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Abstract

The analytical synthesis problem of coordinating regulator for power system, con-
sisting of two turbogenerators, working at big power network, is considered in this
article. We used nonlinear, non-conservative and interconnected model of such power
system. There are four control channels in this case. To solve this hard task we used
main approach of synergetic control theory. This approach was developed by professor
A.A. Kolesnikov. Briefly synthesis procedure is described. The synthesized regulator
provides stabilization of the generators excitation currents (synchronous EMFSs), coor-
dinated turbines rotation frequency, asymptotic stability of the closed-loop system in
the whole and compensates the external low-frequency harmonic disturbances that act
to generators. Example of synthesis is considered.
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1 Introduction

The modern electric generators and turbines (turbogenerators) on its electromechanical
features are known in the whole world as the best power sources for different power systems
(PS). Turbogenerators and power stations as a whole are supplied automatic control systems
that must provide high reliability of work. However these systems have variety of hidden
and in principal incurable drawbacks. The main reason for it is immaturity of the that linear
ideology of the classical control theory, which was laid in the foundation of the control systems
design for such essentially nonlinear and multiply connected objects as turbogenerators.

An extremely important quality of turbogenerators is there nonlinearity. The other distinc-
tive feature causing lacks of the modern control systems is nonlinear dynamic link between
a turbine and a synchronous generator (SG) both in a single turbogenerator and in a group
of turbogenerators of a power station. At the present time excitation regulators [1] and
frequency regulators of the turbogenerators are synthesized as separate independent devices.
However it is obvious that excitation and frequency control channels undoubtedly influence
each other since SG and the turbine are interconnected objects. This interconnectivity is



especially magnified in peak and fault situations when these objects are working in the large
deviations regime and hence revealing there nonlinear qualities to a large degree. The other
feature of the modern turbogenerators is their work in conditions of action peak (worst) of
disturbances on the PS’s part. Such disturbances promote the appearance of system fluc-
tuations that can bring about breach of PS’s stability, asynchronous move and in general
appearance of system damage.

Professor A.A. Venikov said [2]: “ ... turbine emergence control is effective when it’s
tightly connected with SG excitation control. Therefore it is necessary to realize a simulta-
neous coordinated control by generator’s excitation and mechanical capacity of turbine from
one complex regulator”. The turbogenerator’s peculiarities listed here indicate that at the
present time there is urgent necessity in solution of the new problem of synthesis and design
of nonlinear coordinating regulators that have the channels of interconnected cohered control
of excitation voltage and rotation frequency for a turbogenerator or for these groups. Such
tasks can’t be solved by the existing control systems for the separate turbogenerators.

2 Statement of control task

There is power system, consisting of several turbogenerators that work at common big
power network. The vector, nonlinear, interconnected control task for it is formulated as
follows: it is necessary to synthesize nonlinear interconnected regulator with the excitation
control channels Uy; and the frequency control channels Us; for each turbogenerator respec-
tively. The functions of this regulator are

1. stabilization of the generators excitation currents (it’s equivalent stabilization of the
generators EMFs) and turbines rotation frequencies, it should provide coordinated
turbines rotation frequencys;

2. guaranty of asymptotic stability of the closed-loop system in the whole;
3. providing of the desired damping qualities in the small deviations regime;

4. compensation of the external low-frequency harmonic disturbance.

There is problem of base approaches choice for synthesis of vector, nonlinear, intercon-
nected regulator that ensures listed functions. We suggest to use main approach of syner-
getic control theory for solving this hard task. This approach was developed by professor
A.A. Kolesnikov [3-6] and it’s named method of analytical designing of aggregated regulators
(ADAR). It provided effective solution of the vector control task formulated above. ADAR
method allows to synthesize control laws for nonlinear high order objects with several control
channels. It ensures cohering of the physical qualities of the turbogenerator and the techno-
logical requirements to the dynamic and static qualities of the power system in the regime
of small and large deviations from the desired state. Synergetic control laws also assure
increased robustness of synthesized systems to changes the object and regulator parameters.



