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Abstract: This paper describes the controller with variable structure in water supply management system. It is
shown that in the transition mode it should be used the bang-bang controller. In stabilization mode problem is
solved using linear-quadratic regulator. In the article block diagram of control system was proposed, which
implements an optimal strategy in two different modes for the water system.
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. Introduction

Water supply is distributed stochastic system in which oscillatory processes occur due to uneven water
consumption [1], and which significantly affect by pipeline options [2]. In modern control systems there are
using frequency converters that automatically maintain a preset pressure in the pipeline. Changing modes of
water systems require complex control system pressure in order to ensure optimal energy consumption at a
given performance and established a transitional process. One of the promising areas of research is the theory of
sliding control. Why sliding system - because they make it possible to apply the benefits of optimal performance
and optimal linear quadratic regulators in one management system. In the article was proposed to investigate the
possibility of using variable structure regulator applied to water supply control system.

Il. Structured Optimal Control
2.1 Motivation and Background
Let us consider the water supply system, which describes by the system of differential equation:

{)’((t) = AX(t) +B(tu(t) 1)
y(t) = Cx(t)

with A(t) is the matrix, nxn; B(t) is the matrix nxm; x(t) is the vector output nx1; the u(t) — vector of
control signal mx1, y(t) — is the vector of the measuring coordinates of water system (mx1); C(t) — matrix
(mxn);

The task of the management system is to change the control signal u(t) to minimize error g(t), the
difference between the measured y(t) signal and the necessary signal §(t) :

&(t) = y(t) - y(t) > min &)
As described in [2, 3, 4], it’s need to find a control signal that minimizes the cost function

J(x,u) = % f[xT ®Qt)x(t) +u' ()R(t)u(t)]dt + %XT (t)Sx(t,), €))

with Q, R, S are symetric matricies; R is the positively defined matrix; Q, S is the positively
t
semidefinite matrix; J(e,u) - cost function, ZEI[ST (t)Qg(t):'dt - the penalty for deviation for the
& 2t
whole period of control, L, :luT (t)Ru(t) - the penalty of energetic usage at control process,
2
L = %gT (tk ) Sg(tk) - the penalty for deviation at the end of control.

Recommendations on selection matrix Q and R:

Kimax \2 y u 2
G = (™) 0 1y = (=), (4)
Ximax uimax
C 2 < 2
Zqiiximax = erjujmax : 5)
i1 -1

In the water supply system the work mode often changes(Fig. 1), due to stochastic and uneven water
consumption, which is considered in detail in [1].
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. - transition mode

- stabilization mode

Fig. 1 — Work modes changing in time in water supply system

Depending on the work mode of the water supply system, the problem of control system is: how we
need to change the regulator. Let describe two different modes.

2.2 Transition Mode
The task of the control system in a transient mode is to transfer vector of system state y(t) from point

P, to point P, in minimum time (time-optimal control [5, 6, 7]). P, - this is the point at which the water system

came as a result of hopping pressure change. P, - setpoint state of the water supply system, which must be
maintained. Based on the theory of minimum time problem in the transition process it should be used driving
with discrete functions [5]. Otherwise equation (1) can be represented as a homogeneous system of first order
differential equations.
¥ = (% X Uy Uy )
X(ty) =Xty St <t,, (6)
X, = fo (X X Uy Uy t)
According to the maximum principle, we need to define a costate system of differential equations,
which in vector form presented by:

¥ =-AT¥(1), (7)
where ¥ (t) — costate vector (n xl) ;
Relation between systems (6) and (7) sets Hamiltonian:

H(X,Ut,¥,¥,)="¥, fO(X,U,t)+‘Plfl(X,U,t)+...+‘I’nfn(X,U,t)=Zn:‘Pi f,(X,U,t) ®)
=1

For the optimal system dynamics it is needed to follow Pontryagin maximum principle.
max H (X,U,t, %, Wy) = H(x(t),u”(t),t, ¥, "¥,), ©)
u =U(t,X,¥,V¥,) (10)
Construction of regulator for the transition mode of water supply considered in [6].

