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Abstract: Hydro generator sets serve as the peak and frequency regulation of the power system,and
play a very important role in maintaining system stability and improving power quality.Based
on the internal characteristics model of a specific type of hydro generator,this paper constructs a
hydroelectric coupling model for hydropower units,studies the influence of the regulation system of
hydropower units on low-frequency oscillations under different load conditions,and adopts variable
speed reaching law and fuzzy sliding mode control strategy to improve the regulation quality of
the system and ensure the stable operation of the units.Results of simulation and water turbine set
under different load conditions show that varible speed reaching law can effectively improve the
power-angle oscillation behavior of the hydropower set and suppress the occurrence of low-frequency
oscillations of the system when the system is subject to power disturbance,which provide a new
theoretical basis and solution for the vibration analysis and control optimization of hydraulic turbine
units.

Keywords: hydroelectric units; low frequency oscillation; internal characteristic model; sliding mode
control; robust control; HTRS (Hydro-turbine regulating system)

1. INTRODUCTION

The hydroturbine generator set can be started quickly and connected to the grid,and has good
regulating performance.lIt plays a very important role in maintaining the stability of the system and
improving the power quality.Based on the reality of variable working conditions of hydropower
units,this paper focuses on the stability of power angle of hydropower units,reveals the influence of
turbine on the stability of power system oscillation through mechanism analysis,and uses advanced
control strategy to mine the regulating potential force of HTRS.It has a certain innovative and practical
application value to further understand the inducement of low-frequency oscillation of hydropower
units,and improve the capacity of hydropower delivery.Furthermore,it can improve the efficiency of
unit operation and maintain the stability of power system.

2. MATHEMATICAL MODEL OF HYDRAULIC SYSTEM
2.1. Mathematical model of hydraulic system

2.1.1. Mathematical model of water turbine

Hydraulic turbine is an important part of HTRS,which has strong nonlinear characteristics.Under
the condition that the turbine operating condition changes slowly,the steady state characteristic can be
used to approximate the dynamic characteristic,it can be expressed by the linearized hydraulic turbine
internal characteristic model as shown in Figure 1.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Linearized internal characteristic model of hydraulic turbine.
The steady state equation of the hybrid turbine can be described as Equ.(1),Equ.(2) [1-4].
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Where:

Q -the flow rate of the hydraulic turbine;

M; -the mechanical torque;

H -the hydraulic turbine head;

(2 -the angular velocity of the rotor;

ro -the radius of the flow surface in the middle of the runner;

F- the outlet area of the runner;

by -the installation height of guide vane;

Bo -the outlet angle of the middle flow surface of the runner;

« -the outflow angle of guide vane.

By linearizing and standardizing Equ.(1) and Equ.(2),the calculation formula of turbine transfer
coefficient based on internal characteristic method can be obtained as follows.
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Where:

D1 -the diameter of the turbine runner/m;

D -the constant related to the geometric parameters of the pipeline;

1 -the approximate relationship between turbine flow rate and turbine efficiency;

r -the actual value under rated working condition;

0 -the actual value under steady state;

* -the optimal working condition of the turbine.

Taking HL240-LJ-140 hybrid turbine as the research object,the relationship between turbine load
and transfer coefficient is calculated.

The basic parameters of the turbine are shown in Table 1 and Table 2 show the variation of turbine
transfer coefficient with load under rated head calculated by internal characteristic method.Where
P represents the turbine load (output),when the rated load is taken as P=1p.u.,then the working
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condition serial numbers 1-4 represent the working condition of 30%,50%,70% and 90% rated
load(output) respectively.

Table 1. Linearized internal characteristic model of hydraulic turbine.

Projects Parameters Projects Parameters
Wheel type HL240-LJ-140 | Design head 30.5m
Runner diameter 1.4m Maximum head 31.8m
Number of runner blades 14 Minimal head 28.1m
Guide vane heigh 0.511m Rated speed 300r/min
Rated opening of guide vane  0.137m Rated point unit speed  76.05r/min

Diameter of guide vane

distribution circle 1.6m Rated point efficiency ~ 89.66%
Guide vane number 16 Draft height Im
Rated output 3380kW Axial water thrust 34.5t
Rated flow 12.6m%/s Turbine setting 765.6m

Table 2. Parameters of hydroturbine model under rated water head and different operation conditions.

