0.4and0.6 < ¢o; < 0.7. In the selected interval

is the exogenous disturbandle; || denotes the Euclidean normthe system behavior is almost the same. If necessary, genetic

of a vector; and thd.»-space is defined as

L»(0, T)

T
{w|w: [0, T) — R™*  and / ||w||* dt < —i—oo} .
0

algorithm can be used to optimizg; andgs;. Other notations
appeared in (3) are the same as those in [10].

For system (3), the problem defined in Section Il is going to
be solved. A nonlinear decentralized disturbance attenuation ex-
citation control signaVy,;(i = 1, 2, ..., n) will be developed,
so that the transient stability as well as dynamic performances

Inequality (2) means that th,-gain of the system from dis- of the corresponding closed-loop power system is improved ef-

turbancew to outputy is less than or equal to the prescribegectively in spite of the existence of the disturbanegsandes;
numbery, which also means that the influence of disturbamce jn (3).

to outputy is attenuated. The degree of the effect of disturbanceTo pegin with, set pre-feedback
attenuation is characterized by the valueyofThe smaller the
value of~, the stronger the corresponding effecty ieaches its 4)
minimum, then we can get the so-called optimal robust control.

However, if the value ofy is too small and less than an existingvhere the introduced variablg could be regarded as a new
minimum, the NDDAP has no solution. input of the system.

Vi = Lai(wa; — v;) + By + viluoi
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Substituting (4) into (3) yields

6Z(t) = wi(t) — Wo
D;
wi(t) = % Poi = 3 (@ilt) = wo) = % P.; % e1i
E(/p(t) =v; + T £92; 1< <n.
(5)
Denote
1 6; — o
wo D;
Ti= | X2 | = |Wi—Wol, 1= > A2 =7,
2 0 1 M, 2 7
X3 EI,IIZ
1 €15
asz; = 3 Prni = L'moi, &i = . 6
T Ty {5%} ©)

Choose the regulation output as

|

System (5) can be written as:

()

q1iT14
} q1i 2 0, g2, 2 0, q1; +q2; = 1.

q2iT2;

T1; = T2
%9i = a1i(Proi — Pei) + a2i70; + a14£14

(8)

T3; = Vi + A3,

q1iT1;
Zi =
q2iT2;

1<:<n.
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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

Ti .o 1 ~2
=5 Tt 5Ty

2 2

whereg; is a positive number to be selected, ahg and z»;
have been defined by (10). From (10) we have

(12)

WVii(&14, Z24)

1 = —kiw1 + Lo

Zo; = kiZ1i + &2s = (ki + a2:)x2i + 01 Pei + ari€14

3 P a¢p; . a¢p; .
T3 = S i To; + i T3
ox1; 0x2; 03
B (13)
whereP.; = P.oi — P.;, 1 <i < n.

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

Hi = Vi | 3 + 5 {l2l* = 27 llewll®} (14)
Wheref/li|(13) denotes the differential of functiod; (Z1;, £2;)
given by (12) with respect to time along the equation (13).
From (13) we know that (14) can be written as

Hy; =0i@1i(—ki&1i + Z2;) + Z2; (ki + a2i)z2; + a1, Pe;)

N 1 2 %‘2 2
+ Zo;a1,€15 + §||Z7|| — ?||517|| (15)

where~; > 0 is a prescribed number aid< ¢ < n.
According to (7) and the coordinate transformation defined

For (8), in order to construct desired feedback control law, wg (10), we have

consider the new input variable in (4) as a function of;

v = Bi(x14, T2i, T3:) 9
and define the following coordinate transformation
Ty =y
Zoi = kiz1i + T2 (10)

Zai = ¢i(x1s, T2, v3,)1 <i < n

wherek; > 0 is a given number ang;(-) is a smooth function
to be designed.

