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Abstract

The objective of this paper is to design nonlinear
observer-based excitation controller for power system
comprising a single synchronous generator connected to an
infinite bus and an exciter system. The controller proposed
is based on the using Variable Structure Systems and
singular perturbation systems concepts, and Block Control
Principle. A nonlinear observer for estimation of
mechanical torque and rotor fluxes, is included. This
combined approach enables to compensate the inherent
nonlinearities of the generator and to reect externa

disturbances.

1 Introduction

The design of robust stabilising feedback controllers for
power systems with modelling and unmodelling
uncertainties and unknown disturbances remains one of the
most important problems in control theory. A fruitful and
relatively simple approach, is based on the use the concept
of Variable Structure Systems and Sliding Mode Control
[1]. This scheme provides, first and foremost, performance
robustness, and secondly decomposition and simplicity of
the control design procedure.

It is known that the model of power systemsis highly
nonlinear, and, therefore, during last decade a concept
feedback linearization (FL) have been used [2,3,4,5] to
design continuous nonlinear controller which overcomes the
known limitations of traditional linear controllers. However
the direct implementation of FL scheme results in a
computationally expensive, and in addition, sensitive to the
plant parameters variations control algorithm.

In this paper we shall resort to the block control [6]
and diding mode techniques [1] combined with singular
perturbation methods, to obtain a simpler controller,
computationally law demanding, that takes into account
structural constraints. The main feature of the proposed
control is robustness to disturbances and plant parameter
variations. The advantage of singular perturbation methods
in the control is the possibility of dealing with reduced
order model instead of the full-order system. To simplify

the design procedure, a switching function is formed using
block control linearization technique and neglecting the
fast dynamics of the exciter system. But discontinuities in
the sliding mode control can excite the unmodeled exciter
dynamics, leading to oscillations in the state vector. This
phenomena is known as “chattering” [7]. To prevent these
oscillations a nonlinear observer is designed, and the ideal
sliding mode in the auxiliary observer loop is produced.

The paper is organized as follows. Section 2
reviews the full order model of the power system. In
Section 3 the block control and singular perturbation
methods are applied to design an idea dliding mode
controller. Section 4 presents a nonlinear observer design.
This observer estimates the excitation and rotor fluxes and
the mechanica torque needed for designing the
discontinuous surface. Section 5 discusses simulation
results.

2 Power System Dynamics

The complete mathematical model of the single machine
infinite-bus system employing the currents as the state
variables, comprises stator dynamics[8]
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ig and iy are the direct-axis and quadrature-axis stator

currents; i¢ is the field current; iyq, ixq and ig are the
direct-axis and quadrature-axis damper windings currents;
w is the angular velocity; Vy and Vg are the direct-axis
and quadrature-axis terminal voltages; V; is the excitation

voltage; & isthe power angle of the generator; wg is the
rated synchronous speed, u is the control input, Ry and Ry

are the stator and field resistances; Ry, Ryq and Ry are
the damper windings resistances; Ly and Lq arethe direct-
axis and quadrature-axis self-inductances; L¢ is the rotor
self-inductance; Ly and Ly are the direct-axis and

quadrature-axis damper windings self-inductances; Lg
and Ly, ae the direct-axis and quadrature-axis

magnetizing inductances, H is the inertia constant; V* is
the value of the infinite-bus voltage; L, and R, are the
transformer plus transmission line inductance and
resistance; b; is positive constant parameter, and T isa
small time constant of the exciter system fast dynamics. The
electrical torque T, is expressed in terms of the currents as
follows:

Te =(Lg —Ld)idiq * Lmaiq(i *ikg —~Limgid (ig *ikg) (7)

The mechanical torque T,, applied to the shaft it is

assumed to be a slowly varying function of time. Thus:
Tm=0

Since the sensitivity of the fluxes with respect to parameter

variations is lower than that of the currents, it is more

suitable the representation of the electrica dynamics in
terms of the stator current ig and the rotor flux ¢, ,

er =W Yq¥ig ,L,Uq)T , using the following transformation
between fluxes and currents:
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Combining equations (1) to (8), the complete model of the
generator is presented in the nonlinear state-space form as:
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&j, (i, j=2..8), as, by, b3, by and d,, are positive
constant parameters depending on Rs, Rf, Ry, Ry,
R Res Ld Ly Lids Lkgs Lid s Lmgs Le and V°®

It is assumed that the power angle x;, the terminal
voltage Vy, the speed x, and the stator currents x; and

xg are available for measurement, and that the control input
u(t) should be bounded by

u(t) <Upmax » Upax >0 (12)

3 Theldeal Sliding Mode Control

The control objectives first are to make the angle power x;
be equal to a constant reference signal d,¢ , and the speed

X, be equal to the rated synchronous speed wg . Secondly,
the voltage regulation is important as well.



