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Abstract

Considering generator rotor and valve by external disturbances for turbine regulating system, the nonlinear
large disturbance attenuation controller and parameter updating law of turbine speed governor system are
designed using backstepping method. The controller not only considers transmission line parameter uncer-
tainty, and has attenuated the influences of large external disturbances on system output. The nonlinear con-
troller does not have the sensitivity to the influences of external disturbances, but also has strong robustness
for system parameters variation, which is because of the transmission line uncertainty being considered in
internal disturbances. The simulation results show that the control effect of the large disturbance attenuation
controller more advantages by comparing with the control performance of conventional nonlinear robust
controller.
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1. Introduction

With the development of large interconnected power
systems and the use of kinds of new equipment, the size
and complexity of power systems is increased, and it is
inevitable that there have the influences of disturbances
on the operation of power system. Meanwhile, owing to
the inaccuracy of the model, the error of the parameters
of the control object designed and the error of the meas-
urement components of the controller also form the gen-
eralized disturbance of power system [1]. In order to
improve the transient stability level of power system, and
prevent an electric power system losing synchronism
under a large sudden fault by closing the turbine regulat-
ing valve quickly to reduce the output of prime mover
instantaneously, it is essential to design the strong ro-
bustness nonlinear steam valve controller to improve its
reliability.

In recently years, various advanced nonlinear control
technologies have been applied to excitation and steam
valve controllers of power systems. Through careful in-
vestigation it is easy to see that most of these are based
on some different control methods. However, these con-
trollers suffer some flaws. Robust adaptive controller and
nonlinear stabilizing controller of steam valve and exci-
tation system design method are presented based on
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Hamiltonian energy theory in [2,3], but it is difficult to
solve the Hamilton-Jacobi-Issacs (HJI) inequality. In
order to avoid solving the HJI inequality, Lu [1] de-
signed the nonlinear L2 gain disturbance attenuation ex-
citation controller based on recursive design method for
the external disturbance attenuation problem. Li [4] de-
veloped a multivariable inverse nonlinear control scheme
for strongly nonlinear reheat type turbo generator steam
valves, which provides whole range control to improve
the transient power system stability. In [5-7], the turbine
governor and excitation controller design method using
no linearization methods when system parameters are
precisely knowable are proposed, but the robustness of
the parameters and model was not considered. For a sin-
gle-machine infinite -bus system, Wang [8] designed a
nonlinear robust integrated controller and a parame-
ter-update law is obtained based on adaptive backstep-
ping methods and Lyapunov functions of the system. The
controller also has strong robustness for system parame-
ters variation because damping coefficient uncertainty
has been considered. In order to prevent an electric
power system losing synchronism under a large sudden
fault and to achieve voltage regulation, Wang [9] applied
the Riccati equation approach, together with the direct
feedback linearization (DFL) technique to design robust
nonlinear controllers for transient stability enhancement
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and voltage regulation of power systems under a sym-
metrical three-phase short circuit fault. Sun [10] de-
signed the nonlinear adaptive controllers and parameter
updating laws of the switch subsystems using the pro-
posed modified adaptive backstepping method for a sin-
gle- machine-infinite-bus system, the control input con-
straints are solved by introducing a switched mechanism.
In [11-13], the nonlinear adaptive controllers and pa-
rameter updating laws for a single-machine-infinite- bus
system with damping coefficient uncertainties in the tur-
bine steam valve control also are proposed. However, the
influences of the external unknown disturbances are not
considered. Thus, how to effectively deal with the influ-
ences of the external unknown disturbances on system
output for the origin system is valuable to be further
studied.

Thus, in this paper we use the backstepping method to
design the nonlinear disturbance attenuation controller
and parameter updating law of turbine speed governor
system for the uncertainty of transmission line parame-
ters and the influences of large external disturbances on
system output. In the design process, the influences of
disturbances are considered while it does not use any
linearization methods. Thus, the nonlinear controller
does not have the sensitivity to the influences of external
disturbances, but also keep the nonlinearities of systems.
The simulation result demonstrates that the disturbance
attenuation controller possesses superior performances
by comparing with the control performance of conven-
tional nonlinear robust controller. The design procedure
based on the adaptive backstepping method is systematic
and concise, it is believed that this method can be ac-
cepted with a considerable ease by engineers.

2. Model and Problem Statement

Consider the following single-machine infinite-bus sys-
tem with steam valve control and the configuration of
whole system is shown in Figure 1.