Our goal is to flndv7 = /37(3717, 92, 3737;) and (7)7;(3717;,
Z2;, -3;) such that the inequality

T T
/ ||| dt < 72/ llel|? dt + V (z0)T > 0V (z0) > 0
0 0 (11)
holds. HereV'(-) is the storage function to be constructed,
is the initial state of (8)y is a prescribed positive number—=

[2F .- 2Tl ande = [¢T---£1].

%szHQ = %{(Qi + q3:k7) 2T + 455,

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

—2¢5;kif1id0; . (16)

2
Hy = —e;23; — i <’Yi51i — %alzﬁ?m) — %125%1

+ £2i (priw1i + p2iw2 + a1 Pe;) (7)

where
e; =oik; — % (J%i - % qukf (18)
pii = iQ kial; + o; — % kigs; (19)

f

P2 = C;—%Qi +az; + ki + % G- (20)

Now, we define the last component of the new coordinatgs
in (10) as a linear function afy;, z2; andzxs; taking the form

(21)

T3 = </)7‘,($17‘,, L2, 3737‘,) = P %15 + p2iTo; — 3.

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

which shows that system (8) has ap-gain from disturbance
e to outputz which is less than or equal ta
Now let us seek for a storage functidiiz): R — R, which

satisfies dissipative inequality (11). As a consequence, adesirgdl ; < —ey; 22, + 9,33 —
function ¢;(+) in (10) and the function (9) will be achieved in

the recursive design procedure, and the storage fungtian,

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

2

Vi 2 N
—€1; + T2

1 (a1, Pei + 23:1) (22)

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

i .o 1 ~2

Vai(Z14, T2iy £3:) = 5 Pt 5+ 59%:2% (23)
and define
Hy;, = VZ i 2 7 @ ?
2 %) 1) + 3 (]l = 7lleall?)
_(x 1 2 2 2
= (]  + 3 Q1P = 2w )
— $ies + Baida (24)

where %i|(13) denotes the differential of function

Vai(#14, 204, £3;) along the state equation (13).
Since
0¢; . 0¢; . 0¢;

T + To; + T34
83:“ ¢ a.’L’QZ‘ ¢ 8x3i ¢

5731‘ = </3i($1¢7 T24, $3i) =
(24) can be rewritten as

Hy = Vi

+ 3 (Nzill? =7 llewl?) = 5 vies

. op; . 0¢; . o¢; .
+ T3 <8.T11 Z1; + axgi T2; + axgi 3 | - (25)

Similar to Step 1, there is no difficulty to prove

(13)

o 1 T
Hy < —eyidy; — - | vigi — —————
4 Vi
1 Faian \°
3i03i . -
5 <%‘€2¢ + = Z) + Z2i (a1iPei + w3i)

+ &3 {/fﬂ?u + (14 pag + posa2:) 2,

Z3i( o o 0% -
+? I’LQiali—i_? +I/L2ia1iP€i_vi . (26)

e; 2 0.
From (25) and (29), we have
(30)

03 + 3 {llzill* = ¥?lleill’} < —ewid?; < 0.

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

V(.I'l, L2y oeey .I'n) = Z ‘/21 (31)
=1
then
V=> Vol <35> Al - 1wl
=1 (13) =1
=5 (Pllell* = 1I=1%) (32)

wherey = maxi<ij<n{vi}.
Inequality (32) implies

T
2V (x(T)) — 2V (2(0)) S/ (llell® = Nl=l*)dt  ¥T > 0.
’ (33)
Inequality (33) is called dissipative inequality of system (3).
Becausé/(x(T)) is nonnegative, (33) says

T T
/ 122 df <+ / lell? dt +2V(x(0)).  (34)
0 0

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

Since the second and third terms of the right hand side of (26)Statement of ResultsConsider multi-machine system (3), its

are both negative, the following inequality must hold

~2 N -
Hyi < —e13@1; + @i (a1iPei + x3i)

. B3
T w3i {kwxlz + (14 peri + p2iazi)z2; + —7;
2 2, 9 - Z
) <N21a1i + 21> + p2iariPe; — vi}. (27)