3.1 The M echanical Dynamics Control

To simplify the control law, let us neglect the fast exciter
system dynamics, setting 7 =0 in (11). Then, in (9)

Xg = —8g3Xg + g5 X5 ~Ag7 X7 + t7’3“ (13)
where @ =bgb; .
In accordance with the block control technique [6],
set
X =2+
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A3Xg

where x5 and xg are caculated from z,=0 and z,=0 as

XS =wg and x§ = (— k'zy +kizp + fa(x) + mem)

Q3%g
with k; >0 and k, >0. Using (13), the first two equations
of (9) and the equation (13) in terms of new variables z;,
z, and z; become
z=-kz +7
z,=-k2,+7 (15)
Z, = To(X,Ores , Tip) + o (X2)u

where
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fo=—axXs fa(x) + an (X)), X3 =agXeXs,

By (X2) = —a3Xghs + by (A X4 + Az6Xs — Azs%g) ,
and by (t) = by (x5 (t)) isapositive function for t = 0. Now,

considering the bound (12), a control strategy can be
proposed by
U= U ,sign(z) (16)

Under the following condition
U i > |Ueq (.1t Tin)| (17)
where Ug, is the equivalent control [1] calculated from
23 =0, resulting
Ueg = (B (%)™ foX, S ) (18)

the time derivative of the Lyapunov candidate function
V; = % z§ along the trajectories of the closed-loop system
(15) and (16)

V1= fo(%,Oret  Tm) 23 — o (X2)U (25 (29)
is negative. Therefore, the state vector reaches the diding
surface z; =0 after a finite time interval. Once this is

achieved, the sliding motion is governed by the following
second order linear system

21 = _klzl +75
22 = —kzzz

with desired eigenvalues —k; and -k,. Note that this
system corresponds to the linearized mechanical dynamics
of the closed-loop system.

A crucia property of the diding mode control (16)
when applied to (9) and (10) is that, it yields the invariant
subspace {£ =(3,4,0,0)", X, R}, £=(2,2,,%)" . The
dynamics of x, on this invariant subspace is referred to as

the zero dynamics. To derive this dynamics, the equivalent
control Ugq (18) is substituted in (10), resulting:

Xo =f 5(X1,X,) + B oUeq (X1, X2, Oyt s Tn)

Then, the vector x4 ischanged by 1 :
X =f 5(&, X2, 0t , Tm)

fo =f 2(X) xy=6(6) +(bo (Xz))_lbz fo (X Oret s Tm) xy=0(6)

where mapping ¢ is defined by (14). Finally, the vector &
is zeroed, thus:

>.<2 =f 2(0,X2,0r¢s s Trn)

An equilibrium point for this system is defined by o, and
the value of the mechanical torque T,,. Simulation results

show that this equilibrium point is asymptotically stable
(see Section 5).

3.2 The Terminal Voltage Control

In order to obtain the terminal voltage controller we need to
derive the appropriate model. The equation (6) can be
represented as
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The model for the termina voltage Vg,

where

Vg =|Vg|=4/Vd +V¢& can be obtained by differentiating
(20):

dv,

& fu(x,V¢) +bu (21)
where
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The switching function for the system (21), z,, is
defined as

Z, :Vg ~Vie
where V., isthe voltage reference. Then the control law
u= Uy son(z,) (22)

under condition

U e > Ueg 06V, )| Ueg =176, 06V) + By
guaranties the sliding mode motion on the surface z, =0
after afinite timeinterval.

3.3 The Switching L ogic Control

Having just one control input u for two switching surfaces
Zz;=0 and z,=0, a control strategy taking into account

(16) and (22) can be finally proposed by

u=-U.,39n(2) (23)
where
Z:ng, i'f 1z >e | e:élal i.f z,/>6 ”
B if |z/<e B if |z/<e
with e, <ej.

Therefore, we are proposing a hierarchical control
action through the proposed logic (24). Since the
mechanical dynamic is slower than the electrical one, we
spend the control resources, at first, to stabilize the angle
X1 and speed Xx,. When the angle error z reaches the

layer with width e;, the control resources will be spending
to regulate terminal voltage V. After convergence of the

error voltage such that |z, <e;, the control action reduces

the power angle layer width from e; to e,, (g >e5).

The proposed controller (23) provides the desired
performance of the closed-loop systemin the ideal case, i.e.
in the absence of unmodelled dynamics, 7; =0 (see Figure

1), and leads to oscillations in the state vector, “chattering”
[7], when 7; #0 because discontinuities in the control

excite the unmodelled dynamics (11). In this case the
derivative Vl (19) depends on V; only, but not on the
control input u, and V¢ (t) =u(t) = -U  only for |z >¢,
€ >0. Therefore, in this case the stability condition (17)
satisfies outside the small vicinity |z >¢ only.

