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ABSTRACT. In view of the growing importance of hydropower generation in grid structure and 

the limitations of the traditional control rules for hydropower units (e.g. poor control effect and 

failure to handle large fluctuations), this paper sums up the operation pattern of hydropower 

unit control systems, and designs an integrated fuzzy variable structure controller for 

hydropower units that integrates the fuzzy control and variable structure control. Then, the 

proposed controller was applied to a simulation analysis to obtain the response curves under 

different state parameters, which reveal that the state parameters stabilized rapidly. This means 

the proposed controller can effectively prevent buffeting and facilitate hydropower unit control. 

RÉSUMÉ. La production d'énergie hydroélectrique, en tant que production d'énergie verte et 

renouvelable, joue un rôle de plus en plus important dans la structure du réseau électrique. Cet 

article résume les recherches présentes sur le système de centrale hydroélectrique et montre 

que les règles de contrôle traditionnelles ne peuvent pas gérer correctement les fluctuations 

importantes et que l’effet de contrôle est faible. Il résume le modèle de fonctionnement du 

système de gestion des centrales hydroélectriques. Sur cette base, il propose d’intégrer les 

théories de système intelligent flou et de contrôle de structure variable, d’établir les équations 

de fonction pour différentes parties d’unité hydroélectrique et de concevoir et analyser le 

système de contrôle intégré. Cet article utilise le contrôleur de structure à variable floue pour 

effectuer une analyse de simulation et obtenir les courbes de réponse sous différents paramètres. 

Les courbes de simulation montrent que, selon cette règle de contrôle de la centrale 

hydroélectrique, la stabilisation de tous les paramètres prend très peu de temps, ce qui permet 

d’éviter efficacement les perturbations et de faciliter le contrôle de la centrale hydroélectrique. 
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1. Introduction  

China has abundant natural water reserves. Thanks to mature technology, low cost 

and flexible and stable operation, hydropower generation plays a leading role in the 

national grid power output (Fasol, 1997). Studies have shown that, by the end of 2016, 

the installed hydropower capacity had been 332,110,000 kilowatts, an increase of 

3.9% on a year-on-year basis, showing great prospects for hydropower generation. 

The basic component of a hydropower generation system is the hydropower unit, 

which transforms mechanical energy to electric energy. A hydropower unit consists 

of various software and hardware (Saad et al., 1996). Its stability and controllability 

have great impacts on the coordination and efficiency of the whole power generation 

process; meanwhile, for the hydropower station project owner, how to improve the 

safety and reliability of power transmission to users is also a measure of the 

hydropower station’s value (Iokibe et al., 2015). Therefore, it is very important to 

figure out how to coordinate the relationship between the software and hardware of 

the hydropower unit so as to keep the whole system in normal operation even when 

there is any disorder externally or internally and achieve the self-healing maintenance 

of the system.  

Based on this, with hydropower unit as the focus, this paper integrates the control 

system strategy, theory and operation pattern, establishes a simplified mathematical 

model for the complex hydropower generation system and optimizes the controller of 

the control system, in the hope of providing references for the controllability and 

stability of hydropower unit.  

2. Process control theory of hydropower generation 

The core of hydropower system control is the hydropower unit governing system, 

which mainly consists of a water turbine and a generator. The characteristics of the 

two main components are shown in Table 1 and the power generation process is shown 

in Fig. 1 (Yu et al., 2014). Hydropower unit governing means that under the 

instructions of the governing system, the hydropower unit can operate stably and give 

correct response to ensure the fluctuations in the generation process are dynamic and 

steady. 

Table 1. Hydropower unit components and their characteristics 

 Hydroturbine Alternator 

Effect Potential energy is converted 

into mechanical energy 

Mechanical energy is 

converted to electricity 

System Water diversion system turbine control system 
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Figure 1. Hydropower process diagram 

2.1. Mathematical model for the hydropower generation governing system 

Fig.2 shows that the electro-hydraulic servo system is an important part of the 

hydropower generation governing system. It itself is a system with random variations. 