Therefore in (27) we set

vy = ki + (14 pag + p2iaoi) T2 + pi2ia1Pe;

T3 2 2 CL;Q),;, Tog -
+— | paai; + + == (a1iPei +w3;) ¢ (28)
Vi 2 T3

it must have
Hy; < —eyd7,. (29)

In view of (18), if let

1
o 2> 2% (65 + G3ik7)

nonlinear decentralized disturbance attenuation excitation con-
trol for each generator can be implemented by using the feed-
back strategy in the expressions as

(Vi = lai(wai — xy;) + Bl +viTaoi
v; = ki A6 + (1 + pni + p2iaz)
Aw; + p2ia1i(Pnoi — Pes)
p1i A + poiAw; — B/
+

qi < 2 9 a%
Ho;07; + Z)
7 2

kiA61; + Aw;
i P”’ i Pﬁi E’.

+N1iA6i + N%Awi - E:N (al ( 0 ) + qz)

(35)

whereAd; = 6; — bp;y Aw; = w; — wo andEgi are the state
variables of théth generatork;, (1, f12:, a1s, a2; andag; are
given in (10), (19), (20), and (6).

Remarks:

1) Inthe derived control law (35) for generaioall 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
Bl 4 (vai — wy)1ui = By,

t
8
Ab; = / Aw; dr, Prnoi = Peoi 23
0
_ i Qei ' &l Qe
Eqi—Vti“F Vii EqiNVti“r{/—ti
whereV; is the terminal voltage of generatdr@.; is v
generator reactive power output. As a result, the control
strategy given by (35) can be rewritten as 3
Vie=Viu+ xd{/—Q” + Ta0i Fig. 1. Test system diagram.
te

‘ the system is a synchronous condenser with a conventional
. kz/ Aw; d 4 (1 4 puy; + poias) Aw; PID-type excitation controller. In the time simulation, the
0 generators’ models are the same as in (3) and there are no
turbine governors. In order to investigate the effectiveness
+ p2ia1(Peoi — Pey) of the suggested controller in improving transient stability,

t comparisons are made to several different types of excitation
H1i /0 Aw; dr + p2jAw; — Vi — xithz/ Vii controllers.

+ % In the test we sek; = 2, 0; = 1, q1; = 0.4, go; = 0.6 and
2 ¢ Yi = 10.
. <ugia§i + %) The selection of these parameters is based on the following
- 2 considerations. Fok; ands;, we select them based on the in-

equalitye; > 0. In order to avoid high gain, we usually select
the smallest values df; ande; which satisfye; > 0. And the
t smallestk; ando; are approximately equal to 2 and 1. The se-
i / Aw; d7 + poi Aw; — Vi — xiiiQei/ Vi lection ofg;; andge; has been explained in (3). The valuegof
0 andq.; are setto be 0.4 and 0.6, respectively. Parametehar-
acterizes the degree of the effect of disturbance attenuation. The
(a1i(Pooi — Poi) + Vii + 21, Qei / Vii) (36) smaller the value of;, the better the disturbance attenuation ef-
fect. Of course, as stated in Section Il, the valug;afhould not
be too small for secure NDDAP solution. For the 6-machine test
where all the variables are local measurements. Contfistem, the smallesy; is approximately 10.
law (36) looks somewhat complicated, however there is Four cases are studied. They are:
no difficulty in digital implementation. Case 1: Generators 2 to 5 are installed conventional PSSs with
3) The proposed control law can make the correspondiifRgir transfer functions given in Appendix B-1; Case 2: Genera-
closed-loop system possessdsagain from disturbance tors 2to 5 are equipped with linear optimal excitation control de-
to regulation output which is less than or equal to a préigned by LQR approach with feedback gains given in Appendix
scribed number. That is to say the influence of dis-B-2; Case 3: The same generators are equipped with nonlinear
turbance on output of the system is weakened under ttimal excitation controllers (NOEC) [5]; and Case 4: The gen-
action of the proposed control law as we mentioned @rators are equipped with the nonlinear decentralized distur-
Section II. bance excitation controllers (NDDEC) proposed in this paper
4) The back-stepping technology [19] is applied to the digising the control law given in (36).
turbance attenuation control design. The essence of théSystem transients are stimulated by a three-phase short circuit
approach is to construct a storage function for the contr@ult occurred on line 11-12 close to bus 11 (see Fig. 1) and
system. As we mentioned above the new approach figigeared by tripping the faulted line in 0.1 s. The pre-fault power
pre-sets an imperfect “storage function” for the first twdlow in line 11-12 is 3.66—j0.62 pu. The simulation results for
sub-equations of state equation (3), then extend it to tHee 4 cases are shown in Figs. 2-5, respectively, where generator
last sub-equation of (3) and yield a perfect storage funtstor angle response to the fault is plotted.