There is fact that speaks in favour of vector control for turbogenerators as follows indepen-
dent turbogenerator control by SG’s excitement channel brings to appear degenerative mode
with special control. Using interconnected, two channels turbogenerator’s regulator with
channel of turbine rotation frequency and channel of SG’s excitement avoids degenerative
modes of motion. It’s needed to note that exactly use the ADAR method allowed to pro-
vide asymptotic stability of power system in the whole. We successfully solve this control
task as for a turbogenerator, so for the turbogenerators group consisting of two and three
turbogenerators.

3 Model of control object

As model of control object we use the turbogenerator’s model [1, 2] that generally accepted
for control by transient modes of power systems. The equations of electric part are recorded
in dq0 axises. Let’s make assumptions that SG is a machine with a variable number of
poles, it is not saturated; has symmetrical stator windings (uy = 0, 7y = 0); has sine form of
magnetic field distribution in the air gap, and hysteresis influence is neglected. We’ll neglect
the electromagnetic transients in the stator and damping circuits [1].

In real power systems turbogenerators often are subjected to external harmonic distur-
bance F(t), so there is problem of control laws synthesis that compensate such disturbance.
According ADAR method [3-6] to solve this problem, it’s necessary to increase phase space
nondisturbed object by differential equations that describe this disturbance, for example,
harmonic disturbance
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We'll suppose that state variables of model (3.1) are measured.
Thus, the model of power system, consisting of two turbogenerator with taken admissions
and equations (3.1), has the form of:
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where 1, x5 — angles between SG’s EMF and synchronous axis q (rotation angle of the SG
with respect to the rotation axis of the constant voltage bus), xs, x4 — SG’s slips, x5, s —
synchronous generators EMF's on the q axis, x7, g — mechanical powers of turbines, xg, 19 —
state variables of disturbance model, Uy, U1o — excitation control channels, Uy, Usy — tur-
bines control channels, wy — network frequency, oy, — additional angle of mutual generator
conductivity, a;, b;, ¢ = 1,...,7, 7 =1,...,6 — object constants, €2 — frequencies of distur-
bances, ¢; — constant coefficient.

Thus, the system of equations (3.2) is the nonlinear, non-conservative and interconnected
model of power system, containing two turbogenerators. In this case there are four control
channels (m = 4).

4 Control strategies synthesis

We'll use ADAR method for control laws synthesis [3-6]. We require minimum of the
following optimizing functional to be satisfied:

1= [zmzam + wi]] . (4.3
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Asymptotic stability of the motion must be ensure at some area of the phase space or in the
large. The equations of the extremals ensuring minimum of the functional (4.3) have the
following form:

Tybs(t) + 10, =0, s=1,....m, (4.4)

where 1, % — attracting invariant manifold and it full derivative accordingly, T, — time
constant.

Attracting manifolds 1), are functions of control object state variables. They show desired
characteristics (invariants) of the closed-loop system. Equations (4.4) are named base func-
tional equations of ADAR method and their asymptotic stability condition with respect to
the manifolds s has the elementary form of 75 > 0. Since the solution of system (4.4) is
stable, motion after the transients must the following relations

Vs(T1,...,2,) =0, s=1,...,m. (4.5)



The representing point can’t be present at all the manifolds at the same time so it first
approaches the intersection of the manifolds (4.5). Then it moves to the end state along the
manifolds intersection.

Let’s consider synergetic synthesis of control vector U(Uiq, Uya, Uy, Uss) that moves the
object from arbitrary initial state located at some allowed area to the desired point of the
phase space. Synthesized controls must satisfy optimization conditions that recorded in the
form of differential equations system (4.4). So the first stage of synthesis procedure is writing
the system (4.4) in extended form, that is with provision for object (3.2):
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where n = 1,...,10 — dimension of object (3.2).
Last equations allow to synthesize different control laws, it depends from concrete forms

of manifolds ;. Solving algebraic equations system (4.6) jointly we get the control laws for
the object.