For the sake of convenience, this paper adopts the research results of Huang (Huang, 

1998) and obtains the function equation of the system, as shown in Formula 1 below: 

 

Figure 2. Hydro turbine governing system structure 

Y(s) =
Us

TyTy1S2+TyS+1
                                                 (1) 

where, Ty—inertia time constant;  

Ty1 —inertia time constant, which can be regarded as 0 under the AC servo 

condition;  

At this point, 

Y(s) =
Us

TyS+1
                                                       (2) 

For the water diversion system, this paper adopts the rigid water hammer theory 

in modeling. The relational expression is shown in Formula 3 below: 

∇H = −
L

g

dv

dt
=−

L

gA

dQ

dt
                                               (3) 

where, L—length of the water diversion pipe; 

V—water flow velocity; 
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g—gravitational acceleration; 

t—time for which water flows through the pipe; 

If it is believed that T w =
LQr

gAHr
, then 

  h = −T w
dq

dt
                                                       (4) 

The function of the turbine is to convert hydraulic energy into mechanical energy. 

For a Francis turbine, linear models can be used to describe the kinetic moment and 

flow, as shown below: 

mt =
∇Mt

Mr
=

∂
Mt

Mr

∂
α
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Δα
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+
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where, mt—turbine moment; 

q—turbine flow;  

y—servomotor stroke change;  

x—rotating speed;  

h—relative value of waterhead;  

emy, emx, emh—transfer coefficient of turbine moment with respect to servomotor 

stroke, rotating speed and waterhead; for an ideal water turbine, it can be 

approximately regarded that emx = 0; 

eqy, eqx, eqh —transfer coefficient of turbine speed with respect to servomotor 

stroke, rotating speed and waterhead; for an ideal water turbine, it can be 

approximately regarded that eqx = 0; 

The main function of the engine is to generate electrical energy. The grid load that 

it is dealing with is a constantly changing system, so at this time, this paper uses the 

mechanical rotation with first-order inertia to describe it as follows: 

𝐺𝑔(𝑠) =
𝑥(𝑠)

𝑚𝑡(𝑠) − 𝑚𝑔0(𝑠)
=

1

𝑇𝑠 + 𝑒𝑛
=

1

(𝑇𝑎 + 𝑇𝑏)𝑠 + 𝑒𝑛
 

where, 𝑇𝑎—rotational inertia torque of the generator unit;  

𝑇𝑏—load inertia torque, usually deemed as  𝑇𝑏 = (0.24 − 0.3)𝑇𝑎;  

𝑒𝑛—integrated adaptive control coefficient of the water turbine.  
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So for a whole hydropower unit governing system, the function expressions of 

various components can be combined to describe it, with x, 𝑚𝑡 and y as the state 

parameters 𝑥1, 𝑥2, and 𝑥3. The expression of the additional variable 𝑥4 is as follows: 

𝑥4 = ∫ 𝑥1𝑑𝑡
∞

0

 

The overall expression of the water turbine unit is as follows: 

�̇� = 𝐴𝑋 + 𝐵𝑢 + 𝐹𝑑(𝑡)  

Y=CX 

where, X = (x  𝑚𝑡 y 𝑥4)𝑇, 𝐹 = (𝑓2 𝑓1  0  0 )𝑇 

𝐴 = [

𝑎11 𝑎12 0 0
𝑎21 𝑎22

𝑎23 𝑎24

0
1

0
0

𝑎33 𝑎34

0 0

] 

𝐵 = (0 𝑏1  𝑏2  0 )𝑇 

𝐶 = [
1 0 0 0
0 0 1 0

] 

𝑎11 =
𝑒𝑥−𝑒𝑛

𝑇𝑎
, 𝑎12 =

1

𝑇𝑎
, 𝑎21 =

(𝑒𝑞ℎ𝑒𝑥−𝑒𝑞𝑥ℎ)(𝑒𝑥−𝑒𝑛)𝑒𝑥

𝑇𝑎𝑒𝑞ℎ
+

𝑒𝑥

𝑇𝑎𝑒𝑞ℎ
, 

𝑎22 =
(𝑒𝑞ℎ𝑒𝑥 − 𝑒𝑞𝑥ℎ)

𝑇𝑎𝑒𝑞ℎ
−

1

𝑇𝑎𝑒𝑞ℎ
, 𝑎23 =

(𝑒𝑞ℎ𝑒ℎ − 𝑒𝑞𝑥𝑒𝑦)(𝑒𝑥 − 𝑒𝑛)𝑒𝑥

𝑇𝑎𝑒𝑞ℎ
+

𝑒𝑦

𝑇𝑎𝑒𝑞ℎ
,  

𝑎24 =
(𝑒𝑞ℎ𝑒ℎ−𝑒𝑞𝑥𝑒𝑦)(𝑒𝑥−𝑒𝑛)𝑒𝑥

𝑇𝑎𝑒𝑞ℎ
, 𝑎34 = 𝑎43 =

1

𝑇𝑦
, 

𝑏2 = 𝑎24; 𝑏3 =
1

𝑇𝑦
; 𝑓1 =

1

𝑇𝑎
; 𝑓2 =

(𝑒𝑞ℎ𝑒𝑥 − 𝑒𝑞𝑥𝑒ℎ)

