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a b s t r a c t
Mechanical faults, time-varying faults and other disturbances in the role of multiple coupling, the 
stable operation of the hydroturbine regulation system has caused great obstacles. This study con-
centrated on the output feedback fault-tolerant (FFT) control technology and T-S state feedback pre-
dictive control technology using the actual operating conditions of the numerical simulation test. 
The results show that the control technique has good identification tracking and control effect, and 
can make the system stabilize within 2 s in the case of disturbance. This shows that the control sys-
tem designed by the research institute has good applicability and provides data reference for the 
intelligent control operation and maintenance of the hydroturbine regulation system.
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1. Introduction

In the intelligent control system of hydropower plant, 
the hydroturbine regulation system is one of the core equip-
ment, which integrates electrical, hydraulic and mechanical 
with high-dimensional nonlinear characteristics and mul-
tiple input and output characteristics [1]. In the operating 
conditions, the hydroturbine regulation system has a variety 
of complex operating conditions, such as start-up and shut-
down, load shedding, no-load operation [2]. Under the long-
term operation under high load conditions and the existence 
of many inevitable random disturbances, various mechanical 
failures will inevitably occur in hydroturbine regulation sys-
tem [3]. The system’s ability to operate safely and steadily is 
significantly hampered by the coupling effect between these 
flaws and outside disturbances. Intelligent prediction and 
fault-tolerant governor control can reduce grid frequency 
fluctuation and preserve the grid’s and the hydropower unit’s 
stable operation [4]. In this study, the state time lag and fault 

disturbance of the regulating system are taken into account to 
investigate the fault online real-time control of the hydrotur-
bine regulating system, to further enhance the control effect.

1.1. Related works

The hydroturbine regulating system, a vital component 
of a hydropower plant’s intelligent system, has drawn a lot 
of interest from academics. There have been a lot of studies 
done on the failure issues with hydroturbines and their reg-
ulation systems. Li et al. [5] extended the traditional impact 
analysis method in analyzing the failure of offshore hydro-
turbine support structures. The weights of three indicators 
were reset, including severity, occurrence and detectability. 
Based on the analysis, improvement and prevention mea-
sures are proposed to ensure the safety of the support struc-
ture. By comparing with the traditional model, the method 
is better practical application value and eliminates the lim-
itation of risk priority pole number in the traditional model. 
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Zhang et al. [6] argued that hydroturbine risk assessment is 
important for hydroelectric safety of hydro power plants. 
The traditional algorithm provides poor estimates of vibra-
tion range and frequency, so the extended boundaries are 
optimized by combining path planning. The results show 
that this method can improve the data fitting performance 
and facilitate the quantitative and accurate evaluation 
results. Chen and Tong [7] established a steam hydroturbine 
regulation system to solve the problem of insufficient sta-
bility. The stability categories are obtained by introducing 
the transfer coefficient characteristics. And the additional 
momentum approach is used to optimize the multilayer 
feedforward network algorithm. Results from the test set 
demonstrate that the technique can precisely distinguish 
between the hydroturbine stability categories. Zhang et 
al. [8] described in detail the nonlinear dynamic phenom-
ena such as the stability of hydroturbine balance curve, 
the position of bifurcation point and the direction of limit 
cycle, to improve the prediction accuracy of hydroturbine 
regulation system. The results show that there are multiple 
complex types of hydroturbine regulation system stabil-
ity, which provides a way to study the dynamic behavior. 
Additionally, a guide for parameter setup is provided to 
guarantee the stability and security of the regulating system. 
Guo et al. [9] found that the hydroturbine regulating sys-
tem has a certain pressure pulsation in the tail pipe during 
operation. In order to examine its impact on the stability of 
the system, the hydroturbine regulation system dynamics 
model incorporates the pressure pulsation of the tail pipe. A 
pressure pulsation damping frequency is proposed to pro-
vide a method for stabilizing the regulation system. Ding 
et al. [10] found that small hydroturbines are less efficient 
and prone to blockage. Therefore, counter-rotating rotors 
were used to address these drawbacks. Through pressure 
fluctuation experiments, the study examined the stability 
of tiny hydroturbines. The findings indicate that the new 
model’s pressure fluctuation is less extreme, with a maxi-
mum reduction of 74.22% between peaks. The feasibility 
of the new model was verified. Babu et al. [11] found that 
slurry and air bubble erosion severely damaged the use of 
the hydroturbine. Therefore, the hydroturbine coating was 
improved using deep cooling treatment to enhance its resis-
tance to erosion. For comparison, other common hydrotur-
bine coating materials were subjected to erosion resistance 
experiments together. The results show that the research 
designed coating has more than 1.5 times higher resistance 
to slurry erosion and 1.6 times higher resistance to air bubble  
erosion.