Then the model of main steam-valve control system is
expressed as follows [11]:

Robust { | Ad, Aw, AP,
\—
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< e
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Figure 1. A single-machine infinite-bus system with the
steam valve control.
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where O is the rotor angle of generator. @ 1is the rotor
speed of generator. P,, P, P,, P, are mechanical
power of prime motor, active power of generator, damp-
ing power and mechanical power generated by high-
pressure cylinder, respectively. H is the inertial coeffi-
cient of generator. 7, is the equivalent time constant
of valve control, the value is about 0.4. C,, is the dis-
tribution coefficient of high-pressure turbine, it is about
0.3. C,, is the distribution coefficient of middle and
low-pressure turbine power, it is about 0.7. Pm0 is the
initial value of mechanical power, P, ,=P,. u is the
steam-valve control. And we know that:

E Vs
PEzX Ysins, P, D(a)—a)o) ()

dax @y

where D and E’ , are damping coefficient and transient
EMF of generator ¢ axis, respectively. V; is the infinite
bus voltage. X ,; is the equivalent reactance between
generator and infinite bus system.

Next, we will research the design of the controller
when the parameter X ,; is unknown. For system (1), in
order to transform it into the appropriate form in back-
stepping design, let x,=0-6, , x,=w-@, and
x, =P —P,, where 6,, o,, P, are the initial value
of correspondmg variables, then system (1) can be re-
written as follows:

X =X,
. D ,
xzz—gxz-l—H( +P,+C,,P,-P) )
1
- mO CHPmo + C u)
Let  k=-2 g -% -1
H H Ty
C
a, = (PmO+C P ), C=-——4%
H Ty
and they are known constants. Further, let
0, E Vs
CHX,

and they are unknown parameter because of X ;. Fi-
nally, consider the exogenous disturbance & =[¢, &,]",
where & and &, is the disturbance on generator rotor
and steam valve, respectively. Then system (3) is trans-
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formed into:

5=, “)

X, =kx, +k,x; +a, +0k,sin(5, +x)+& (5

X =T(x;—by)+Cu+e, (6)

Z — (qlxl J (7)
q4>%,

where Z = [qlx1 qzxz]T is regulation output; ¢, and
g, are the non-negative weight coefficient, which rep-
resent the weighted proportions between x, and x,.

Now we can note that the system (7) is a control sys-
tem with parametric uncertainties and unknown control
gain, as well as unknown bounded exogenous distur-
bances. Our control objective is to keep the rotor stable
and the system states are stabilized simultaneously.

3. Design of Nonlinear Adaptive Controller
with Large Disturbance Attenuation

For the controlled object with the uncertain parameters
and external disturbances, we can use the adaptive back-
stepping method to design the nonlinear robust controller
of steam valve. We can design a suitable controller u
by constructing the storage function ¥ (x), and then the
system satisfies:

V(x(0) =V (#(0) < [} (72 [l =[] )

where any 7 >0, the L, gain of system less than y,
and y is the disturbance attenuation constant.

Noticing the above-mentioned facts, the analysis
method and design process of controller can be summa-
rized as follows:

Step 1: For subsystem (4), let x, as the virtual con-
trol, and take stabilizing function x, =—cx,, ¢, >0 is
a design constant; suppose e =x,, e, =x,—x,, then
subsystem (4) can be expressed as

G =6 —6X
Via taking the first Lyapunov function candidate as
O »
W= Py 4 ®)
where o >0, then the time derivative of ¥, found is

)

Step 2: By augmenting (9), the new Lyapunov func-
tion can be formed as

. B 5
Vi =oeé =oe (e, —ce)=0oee, —oce,

ViVl (10)
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Suppose that
1
i, =V, 42|12 =7 e | (n
and the performance index can be supposed as follows,
o= [ (12 =7 Ll
then one gets
1
H, =V, +5|:(q12x12 +Q12x22)_72‘912:|

_ 2
=o0ee, —0Ce

(12)

+e, [ kx, +kyxy + ay + Ok, sin (3, +x,) + & |
1 1 2 1
te,cx, +EQ12€12 +5422 (ez _Clel) _572512

By deviating (12) about &, and supposing the first
derivation is equal to 0, we can get
e,~7'g =0

then (13) can be obtained as follows,

—e (13)

We continue to find the second derivation of (12), one
gets

=——<0
og’ 2

Then there is the maximum value of H, about ¢ .
max H, = max{Vz 2l -7l ]} (14)

Now get the integral both sides of (14), we can get
max j: Hdt

= max Uf V,dt +%j0°°(||z||2 a )dt}

Let H, = J:Hldt , then

o = ma (14 ()1, 0)) +% |

. J, =
Owing to 7‘ = H, - AV, one gets
max i :max(l-_[ —AV)
2 1 2

< max(]-_ll)—min(AVz)

Remark 1: Suppose that the disturbance & makes
V, reduce to 0, i.e. min(AV,)=0, that is, when the
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systems have the sufficiently large disturbances, V, is
not reduced, and then, rnax(J1 /2) is equivalent to
max(Hl) , so g 1is really the worst disturbances for
system.