𝑇𝑎𝑒𝑞ℎ
; 𝑑(𝑡) = 𝑚𝑔0 

2.2. Fuzzy control theory 

Relying on the fuzzy controller, fuzzy control performs intelligent processing of 

the fuzzy set algorithm to achieve target expression. A fuzzy control generally consists 

of four parts (Liu et al., 2005), namely fuzzy quantization, knowledge base, 

defuzzification and fuzzy reasoning. The characteristics of the four parts and the 

method for each part are shown in Table 2.  
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Table 2. Characteristics of the fuzzy controller and the method for each part 

Classification Value Methods 

Fuzzifer input value Error: e = r − y) 

The error rate: ec =de /dt 

Knowledge 

Base 

Required rules: 

Database and 

fuzzy control 

rule base 

1 Premises and conclusion 

are fuzzy 

2 The premise of fuzzy, the 

conclusion is clear 

Fuzzy 

Reasioning 

Relations and 

the inference 

rules 

The synthetic method and 

parallel method 

Defuzzifer Restore to 

precise values 

Large membership degree 

method, the median method 

(area of halving method) and 

weighted average method 

2.3. Variable structure system control theory 

Variable structure control originated from variable structure control system 

(VSCS), which was proposed by Utekin et al. With the deepening of research and the 

development of computer technology, the theory has developed into a variable 

structure system with multiple automatic controls. The schematic is shown in Fig. 3 

below. Due to the discontinuities of the variable structure control system, corrections 

and adjustments are a must in the dynamic process to achieve the target “sliding mode” 

design and operation and finally meet the control requirements (Wen, 2011). Similar 

to the relay control in the power industry, sliding mode variable structure control will 

also encounter buffeting. Based on this, this paper introduces the sliding control signal 

processing to reduce buffeting. With u as the output, for a second-order system 

movement,  

{
ẋ = y

ẏ = (2 + f1)y − (1 + f2)x + u + F
 

where, f1, f2 — perturbations within the system; 

F — external interference, which can be a constant, a univariate function or a 

bivariate function of x and y. 

3. Hydropower generation process control design 

3.1. Variable structure control system design 

The schematic diagram of the variable structure system is shown in Fig. 3. It can 
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be seen that the design idea of the variable structure system is staged design (Da, 

2015), involving the initial stage and the sliding motion stage. In the first stage, under 

the variable structure control, the target object reaches the sliding mode, and this stage 

needs to be expressed with the variable structure control function U(x); the second 

stage is the steady phase of the sliding mode, which needs to be expressed using the 

switching function s(x). 

 

Figure 3. Variable structure control system schematic diagram 

With linear system as the research object, the design formula of the variable 

structure control function U(x) (Guo et al. 2015) is as follows:  

U = −(CB)−1[CAx + kS + ε ∗ sgn(S)] 

Therefore, we need to find an appropriate matrix C that is close to the sliding 

motion. This motion is reversible, fast and effective. When the controlled object is 

simplified, the expressions are as follows: 

x1̇ = A11x1 + A12x2 

x2̇ = A21x1 + A22x2 + B2u 

S = C1x1 + C2x2 

When the controlled object reaches the sliding mode, S=0,  

x1̇ = A11x1 + A12x2 

x2̇ = −Kx1 

K=C2
-1C1 

Then, the sliding mode parameter matrix is expressed as C = (C1 C2 ) =
(KC2 C2 ) = (K   C2)T. 
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3.2. Fuzzy variable structure controller design 

As can be seen from Section 2.2, the variable structure control system takes the 

deviation and deviation rate as input parameters, and then achieves control through 

the reasoning design rules for the parameters. Thus, choosing reasonable input 

parameters is very essential (He et al., 2014; Mahoney et al., 2002). This paper takes 

the error of the switching function and its rate of change as the input parameters and 

the variance as the output, and then determines the sliding mode control quantity. 