In summary, scholars have carried out optimization 
studies on the hydroturbine regulation system from vari-
ous perspectives, such as intelligent algorithms and equip-
ment materials. The aim is to improve the prediction accu-
racy of its fault occurrence and reduce the occurrence rate 
of faults. However, at this stage, there are few studies on the 
online real-time control of the hydroturbine regulation sys-
tem, which can provide some reference for fault prediction 
or prevention. In order to provide data support and idea 
guidance for further increasing the control effect, this study 
analyzes online real-time control technology while taking 
the state time lag and fault disturbance of the regulating 
system into account.

2. Fault-tolerant control technology for hydroturbine 
regulation system output feedback with state time lag

2.1. System state feedback predictive control technique based on 
T-S fuzzy model

The Takagi-Sugeno (T-S) fuzzy model can infinitely 
approximate any smooth nonlinear function, so it has been 
widely used in solving nonlinear problems [12]. The hydro-
turbine regulation system has complex nonlinear, stochas-
tic and uncertain problems. The following mathematical 
model is a general six-dimensional nonlinear hydroturbine 
regulation system.
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When t  ≥  0,  there  exists x(t) ϵ Rn, u(t) ϵ Rn; C and y are 
the output matrix and output value of the system, 
respectively.

The T-S fuzzy rule in Eq. (2) is applied to build a dis-
crete fuzzy model to transform the nonlinear problem into 
a linear control problem.
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where i denotes the i-th fuzzy rule, M denotes the input fuzzy 
set, x(k) denotes the fuzzy variables; the coefficient matrix 
and control matrix are denoted by Ai and Bi; u(k) denotes 
the control vector; Z is the constant vector, and it is usually 
regarded as the zero vector. Using µ as the affiliation func-
tion, the global equation of state of the nonlinear system 
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The state feedback prediction control chart of the sys-
tem is built using the discrete T-S model, as illustrated in 
Fig. 1 [5]. y denotes the actual system output and ŷ denotes 
the predicted system output. Through feedback correction 
and rolling optimization, the system can achieve the best 
predictive control effect.

For the purpose of analysis, the following definitions 
are made here.
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The overall state equation of the system at the moment 
of adding the sampling can be expressed by Eq. (5).

x k p x k u k i pp i
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Therefore, the output prediction for the future sam-
pling moment pj can be obtained according to Eq. (5).
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Ensuring a consistent time step of the prediction, the 
current output prediction value can be obtained from the 
historical input values and the historical state of the sys-
tem based on Eq. (6). Eq. (7) is the expression of the current 
output prediction value.
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Through the feedback correction mechanism, the 
predicted value of pj at the future moment is shown in 
Eq. (8) [13].

     cj ˆ ˆ ˆj j j j j jY k p y k y p y k y k    (8)

2.2. System fault prediction and diagnosis controller  

model design

x1, x2, and x3 are intermediate state variables; u1, u2, and 
u3 are three predictive controllers, the mathematical model 
of hydroturbine predictive control and its parameters are 
shown in Eq. (9).
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In Eq. (18), a
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to the actual hydraulic control situation, the optimal pre-
dictive control parameters are designed, as shown in  
Table 1 [14].

According to the control parameters designed in Table 1, 
a0 = 24, a1 = 24, a2 = 3, b0 = 24, b1 = –33.6, b2 = 3, b3 = –1.4.