4 Observer-Based Solution

In this section, to prevent the chattering and to estimate the
unmeasured rotor fluxes, x;, i=3,...,6 and mechanica

torque T,,, anonlinear observer is proposed as

)22 = —8.23X8(t);(3 + a24x7(t))24 - a‘25X8(t))25

+ ayX7 (t);% = aggX7 ()X (t) + ATy +11(% = )A(z)
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)24: 8y X, + X ~ AygXg(t)

X

5= as3Xg ~ AssXs — 857X (t)

X

6 = 864Xs ~ gsXs ~ Aeaa(t)
where %;, i =2,...,6 and T, are the estimated variables, |
and |, are observer gains. The stability of observer (25)

may be analyzed by examining the following error
dynamics equation:
e=A()e (26)

where e:(ez,em,e3,e4,e5,e6)T,

€ =X —Xi, 1=2..,6, ey =Ty ~Ty,
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ag(t) =apXg(t), aps(t) =anx7(t),
aps(t) = axXg(t), axs(t) =axXz(t).

The nonlinear observer (25) can be seen as a linear
system with time varying parameters when the variables
X7(t) and Xxg(t) are assumed known functions. It is easy

to see that the spectrum of the block matrix A(t) (26)
consists of the eigenvalues of the block Aq4, which can be

assigned by appropriate choice of the observer gains |, and

,, and the eigenvalues of the block A 5

Aga= ‘% (g3 + a55) * %\/(333 - a55)2 +4agsas;  (27)

Asg = ‘%(344 +3gg) = %x/(azm —ags)” + 42485, (28)
which are real and negative. The parameters of A4, (t) and

its derivatives are bounded. Therefore, the linear system
(26) with time varying parameters is asymptotically stable.
The resulting estimates X;, i = 2,...,6 and X, are employed
in the control law (23), in particularly forming the
estimation of the switching function z; (14) as




23 = ~85,% (%5 + X3) + Ky2
The equation for can be obtained using (25) as
23 = ]:O(g(ve!éref !-I:m!) + b?,u
where on is a bounded function. With the observer-based

control
u=-U,,s9n(z) (29)
the derivative of the Lyapunov function candidate \71 = % z
Vi = fO()A(!ev 6ref vav)23 - b3Umax‘£3‘
isnegative if
fO(;(!evaref Tme) < b3Umax -n
for some ) > 0. In this domain we have that

It means that the solution V(t) vanishes after some

ts<(2/n).V (0)

and z(t) =0 holds exactly thereafter, for t > t,.

5 Simulation Results

The performance of the proposed controller was tested on

first the 8" order model, and then on the complete oih
order model of the generator connected to an infinite bus
through atransmission line.

The parameters of the synchronous machine, and
transmission and exciter systems, al in p.u., except where
indicated, are:

R =0003, R; =0021, R,=0725, Rq=10714,
Rq=8929, R, =005, Ly=181, L,=176,
Lg =1831, Lq=1735, Lgq=166, Ly, =161,
L,=03, H=352sec, b;=1 1,=0.015 sec,

O, =1.3314, w, =377rads™, T, =0.9463, V= =1.

The controller gains were adjusted to k;=7 and
k, =15, and the observer gains were chosen as 1;=200 and
|,=187, resulting in the eigenvalues A; = A, =100. The
remaining observer eigenvalues were calculated using (27)
and (28) as A3 = -0.123, A, = -33.922, A5 = -0.883 and
Ag =-16.179.

Figures 1, 2 and 3 depict results under three different
events. @) simulation begins not from the equilibrium point;
b) int =2 sec, T, experienced apulse for 0.5 sec.; and €) in
t = 4 sec., a three-phase short circuit for a period of 150 ms
issimulated at the transformer terminals.

Fig. 1 shows the response of the unperturbed power
system with the control (23), (7; =0, idea dliding mode),
and reveals some important aspects:

a) State variables hastily reach a steady state condition after
small and large disturbances, exhibiting the stability of the

closed-loop system.
b) The termina voltage recovers their steady state value
after the short circuit.

Fig. 2 depicts the same simulation as before but for
the perturbed power system (7; #0). We can see that the

unmodeled dynamics leads to the chattering.
Fig. 3 shows the response of the perturbed power
system (7 # 0) with the observer-based control, using (29)

in (23). We can observe that the estimated signas are
closely related to the actua ones, exhibiting a robust
performance of the observer, and the performance almost
the same asin the case of the ideal diding mode.

6 Conclusions

A diding mode controller is proposed exhibiting robust
stability and performance when the plant experiences small
and large disturbances. The inclusion of an external load
torque and the simulation of a short circuit demonstrate the
capability of the controller in reecting bounded
disturbances.

The design process, including analysis of stahility, is
discussed. The formulation employed makes easy to design
a nonlinear observer that exhibits a good performanc for
power systems with unmodeled dynamics and discontinuous
control.
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