1. Assign fuzzy set parameters: 

PB=positive big, PM=positive medium, PS=positive small, ZR=0 

NS=negative small, NM=negative medium, NB=negative big 

2. Input and output 

S = {NB, ZR, PB}  

Ṡ = {NB, ZR, PB} 

f(s) = {NB, ZR, PB} 

3. Trial and confirmation of control rules 

Table 3. Fuzzy rules 

 NB ZR PB 

NB NB NB ZR 

ZR NB ZR ZR ZR 

PB ZR ZR PB 

4. Defuzzification 

 

Figure 4. A fuzzy variable structure controller structure 

4. Hydropower process control simulation analysis  

This paper uses a 3-section fuzzy structure controller design model to simulate and 

analyze the hydropower unit under different working conditions (Meng et al., 2010). 
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The operating parameters of the hydropower station S are listed in Table 4. The inertia 

constant Tw=1.1s, and the inertia time constant of the unit Ty=0.65s. 

Table 4. Parameter table 

Working condition 𝑒𝑥 𝑒𝑦 𝑒ℎ 𝑒𝑞𝑥 𝑒𝑞𝑦 𝑒𝑞ℎ 𝑒𝑛 

one -1 1 1.2 0 1.2 0.5 0.3 

two -0.89 0.82 1.45 0 0.8 0.4 0.2 

 

Substitute them into the formula and then we have the following matrix 

expressions of A, B and F: 

𝐴 = [

−0.2 0.15 0 0
−2.2 −1.5 5.82 4

0
1

0
0

−2 −2
0 0

] 

𝐵 = (0 𝑏 − 41  2 0 )𝑇 

𝐹 = (−0.15 − 0.15 0  0 )𝑇 

The overall expression of the hydropower unit is as follows (assuming there is no 

disturbance): 

�̇� = 𝐴𝑋 + 𝐵𝑢 

according to the characteristics of the matrix, when the matrix rank is n, i.e. when 

rank(B AB … An-1 B)=n=rank[

0 0.5 −8.2
−4 16 115
2
0

−4
0

7 −14
−0.5 3.6

] 

4.1. Variable structure control simulation 

The flow chart of variable structure control is shown below: 

According to the above calculated parameters, the exponential approximation law 

is selected. After several simulation tests, the results are shown in Figure 4.3. As can 

be seen, when K=100 and ε=0.6, it takes a very short time for different states to 

become stable, and the simulation results are good. Here x1 stands for relative speed 

deviation, x2 relative deviation of torque, x3 stroke change value and U the controller 

output. 
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Figure 5. Program flow chart 

On the basis of the above variable structure control, this paper introduces the fuzzy 

control theory. The fuzzy rule is used to smooth the variable structure control signals 

and obtain the controller output variation diagram. It can be seen that buffeting can be 

avoided to some extent. On the basis of the above conditions, a certain disturbance is 

added in the simulation experiment and the results are shown in the following figure. 
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Figure 6. Response of state variables under no-load disturbance 

 

 

Figure 7. Response of state variables under 20% load disturbance 
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Through comparison of the above two figures, it can be found that, under the same 

conditions, with no load or with load disturbance, each variable can become stable 

within a short time. Therefore, fuzzy variable structure control can adjust the load 

disturbance to the control system and reduce buffeting to some extent. Based on 

working condition 2, additional load (20%) is added. And through simulation and 

analysis, it can be found that buffeting cannot be controlled, and that the torque and 

the servomotor stroke have great impacts on the results, which is not conducive to 

variable structure system control. 

5. Conclusions 

This paper analyzes and summarizes the current researches on hydropower unit 

system, and based on this, proposes integrating the fuzzy control and variable 

structure control theories to complement each other’s advantages so as to better 

control the hydropower unit governing system. The main conclusions are as follows: 

(1). This paper analyzes the fuzzy control theory and variable structure control 

theories, and proposes a hydropower unit governing system control method that 

integrates the two theories, establishes function equations for all components of the 

hydropower unit and designs and analyzes this integrated control system.   

(2). A hydropower unit governing system generally consists of an electro-

hydraulic servo system, a water diversion system, a water turbine and a generator. 

This paper establishes a mathematical model for the software and hardware of the 

governing system and deduces the parameters of the model. 

(3). This paper uses the fuzzy variable structure controller to carry out simulation 

analysis and obtains the response curves under different state parameters. The 

simulation curves show that, under this hydropower unit control rule, it takes a very 

short time for all state parameters to stabilize, which can facilitate hydropower unit 

control. 
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