2.3 Steady-state Mode (Stabilization Mode)

The problem of constructing a regulator in stabilization mode was discussed in detail in [8]. It was
shown that the optimal control u’(t) in stabilization mode with minimal energy consumption determined by the
equation of the form

u'(t) =-R (1B PHX(t) (1)
where P(t) must satisfy the solve of matrix differential equation Riccati type. It causes problems when

for calculation we use on-board microcontrollers.
To minimize functional (3) the K(t) defines as follows:

K(t) =-R(t)B"P(t) (12)
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equation u’(t) transfer as follows
u’(t) = K()x(t). (13)

I11. Variable Structure Regulator
Based on the proposed ideas it is necessary to create a management system that would include two
regulator and switching unit, which depends on the selection of the required controller in two modes. Functional
diagram of the controller shown in Figure 2.
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Fig. 2 - Functional diagram of the controller with variable structure

The system includes the advantages of two types of optimal controllers (the optimal time and linear -
quadratic), which is an important variable in terms of water consumption, and as a consequence of changes in
operating conditions.

3.1 An example
For example, consider pumping unit that has the following options:
Tem= 0.026 — electromechanical time constant of asynchronous motor with squirrel cage;
T, = 0.231 — time constant pump;
Kem = 5.061 — engine gain;
k, = 5.22 — pump gain.
T1= TemTnh = 0.006006, T = Tem + T,y = 0.257, k = Kenky = 26.41842.

If you use only PID controller, the control scheme of variable structure takes the following form (Fig.

Variable structure regulator

Fig. 2 — Variable structure regulator with P and PI controller.
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In this case, the P-controller was chosen in the transition mode, in steady-state mode we were using PI-
controller. P-controller provides fast transition process, but the drawback is that there are oscillations . Pl
controller stabilizes only pressure. These controllers are one-dimensional and do not considers whole status of
the system. Control process diagram shown in Figure 3.

A

Ty ...................... X}(i) ..................... —

Fig. 3 — Control process diagram
This diagram is built, while the Pl and P coefficient corresponds to linear-quadratic functional minimum (J).

The optimal controller with variable structure shown in Figure 4.
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Fig. 4 — Variable structure regulator with optimal controller.

Gain K; and K, of the LQR determined using [8].

The principle of the control system is as follows: relay 2 receives input deviation from the set pressure.
If the deviation exceeds a given threshold, then the controller switches to the stabilization regulator after
transition mode. Regulator of transition mode provides minimal recovery time to stabilization mode.
Diagram system is shown in Figure
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IV. Problems
The problem of determining the moment of switching control action u(t) in the transition mode remains
unsolved. It is known, that to solve this problem, it is need to define the initial conditions y_for the function

w(t) . For this system should be at the entrance to the transition mode to perform delay and find p, point from

which to start for optimum speed control.

Besides the previous problem definition points actually we need to find moment to switch regulators.
Switching unit based on state property shall determine the mode in which it came. For real objects such as water
supply system, a condition which can be called transition determined from the physical limitations for a system,
such as the efficiency of the pump, operating point system in which consumers get a given volume of water with
a given pressure. For each system there are regulations that describe all the necessary requirements to work. In
practice, the implementation of the rules will define modes, though for different systems requirements are
clearly different.

The disadvantage of the system under consideration is that it ignores the disturbance consumption and
pressure fluctuations, which planned to introduce a mathematical model for further studies.

V. Conclusion
To solve the problem of water supply management system in various modes it is proposed to use the
controller with variable structure. Changing regulators in the corresponding modes can more accurately perform
the task that is placed in this mode. In transition mode control system uses optimal-time regulator and in
stabilization mode - linear-quadratic regulator. There is a problem determining regulators switching points. It is
noted that the detection time of switching is entirely dependent on the physical characteristics of an object and
requires further research.
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