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1. INTRODUCTION

At present, typical linear control laws synthesized based on linearized models of the object near the
stationary mode are successfully used to control the technological parameters of a variety of systems,
particularly in thermal power plants. However, the main disadvantage of such regulators is their inability to
provide the desired quality of regulation over a wide range of load variations and operating modes of
technological units. In such cases, the problem is usually addressed using adaptive or robust control methods
[1]-[3]. The main drawbacks of adaptive control algorithms are their high complexity and labor intensity,
which require significant computational resources. In works [4]-[7] the application of linear automatic
control theory methods to solve the stated problem has been proposed. The known methods proposed by the
authors in [8]-[10] are mainly intended for synthesizing adaptive control systems for linear dynamic objects.
Linear control theory methods are primarily designed for the control of linear systems operating in steady-
state conditions. The methods of classical control theory and automatic regulation are applied to idealized
mathematical models that are only adequate to the real physical system in the vicinity of an asymptotically
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stable equilibrium point. At the same time, one approach to stabilizing control system modes under

uncontrolled parameter changes and external disturbances is to introduce additional feedback on measured

state variables into the control loop [11]-[13]. These feedbacks are designed for parametric compensation,
which significantly complicates the system structure.

Despite this, most works aimed at solving the synthesis problem for control systems of dynamic
objects using linear automatic control methods [14]-[16] are limited by the computational capacity of
available technical means, which makes the implementation of nonlinear control laws difficult or impossible.
The advent of new technical tools with enhanced computational capabilities enables the development of
control systems based on nonlinear laws [17], [18].

In this regard, it becomes necessary to apply modern nonlinear control methods to dynamic systems
with a multi-connected structure. An analysis of control system synthesis methods for drum-type steam
boilers shows the following:

a. Currently, the synthesis of steam generator control systems primarily uses linear mathematical models,
obtained by approximating the system along separate channels using typical first- and second-order
elements, time-delay elements, etc.

b. The model parameters vary significantly depending on the boiler’s operating mode, meaning that linear
models adequately describe steam generation processes only within a narrow region near the operating
point.

c. A controller designed for one specific mode based on a linear model often fails to ensure satisfactory
regulation quality under different operating modes.

Based on the above, it can be concluded that effective steam generator control requires taking into
account the nonlinearity and interconnectivity of the underlying processes. Thus, the synthesis should be
based on nonlinear mathematical models that represent a wide range of boiler operating modes, using the
methods of synergetic control theory [19]-[21]. This paper presents the results of a study on a control system
with nonlinear, multidimensional, and multi-connected characteristics. On this basis, a synergetic control
approach is proposed. A distinctive feature of the proposed method is the possibility of deriving an analytical
form of the control algorithm, ensuring its universality in controlling nonlinear dynamic systems of varying
complexity [22]. This approach reaffirms the relevance of the problem related to the design of nonlinear
vector controllers, which account for critical properties of thermal power plants (TPPs), such as nonlinearity
and interconnectivity, as well as the need to expand the control range. An example is provided of the
implementation of a synthesized synergetic control system for the technological parameters of a boiler unit,
specifically, the steam pressure at the generator outlet and the water level in the boiler drum.

2. METHOD

Currently, there are virtually no formalized procedures for synthesizing control systems for multi-
connected nonlinear dynamic systems. A review of existing methods for solving this problem has shown that
the most promising approach is the analytical design of aggregated controllers (ADAC), which forms the
foundation of synergetic control theory [23]. An important aspect in designing effective control systems for
the considered technological parameters is ensuring the stability of the closed-loop automatic control system.
In this paper, to develop highly efficient control systems for nonlinear dynamic objects, we propose a
synthesis procedure based on the synergetic approach. Synergetic control is a nonlinear control strategy that
explicitly considers system nonlinearities during the design process and ensures asymptotic stability and high
control performance. By using measurable state variables in the control law, the proposed method avoids the
oscillations typically observed in sliding mode control systems [24]-[26]. In the following, we consider the
synthesis procedure for a nonlinear control system of a drum boiler equipped with a superheater. The
material and energy balance equations presented in [27]-[29] are employed to construct the mathematical
model of the drum boiler.

The controlled and manipulated variables are first identified when formulating the process model:

Y = {1, Y2, Y3, Y0 Y5 b
U = {ul' uz},

where, the controlled variables: y; = [ - drum boiler water level, y, = p, - steam pressure in drum boiler,
Y3 = X5, - mass fraction of vapor at the outlet of lifting pipes, y, = V- evaporation volume in drum boiler,
¥s = Pout- Steam pressure at the superheater outlet; control variables: u; = Gy, - feed water flow rate,
u, = QI - heat input.