The feedback matrix is obtained by approximating 
the system according to the fuzzy rules. If δ(t) is Fi, then 

Table 1
Optimal predictive diagnostic control design parameters taking values

Test parameters Parameter name Parameter values Test parameters Name Parameter values

e Intermediate variables of the 
receiver

0.65~0.75 p.u. D Damping factor 0.45~0.55 p.u.

ey Stroke transfer coefficient 0.9~1.1 p.u. δ Generator power 
angle

/

eqh Head transfer coefficient 0.45~0.55 p.u. ω0 Rated angular speed 
of the generator

320 rad/s

Tab Mechanical inertia time con-
stant

7.5~8.5 s Vs Infinite bus voltage 0.9~1.1 p.u.

Ty Reaction time constant of the 
receiver

0.09~0.11 s x’dΣ / 1.14~1.16 p.u.

E’q transient potential 1.3~1.4 p.u. x’qΣ / 1.47~1.48 p.u.
hw Pressure leadpipe characteristic 

coefficient
2.0 Tr Water strike inertia 

time constant
1.0
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Fig. 1. Diagram of state feedback and predictive control based 
on the T-S fuzzy model.
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According to the above analysis, the hydroturbine reg-
ulation system can be simplified into four subsystems 
under the control of four fuzzy rules. The state feedback 
matrix Ki and reversible matrix Ni

–1 of the four subsystems 
can be obtained based on the design parameters of the best 
predictive diagnostic control.
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3. Hydroturbine regulation system fault diagnosis and 
fault-tolerant controller design

3.1. System fault diagnosis and fault-tolerant control techniques 
with state time lag

In the hydroturbine regulation system, the mechanical 
hydraulic part is responsible for converting the output sig-
nal into the displacement action of the receiver [15]. In this 
way, the speed and power of the unit can be controlled. The 
mathematical model of the hydroturbine regulating system 
includes a delay term to account for the mechanical dis-
placement of the catcher’s delay effect. A nonlinear time-de-
lay dynamic mathematical model is obtained, as shown 
in Eq. (14).
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where x, u, and y represent the system state vector, input vec-
tor, and output vector, respectively. A, B, C, Fa denote the 
state matrix, input matrix, output matrix and fault matrix, 
which are constant value matrices of known dimensions 
[16].  The  function  φ(·)  is  a  nonlinear  continuous  smooth 
function that contains a time lag term and satisfies the fol-
lowing expression, where υ(t) is a continuous function.
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Before proposing the fault-tolerant control technique, 
the assumptions of Eqs. (16)–(19) will be made for the sys-
tem with  state  time  lags. Where, λ and µ are positive  real 
numbers; P, N, W, and Q are positive definite symmetric 
matrices.
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Based on a mathematical model of system dynamics 
with a time lag, this study will design an adaptive observer. 
Fig. 2 represents the observer and fault-tolerant control 
diagram of the system [17].

Eq. (15) is the functional expression of the adaptive 
observer, where x̂ represents the estimated values of the 
state vector, and ˆ

af  represents the estimated values of the 
fault vector. ρ denotes the adaptive parameters.
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The following functional expressions serve as repre-
sentations of the fault adaptive law and the parameter 
adaptive law. Where ζ and η denote positive real numbers 
and positive definite symmetric matrices, respectively.
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In this study, a closed-loop control system for the out-
put FFT of a steam hydroturbine regulating system is cre-
ated. It consists of an adaptive compensator us(t) and a 
fault-tolerant controller uf(t). The expression of the output 
FFT is as follows, and the pseudo-inverse matrix of B is 
denoted by B+.
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By integrating the mathematical model of the system 
dynamics with the state time lag and its associated assump-
tions, it is possible to show that the closed-loop control 
system is almost in a global steady state.

3.2. Design of fault-tolerant control parameters with  
state time lag

The actuator of the hydroturbine regulation system has 
a significant inertia time constant, making it impossible 
for the traditional water guide system to provide real-time 
tracking regulation control under load variation [18]. To 
lessen the impact of state time delay, the delay time effects 
of hydraulic relay displacement and actuator fault parame-
ters are introduced in this study. Under the influence of rigid 
water hammer, the FFT control model developed in Section 
3.1 is validated. Four fault-tolerant controllers are designed 
in the system, which are respectively represented as u1, 
u2, u3, u4. Eq. (23) is the dynamic mathematical model and 
parameters of the design [19].
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where ω indicates the relative deviation of generator speed, 
δ indicates the relative deviation of generator power angle. 
Other control parameters and their values are shown in 
Table 2.