t
/{}7/ Aw; dr + Aw;
+ 0

tion. So we call it a “recursive” method. We can see from Figs. 2 and 3 that if linear PSS or LOEC
5) The work reported above is indeed a continuation of prig used, the system loses its synchronism soon after the fault
vious research work [5], [6], [10], [11], [17]. 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
A 6-machine power system is used for computer test (Fig. Echeme a little. Besides NDDEC has better robustness, which
The system data is listed in Appendix A where machine 6 &f significant to real power system applications. Figs. 6—9 show

IV. COMPUTERTEST RESULTS
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Fig. 5. Dynamic response of the system with NDDEC.

the excitation voltaget;, of the generator 2 under the four
different controls for comparison.
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Fig. 7. Efd of the generator 2 with LOEC.
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Fig. 8. Efd of the generator 2 with NOEC.
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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 ==

735

TABLE I
SYNCHRONOUSMACHINE DATA

X, xa° H D T’

by modern control theory strictly [17], [18]. We also observed 57573 0.1‘65 0_1"05 14685 30 9'.’8
this feature in other test cases which are not presented here fi  0.321 0.321 0.0382 30.0 3.0 8.375
the limited length. 0.138 0.0396 0.0396 79.5 3.0 7.24
0.770 0.770 0.121 15.62 3.0 62

0.306 0.306 0.048 39.2 3.0 62

1.663 1.663 0.197 2.62 3.0 6.92

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 sensé.gfgain. 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.

All 'in per unit except that // and 7, are in second.

APPENDIX B
STABILIZER DATA

1) PSS transfer function (input signal4s.)

Generator 2:
15.48 3s 1+0.43s

GQ(S) = =
(1+0.01s) (14 3s) \1+0.045s
Generator 3:
63.35 3s 1+0.42s

Gs(s) = —
(1+0.01s) (14 3s) \1+0.155s
Generator 4:

)
)
Gls) = 14.3 1+40.34s )2
)

2

2

3s
(1+0.01s) (14 3s) <1 +0.126s
Generator 5:
25.6 3s 1+ 0.436s
G;)(S) =
(1+0.01s) (14+3s) \ 14+0.21s
The output limitation of each PSS 4s5%.

2

2) Linear optimal excitation control laws

APPENDIX A Generator 2:
SYSTEM DATA Vio = —73.8AV,o — 35.6AF.5 + 5.8Aws
TABLE | Generator 3:

LINE AND TRANSFORMERPARAMETERS

Vis = —69.2AV;5 — 23.3APes + 6.1Aws

14 19 0.0034 0.0200 0.0000 -
16 16 0.0000 -1.9930 0.0000 Generator 4:
17 16 0.0000 0.0010 1.027" Via = —62.9AV4 — 10.0AP.4 + 2.3Aw,
16 18 0.0033 0.0333 0.0000
16 19 0.0578 02180  -0.1807 Generator 5:
A T Vis = =38.4AVi; — 5.0AR + 162w,
19 21 0.0114 0.0370 0.0000
20 22 0.0214 0.0859 <0.3008
21 22 0.0150 0.0607 -0.2198 REFERENCES
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