The combined model of a drum boiler with a superheater is as follows:
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where, V - volume, p - density, r = i"” — i’ - specific heat of vaporization, T, and V,° - steam residence time

and steam volume in the drum boiler, respectively, K = i:—s - steam flow coefficient at the outlet and inlet of
n

the drum boiler, A,= e;,e5, — e5,€,71. The expressions (1) include also: Functions for changing the steam
ressure in the boiler unit i'i" op 0p" ot oi7 097,
p Yz P P "0xy " dxy 0xy  Oxy Axy

The average volume of vapor content is defined as,
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water flow rate is calculated by the formula,

G 20'Sop(p'~=p ga,Vip.
op = p .

where, Syp - cross-sectional area of underwater pipes, g - free fall acceleration, k - coefficient of friction.
Steam flow rate from the drum boiler, is determined by the expression:

0 p”(pb_ch)
Gy = Gp |-,
Po (Pbo‘ppao)
here, py, Py, Prco - parameter values in nominal mode.
The values of the e;; function are determined from the state variables:
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here Vg = y153 + Vpo + (1 - (Y,,(yz,y3))Vl_p_ + ¥4, Voo = Vo — Vo, B - coefficient determining the steam
flow rate from the steam volume.
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To solve the synthesis problem, we will use the steam generator model in the form of (1) as the

basic control laws. Under the ADAC method, the macro-variable relations are obtained:

Y1 =B1i(y1 — 3’{)) + B12(KGp (Y2, ¥5) — 91);
Yy = P11 = y9) + B2 (KGp(y2, ¥5) — 91).

This is the solution of the system of homogeneous differential equations:

l[’l(t) + a1, = 0; 1[)2(1?) + ay, =0;

3

“

where, a,,a, - coefficients. If condition a; > 0,a, > 0 is satisfied, we obtain a trivial solution of (4)

P, = 0,9, = 0, which provides asymptotic stability of the process.

Solving (1), (3), (4) together, we find the general analytical expressions for the controls u; and u,:
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At the end of transients the following equality is satisfied ¥; = 0.

&)

(6)

When the representing point of the system falls [30] on the intersection of manifolds ; = 0,
i = 1.2, the dynamic decomposition of the phase space of the system (1), (5), (6) takes place. In this case, the

change of vapor pressure at the steam generator outlet is described by the equation of the form:

Vs(t) = i((lh — Gpg)-

(7

Controls (5), and (6) allow the asymptotic stability of the motion of the closed-loop control system to the
intersection of manifolds ¥; = 0Ny, =0NyY; =0, ensuring the fulfillment of the conditions of
stabilization of steam pressure at the steam generator outlet (ys = yJ) and water level in the drum boiler
(y; = yY). This means that the motion of the closed-loop system along the intersection of manifolds is

described by a reduced system of equations of the second order [31].
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3. RESULTS AND DISCUSSION

As a result of the synthesis performed using the ADAC method, a control law in explicit analytical
form was obtained. This ensures the broad applicability of the algorithm and facilitates its implementation in
software for various types of microcontrollers. It has been established that, in the case of a piecewise constant
external disturbance, its behavior can be effectively described using the corresponding mathematical model
presented below:

z(t) =0,
Gpg = z. )]

Combining this model with the boiler model (1), we obtain an extended system of equations:

y(t) = f(s;’v Vs, u):

ys(t) = . (KGp(y2,¥5) — 2);

2(t) = 0, (€))
where, ¥ = [y;,Y3V4]T- incomplete state vector; f - vector containing the right parts of the first four equations

of the system (1).
The dynamic controller in this case will be represented by the following system of equations:

w(t) = R(y,w,w);
7 = S(y,w); (10)
u=u(y,2),
The procedure for synthesizing the static regulator u = u(y, z) by (9) is as follows:
01(y5,2) = z — azess(ys — ys),

and in the regulator equations similar to (5), and (6), the variable z will appear instead of Gp;:

1 1 3Gp(¥2,¥5)
U =5 KaGP;yz'YS)eSS (K Payz = — “3355) (KGp(y2,¥5) —2)f3 — fife + fafa +
v

1 9Gp(¥2,¥5)
+A—BK,3G,,<y2,y5)(k1f3+Kk2f6—ay2 )) (1)
9y2

1 1 3Gp(¥2,¥5)
U2 = =74, PLLTIZS N (K Payz =+ “3355) (KGp(y2,¥5) —2)f2 — fufs + fofa +
0y2

1 9Gp(y2,ys5)
+W(k1fz +Kszsa—y2) : (12)
%)

Synergetic control theory methods were used in synthesizing the observer. The fact that the variable z enters
(9) linearly allows us to simplify the observer synthesis procedure considerably.
The equations of the observer in this case will have the form:

W(t) = —aw — @(@essys + KGp(¥5,¥5)), Z = —@essys — w. (13)

Replacing in the found control law (11), (12) the variable z by its estimate Z we obtain the final expressions
for the controls u; and u,. As a result of modeling a nonlinear multidimensional automatic control system
based on synthesized control laws (11) and (12), time dependencies of the main technological parameters —
the water level in the boiler drum and the steam pressure at its outlet—were obtained. The resulting graphs
are shown in Figures 1 and 2.
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Figure 1. Change of water level in the drum Figure 2. Variation of steam pressure at the
boiler boiler outlet

Plots of variation of steam pressure at the steam generator (Gs4) outlet and water level in the boiler
drum at different loads: 1-Gy4 = 0.6 Ggy, 1I-Gs, = 0.8 G, -Gy, = 0.9 GJy, for system (1), with
synthesized (5), (6). Equations (11) and (12) describe the dynamic controller equations responsible for
maintaining the stability of steam pressure and water level in the drum boiler. Simulation results confirm that
the proposed synthesis algorithm enables the closed-loop nonlinear multidimensional control system to
maintain asymptotic stability across the entire admissible range of phase coordinate variations. The system
effectively stabilizes both steam pressure at the generator outlet and the drum water level, even under
significant load disturbances.

The novelty of the proposed approach lies in the development of a synthesis procedure for a
nonlinear control law that guarantees the asymptotic stability of the closed-loop system over a wide range of
parameter variations, while ensuring the stabilization of key technological parameters in the presence of
uncertain disturbances. A distinctive feature of the proposed method is the derivation of the control law in an
explicit analytical form, which simplifies its implementation and ensures its universality when applied to
various classes of nonlinear dynamic systems. In addition, the developed control algorithm takes into account
real technological limitations on control actions, such as valve throughput and fuel supply rate of change,
which increases its practical applicability.

Compared to traditional control strategies — such as PID controllers, which often require frequent
parameter adjustments and are prone to instability when operating conditions change — the proposed
approach based on nonlinear control demonstrates higher efficiency. Quantitative comparisons show a
20%-30% improvement in transition time and overshoot, indicating better dynamics and faster attainment of
a steady state. Overall, the proposed method of nonlinear control synthesis is an effective solution for
stabilizing complex energy systems. It provides high dynamic accuracy, stability, and adaptability to external
disturbances, making it promising for implementation in modern thermal power plants and smart energy
systems (smart grid).

4. CONCLUSION

Based on the analysis of nonlinear models of steam generator units, a basic model was selected that
best reflects the dynamic processes occurring inside the steam generator. A procedure was developed for the
analytical synthesis of basic control laws for the interconnected regulation of steam generator units operating
as part of a power plant. The proposed synthesis method ensures stabilization of the steam pressure at the
steam generator outlet, as well as the water level in the drum boiler. The scientific novelty of the proposed
approach lies in the development of a procedure for synthesizing a nonlinear control law that guarantees the
asymptotic stability of a closed control system over a wide range of parameter variations and also ensures the
stabilization of key technological parameters under conditions of uncertain external influences. A distinctive
feature of the method is the possibility of obtaining a control algorithm in an explicit analytical form, which
ensures its universality for regulating nonlinear dynamic systems of varying complexity. In addition, the
developed control algorithm takes into account real technological constraints on control actions. The obtained
control laws guarantee the asymptotic stability of the closed system over a wide range of thermal load
changes. Given the increasingly widespread use of digital technologies for controlling structurally complex
dynamic objects, further development of this area in terms of the synthesis of discrete nonlinear control
systems for such classes of objects is of particular interest.
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Given the results obtained, several promising areas for future research can be identified. First, a
logical next step would be to implement the proposed control algorithms in real time on embedded digital
platforms and industrial controllers. This would allow for the evaluation of computational efficiency, delays,
and stability under real-world conditions. Second, the possibility of including fault-tolerant control
mechanisms should be considered, which will increase the reliability of the system in the event of sensor
failures, actuator failures, and other unforeseen disturbances characteristic of complex thermal processes. In
addition, an urgent task is to adapt the developed continuous control to discrete time for practical application
in digital control systems. This includes the development of equivalents of nonlinear controllers in discrete
form based on the ADAC methodology while maintaining guaranteed stability and control quality properties.
Such adaptation will ensure seamless integration into the existing digital infrastructure and open up new
opportunities for application in networked and distributed control systems. Finally, further research may be
directed toward extending the approach to multi-agent configurations and cyber-physical systems, where
coordinated control of multiple interconnected steam generator units is required.
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