For the dynamic mathematical model with time lag 
shown in Equation (14), the coefficient matrices are taken 

as: 
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Fig. 2. System fault-tolerant control and fault observation.

Table 2
Design of output FFT parameters

Test parameters Parameter name Parameter 
values

Test 
parameters

Name Parameter 
values

D Damping factor 0.5 p.u. e Intermediate variables of the receiver 0.7 p.u.
ey Stroke transfer coefficient 1.0 p.u. eqh Head transfer coefficient 0.5 p.u.
Tab Mechanical inertia time constant 8.0 s Ty Reaction time constant of the receiver 0.1 s
E’q transient potential 1.35 p.u. ω0 Rated angular speed of the generator 314 rad/s
Vs Infinite bus voltage 1.0 p.u. Tw / 1.5 s
x’dΣ / 1.15 p.u. xqΣ / 1.5 p.u.
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Assuming  the  state  time  lag  τ(t) = 0.5cos(t), the func-
tion  φ(·)  with  the  state  time  lag  term  has  the  following 
relationship.
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Eq. (25) is the fault vector function under the optimal 
fault-tolerant control technique.
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Based on the above selected control parameters, the 
computational expression of the fault-tolerant controller 
can be obtained as shown in Eq. (26) [20].
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4. Hydroturbine regulation system fault diagnosis and 
control simulation test

4.1. Simulation test for online predictive diagnosis of 
hydroturbine regulation system faults

Numerical simulations are performed to test the predic-
tive control effect designed by the study, using the operat-
ing parameters of an actual hydropower plant as an exam-
ple. The initial values of the system state is [x1,x2,x3,δ,ω,y]
T = [0.01,0.01,0.01,0.01,0.01,0.01]T, the control time domain 
L = 1, the prediction time domain P = 10, and the sampling 
period T = 0.02s. δ indicates the generator power angle, ω 
indicates the generator angular velocity, and y indicates 
the guide vane opening. The steady state parameters in 
the absence of disturbances is Ys = [δ,ω,y]T = [1.5,0.1,0.8]
T. Fig. 3 shows the output response curves, where Fig. 3a–c 
represent the constant-value perturbations of d = 0.1, d = 0.03, 
and d = 0.1 added between 10s ≤ t ≤ 12s, respectively.

From the output response curves in Fig. 3, it can be 
seen that the state feedback predictive control based on the 
T-S fuzzy model has a better control effect. In the case of 
no disturbance, the power angle δ, angular velocity ω and 
guide vane opening y of the generator reach the steady state 
around 3.0s, with short response time and small overshoot 
of the curves. When the constant disturbance was added at 
the 10th seconds of system operation, the output response 
curve appeared jittering and stabilized quickly within 1 s. 
When the constant disturbance was removed at the 12th 
seconds of system operation, the output response curve 
showed reverse oscillation and returned to the stable state 
within 1 s. From this result, it can be inferred from the results 
that when the hydroturbine regulation system is subjected 
to external random disturbance, the output response curve 
will appear long time low frequency oscillation. However, 
the predictive controller can reduce the vibration ampli-
tude of the generator power angle, so as to ensure the rapid 
stabilization and reduce the out-of-step phenomenon.

To test the state tracking effect of the predictive con-
troller, three different experimental parameters are set 
to test the tracking effect of the system. With in the range 
of [0,8],[8,14],[14,20], set Ys = [δ,ω,y]T to [1.5,0.1,0.8]T, 
[1.7,0.12,1.0]T, and [1.3,0.08,0.6]T, respectively. Fig. 4 shows 
the state tracking response curves, where Fig. 4a–c repre-
sent the power angle δ, angular velocity ω, and guide vane 
opening y of the generator, respectively.
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The steady state is interrupted during the 8th and 14th 
seconds of the system’s operation, at which point the state 
feedback predictive controller kicks in and the system is 
promptly adapted to the new steady state. From the track-
ing response curve in Fig. 4, it can be seen that the system is 
in the regulation phase for a shorter time and the overshoot 
is small, which indicates that the state feedback predictive 
controller has a better control effect. The predictive control-
ler suggested in this study cannot only speed up the resto-
ration of the system’s steady state under interference, but 
it can also lower the system’s energy consumption during 
state transitions.