Remark 2: Based on the equivalent analysis of
max([-_ll) and max(J,/2), & make H, get the
maximum value means that ¢ makes J, also obtain
maximum. While our ultimate goal is to make J,
minimum, then explain & on the system's performance
damage is the largest. If we substitute disturbances with
such damage degree into systems, based on which we
design the controller, and ensure the stability of the
closed-loop system. Thus it shows that the system is not
sensitivity for the influences of disturbances in theory.

Substituting (13) into (12), there is

_ 2
H, =oee, —oce
+e, [klx2 +kyXy +ay + Ok, sin (S, +x, )}
1 2 2 1 2.2 1 2 2
+e,cx, +§7/ e +Eq1 e +que2
1
2 2.2 .2
—4,6,64 +5‘]2‘71 G

Suppose that

L5,
— C’
2‘]21

1, 1
=oc+—qic, +—
h 2q2 1Ty

1,
a =0 _5% -

7 6

| 1,
hz :y-ﬁ-cl +5q2 +k]
Then

H, = —ae] +e[ hx, +hyx, +kyx, +a, + Ok, sin(5, +x,) ]

Consider x, as the virtual control, and define that
e, = x, — X, , then choosing the new virtual stabilization
function as follows,

_ .
X, :k_[_hlxl — hyx, —a, — Ok, sin (5, +x,) —c,e, |
2

Let n =k,sin(d, +x,), where ¢, isa positive num-
ber to be selected.
* 1 -~
X, = k—[—hlx1 —hyx, —a, —0n, — czezJ
2
We can obtain
H, =-ae —c,e; +e,0k, sin (5, +x,)
where §=0-60, 6 is the estimated value of 6.

Step 3: By augmenting V,, the new Lyapunov func-
tion can be formed as

(15)

1 1 -~
V,=V,+—e; +—0°
2 2p
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where p >0 is the adaptive gain coefficient.
Define that

. 1
Hy =V {2 =7 el ]

and the performance index as follows,

T =[ (12 =72 e )
Because V, =V, +eé, +l§:§ , and
yej

| .5 >
X, :k—[—hlx1 —(h2 +cz)x2 -0n —(an +clcz)x2]

2

1
:k—{—hlx1 —(h2 +c2)[k1x2 +k,x; +a,

2

+0k, sin (8, +k2)+ize2}—t9;n1 —(5112 +clcz)x2}
v

one gets
H, =V, +eé, +lé§+l(qfxf +q22x§)—172 (512 +.922)
Yol 2 2
=—ael —c,& +e,0k, sin(3, +xl)+lé§—%y25§
P

1
+e, [T(x3 —b0)+cu+£2]+e3k—{—h1x2 —(hy+c,)

2

x{klxz +kyx, +a, + 6k, sin(é'0 +xl)+%ez}
4

—§n1 —(gn2 +cc, )xz}
(15)

By deviating (15) about &, and supposing the first
derivation is equal to 0, we can get

&, = — e ( 1 6)
I
To find the second derivation of (15), we can obtain
2 2
6 [—52 — _7/_ < O ,
0s, 2

So there is the maximum value of H, about &, .
Then, we know that &, is the most disturbance of sys-
tem to make a performance cost J, be the largest
value.

Substituting (16) into (15), then

H, =—ael —c,e; +e,0k, sin(5, +x,)
-+ 1 1
+—9€—7€3+63 T(x3—b0)+cu+—ze3

Yo,
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+;—3{—h,x2 —(h2 +cz)[k,x2 +kyx; +a,
2

+0k, sin(é‘0 + X )+;—22} - §n1 —(§n2 +cc, )xz}
Choosing the feedback control as follows,
|
u=—4-T(x —bo)——z——[—hlx2 —(h, +¢,)
rT ok

><[klx2 +kyx; +a, +0n, +e—22j—¢9;n,
I

—(§n2 +clcz)x2]c3e3}
then,

H, =-ae] —c,él +e,0k, sin (8, +xl)+i6’~§
yej

2
G 24 5
—5 -6 ——(h2 +c2)¢9n1
2y° k,

In order to ensure that H, <0, suppose that

e,0k, sin (5, +xl)+%é§—e3 (hy +c,)sin (8, +x)=0

9(621’11 —%6’;—@3 (hy +¢,)sin(6, +x, )] =0

Choosing the parameter update law

0 = plen —e (b +c,)sin(5,+x,)]

By choosing the appropriate coefficient o,s0 >0,
then

H, =—ael —c,e; —c,e; <0
Let V(x)=2V;(x), one gets
V(x)< 7 el [l a7

where £=[g, ] . When x(0)=0, we get the inte-
gral both sides to satisfy the inequality (17), so there are
the gain from disturbance to output.

Remark 3: when the system operates normally, then
0° <o <180°, and we can know that sin(&, +x,) #0,
so the control is defined.