5 Example of synthesis

Let’s set the following group of attracting manifolds

U1 = Pu(as — x)) + Bra(ze — 2g);
Yy = Bo1 (w5 — @) + Poo(w6 — 27);
V3 = [B31(27 + @1 + c179) + Baa(18 + 02 + 179);
Yy = Bai (27 + @1 + c129) + Baz(x8 + @2 + c179),

where 22, 23 — desired values of generators EMFs.

Form of manifolds (5.7) is bound up with necessity to realize following technological in-
variants: stabilization of SG’s EMFs x5 = 20,26 = x and stabilization of SG’s angles
ry =29, 19 = 29.

The manifolds (5.7) should satisfy (4.4). Then according (4.5) we have decomposing system

on ¢y =1y =0, P3 =P, = 0:
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where 71,7 — constant coefficients, 20, 29 — desired values of generators angels.
Implementation of z; = 2¥, 25 = ) allows to guarantee asymptotic stability of the closed-
loop system in the whole. Also it allows to stabilize turbines rotation frequency.
Then solution of the equations

yields
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Having written (4.4) with provision of (5.7), (5.10) and (3.2), we’ll get algebraic equations
system. Solving this system jointly with respect we’ll find sought control laws for the object
(3.2):

Un = —p1s — por + &5 — p3(5 — 23) — pavg — ps (w1 — 27) + ps +
+ (ag(x3 — z4) + p7) sin(zy — 22 — a12);

Uiy = k124 + kowg + 26 + ks(z6 — 23) + kag + ks(w2 — 29) + kg +
+ (a7(z3 — z4) + kr) sin(zy — 29 + a12);

(5.11)
Usi = ps(x3 — x4) cos(x1 — T2 — Q12) — Pols + Prox7 +p11x§ + pra(z5 — C’Jg) +
+ (p13375336 + p14) Sin(ﬂfl — T2 — 0612) - p15(£131 - 33(1]) — P16T9 — P17%10 + P18;
U22 = —ks([Eg — 174) COS(JZl — T2 + 0412) — ]{?91'4 — k’lol'g + k;nxg — k‘lg(l‘ﬁ — ZL’g) +
+ (k1szsx6 — k1) sin(zy — 22 + aia) — kis(z2 — ll?g) — kigxg — k1710 + Kis,
where p;, k;, 1 = 1,...,18 — constant coefficients, depending on object coefficients and the

regulator parameters.

Analytically this laws can be received by means computer algebra programs.

Asymptotic stability conditions for the system (3.2) with synthesized control laws (5.11),
ensuring that the system gets to the intersection of the manifolds (5.7) and then moves to
the stabilized state, have form:

71>0,’)’2>0,T%>0, 1=1,...,6,
ﬁll/@QZ 7é ﬁlQﬂ?la ﬁ3lﬁ42 7é ﬁ32ﬁ41-

The simulation results for this example are presented in Fig. 1-6. The following object co-
efficients are chosen: a; = 0.263, a; = 0.03, a3 = 0.405,a4 = 0.09, a5 = 0.081, ag = 20, a; =
25,b; = 1/7,by = 0.15, b3 = 0.286, by = 1/8, b5 = 0.119, by = 0.25, a2 = —0.95, Q =
0.02, ¢; = 1; the regulator parameters: z2 = 1.5, 20 = 1.3, 29 = 7/3,2 = 7/6,T) = T3 =
5T =T, =4, T5=Te =2, n =% =1,0u = Fs1 = 2,012 = Po1 = Pa2 = 32 = P =
B2 = 1.
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6 Conclusion

Analyzing the modeling results we can make a conclusion that the synthesized control laws
(5.11) ensure execution all supplied above control aims. So we solve the complex control laws
syntheses task for the power system consisting of two turbogenerators, working at big power
network.
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