4.2. Hydroturbine regulation system output FFT  
simulation test

For the output FFT technique, the setup parameters 
selected for this study is x = [δ,ω,mt,y]T and the initial val-
ues of the simulation is  ˆ 0 0 0 0 0

T
x     , x(0) = [0.1 

0.2 0.6 0.3]T. From Fig. 5, the state response curves where 
Fig. 5a–d represent the relative deviation of power angle, 
relative deviation of angular velocity, relative deviation 
of output power, and relative deviation of guide vane 
opening, respectively.

When  5s  ≤  t  ≤  10s,  constant  faults  are  used  to  denote 
actuator deviation faults, and they usually come from 
mechanical friction or external disturbances of the system. 
The findings of the state response in Fig. 5 demonstrate that 
the system swiftly stabilizes again within 2 s even in the 
face of constant-value faults or state time lags, which is cru-
cial  for  the system’s  regular operation. When 10s ≤  t  ≤ 20s, 
time-varying faults are used to describe the equal-amplitude 
periodic vibrations, and they usually come from the rota-
tional speed or the main servo motor. As can be seen from 
the curve states in Fig. 5, the regulated system can still be 
stabilized quickly. However, there are relatively more fluc-
tuations in the state response curves for time-varying faults 
and a larger amount of overshoot. This result reflects the 
effectiveness of the fault-tolerant controller, but there is 
still room to improve its control accuracy. With different 
steady  state parameters  set  at  0s  ≤  t  ≤  5s,  5s  ≤  t  ≤  10s,  and 
10s  ≤  t  ≤  20s, Fig. 6 shows the tracking response curves to 
mechanical and time-varying faults, where Fig. 6a–d rep-
resent the power angle fault, angular velocity fault, output 
power fault, and guide vane opening fault, respectively.

From Fig. 6, it can be seen that the system oscillates at 
the 5th second and 10th second. However, after that, the 
response curve quickly reaches the steady state and the 
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(b) State response curve of ω(a) State response curve of δ
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system overshoot is small, which indicates that the adap-
tive observer shows good recognition and tracking effect 
on the mechanical faults of the system. It is assumed that 
the adaptive observer can quickly identify and track the 
mechanical faults or time-varying faults when they occur in 
the system, and provide real-time feedback to the fault-tol-
erant controller online to ensure the control effect. Fig. 7 
shows the input curves of the output FFT system, where 
Fig. 7a–d represent the controllers u1, u2, u3, and u4, respec-
tively. Fig. 7 is compared and analyzed with Fig. 6 as a way 
to observe the feedback effect of the controller on system  
faults.

As can be seen from the control input curves in Fig. 7, 
all  four  controllers  show curve  changes at  5s ≤  t  ≤  10s and 
10s ≤  t ≤ 20s, and  there  is a  relationship between  the curve 
trends and the response curve to system faults. This indi-
cates that the fault-tolerant controller responds when a fault 
occurs in the system, which provides a faster response time 
for the regulation system and reduces the fault fluctuation 
of the system. The adaptive observer can keep an online 
eye on the operation of the system in real-world engineer-
ing applications. The system fault fluctuation can be stabi-
lized and the effectiveness of hydroturbine operation and 
maintenance can be increased by quickly recognizing and 
analyzing system faults.

5. Conclusion

The conventional hydroturbine regulation system is 
unable to provide timely feedback in the face of random 
mechanical failures or time-varying faults, which will lead 
to control system failure. This paper focuses on output FFT 

approaches with state time lag and system failure diagnos-
tics, and it numerically simulates and tests these techniques 
using real-world operating conditions. The findings demon-
strate that the T-S fuzzy model-based predictive control 
system has high tracking control effect and can swiftly set-
tle with a modest overshoot in the presence of external dis-
turbances within 1 s. The fault tolerant controller can also 
maintain system stability in less than 2 s. It provides effective 
input, monitoring, and a calming impact when a system fails, 
which indicates that the fault-tolerant controller proposed in 
the research has good applicability. Although the hydrotur-
bine regulation system controller designed in this research 
has shown good control capability, there is still room for 
improvement in its control accuracy, which will be further 
developed in the future research.
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