Now get the integral both sides of (17), the dissipation
inequality can be obtained as follows,

V()= (2(0) < [} (72 el I )

so there is L2 gain from disturbance to the output of sys-
tem. And when ¢ =0, the closed-loop error control sys-
tem is asymptotic stable with the feedback control law u,
then the closed-loop control system can be expressed as
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follows,

€ =€ —¢e
é c,e —e +n'é
2 2%2 1 k22

+k + ~ 18
& = —cpe, +(Cl 12 cz)”l g (18)

k2
R e (cl+k1;|-cz)e3 "
kZ k2

4. Simulation Examples

In this section, we firstly analyze the stability of the sys-
tem by analyzing the state responses of system, which is
generated by Simulink. Further, when the system pa-
rameters change under the fault that occurs, we observe
the stability time of system with the influence of nonlin-
ear steam valve adaptive robust controller, so we can
analyze the stability of nonlinear steam valve adaptive
robust controller of power system based on adaptive
backstepping method, and the bounded ness of the state
of system and whether to suppress the influences of large
external disturbances on system output also can be ana-
lyzed.

4.1. Simulation of General Nonlinear Robust
Controller

In this subsection, we can give the simulation analysis of
general nonlinear robust controller, and the transient re-
sponding curves of the system output state and the con-
troller output can be shown in Figure 2 and Figure 3.
The general nonlinear robust steam valve controller
can be designed using the general backstepping method.
As this robust controller, the time of the stability of sys-
tem is longer and it will keep a slow convergence.
Moreover, it will maintain the small oscillation stability
within a certain range, and the control is ineffective.

1.2

M |
| W\M |
Y s

—0.20

System State
e © o o
[ - -

(=]

0
Time (Sec)

Figure 2. The transient responding curves of the system
state X;.
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System State
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2 . . . . . . .
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Figure 3. The transient responding curves of the system
state Xs.

4.2. Simulation of the Closed-Loop Error System

According to the design results of foregoing section, we
simulate system (18) using MATLAB. The simulation

parameters can be supposed as follows: D=5, H=8,
q =2,¢ =2,¢ =2,y =1 p =2, q =04,
q, =06, o0 =1, w, =314.159 rad/s, P, =0.8 pu.

And the responses of state can be obtained as Figure 4.
From the responding curves of the system states, we
can see that the system have very good convergent per-
formance and the closed-loop system goes into steady
state quickly. When ¢—>o, then ¢ -0, e, >0,
e = 0. Accordmg to the definition of x,, x,, x, and
x, ', %, x, x, and x, will be convergent to zero.

1.2 T T T T = v

[—=]

1 R

2 0.81 1
<
=

@2 0.61 1

5_,5) ¥ Y

a 0.4+ 1
72}

02} 1

0 L
0.2 L L L L - L L L L
0 1 2 3 4 5 6 7 8 9 10
Time (Sec)

25 T T T T = T T —— I
|— €]
|

1c
1.0
l
|
\
o 1H N
L I
= |
+ |
7 \
= 0.5} 4
= |
o |
A \
> ald ——
wn Uri /
e 1 /
\ /
1 /
ncl | /
V.0 ] / |
\/
N/
14 1 1 1 1 n 1 1 1 1 P
17 1 ) 2 A z - L Q o 7
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1111€C (SCC)
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Figure 4. The state responding curves of the system.

4.3. Simulation of Nonlinear Steam Valve
Robust Controller

In order to demonstrate superior performances of the
controller designed by adaptive backstepping method,
the external unknown disturbances of the generator rotor
and steam valve are considered. And the transient re-
sponding curves of the controller can be shown in Figure
5.

From the responding curves of the system states, we
can see that the system have very good convergent per-
formance though being subjected to the influence of the
maximum external disturbances, the speed that the clo-
sed-loop system goes into steady state is very quickly.

1.2 T T T .

System State
.43 S oo 9o
N O VR N o =

s

Time (Sec)

ICA



N.JIANG ET AL. 37

X3

A -
AR A A A A a -
AN A A A~
LAR AN S J

System State

-~
-

Figure 5. The response curve of the system state.

Thus all of these do verify the design process in this pa-
per.

5. Conclusion

In this paper, we apply the nonlinear adaptive robust
control scheme to turbine speed governor system. Non-
linear adaptive robust controller of steam-valve with the
large external disturbances attenuation technique is de-
signed by combining adaptive backstepping method. The
essential nonlinear nature of the systems is entirely pre-
served because of no use of any kind of linearization on
the original nonlinear system model. Owing to the fact
that both internal and external disturbances in controller
design are considered together, we compared the de-
signed controller with the more conventional, not only
the designed nonlinear controller does not have the sen-
sitivity to the influences of external disturbances, but
also has strong robustness for system parameters varia-
tion. The further simulations demonstrated the controller
has superior adaptability and robustness.
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