Working condition Plp.u

of sertal mmber & gy ex e en egh
1 0.3 376 272 -023  -0.025 036  0.103
2 0.5 1.66 1.47  -042 -0.067 0.64 0218
3 0.7 1.09 1.03 065 -0.129 095 0.349
4 0.9 091 0.89 -094 -0.241 1.32 0.541

2.1.2. Comprehensive mathematical model of hydraulic system

The equation of state of the hydraulic system considering the effect of elastic water hammer is as
follows [5,6]:

. (1 8egn Tw ) _ 8eqxey T ) ey
X1 = (Ty—i- T2 X1+ x2 v Aw+Ty Au
5 8(e,nTw+T, 8eyxe T
xZ:_M.xﬁxB_M.AwJF

T?T, T?T, )
8(eqhey+eqyeh)Tw - Au

T?T,
. _ 8 8ey )
X3 = 7, x1+ 2T, Au
Amy = x1 + exAw 6)

Among them,x1,x; and x3 are intermediate variables, which are used to characterize the
connection among the hydraulic turbine,pressure water diversion pipe and servo mechanism.

2.2. Mathematical model of generator

Philphils-heffron model of single-machine infinite system is the basis of damping torque
analysis,which ignores the transient state of stator winding group and damping windings.The
generator adopts the third-order practical model,and the excitation system uses the static excitation
system represented by the first-order inertia link.By linearizing the system at the stable point,the
linearized differential equation can be obtained as followed [7-11].
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In Equ.(7),the symbol A represents the small increment of the corresponding variable,and the
subscript 0 represents the value of the corresponding variable at the steady-state operating point.And
K3 is a constant,Kq,K; and K4-Kg under different load conditions are shown in Table 3 [12-15].

Table 3. Parameters of generator model under different operation conditions.

Working condition Plpau. K K Ky Ks Ks
of serial number
1 0.3 1.0101 05195 04598 0.0164 0.4911
2 0.5 1.1150  0.8162 0.7223  0.0142  0.4712
3 0.7 1.2258  1.0571 09356 -0.0012  0.4475
4 0.9 1.3172 12435 1.1006 -0.0278  0.4237

The linearized infinite Phillips-Heffron model for a single machine can be obtained from
Equ.(7) [16-19] and Equ(8) were shown in Figure 2.
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Figure 2. Single machine infinite bus Phillips-Heffron linearization model.

2.3. Mathematical model of requlating system of hydropower unit
The state space model of hydropower unit regulation system is as follows:

X = AX + BAu

T 9
X=|A Aw AE'q AE, x x X3:| ©)
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3. DESIGN OF FUZZY SLIDING MODE CONTROLLER FOR REGULATING SYSTEM OF
HYDROPOWER UNIT

The transfer coefficient of the turbine will change with the change of the turbine output, and
this change has a non-negligible influence on the stability of the system.At present,the widely used
conventional PID controller has a relatively fixed structure and parameters,poor adaptability to system
parameter perturbation,and a lack of tracking ability,which is difficult to meet the increasing control
requirements under the increasing size of the power grid [20-23]. The sliding mode controller is
insensitive to the changes of system internal parameters and external disturbances,and has strong
tracking ability and robust performance.It has a good application prospect for solving complex control
problems of hydropower units.

3.1. Conventional sliding mode controller

In the past design of sliding mode controller for power system,tracking error function is usually
used to design sliding mode surface in order to reduce the complexity of calculation [24-27].

s=ce+é (10)
Where c is constant and k>0.At the same time,the commonly used approach law form is:
S = c(Ady — A&) + Ay — A&
= —esgn(s)
Where ¢ is a constant and £0,whose size represents the approaching speed of the system moving
point to the sliding mode surface.The larger ¢ is,the faster the approaching speed is,and the smaller ¢

is,the longer the time it takes for the system moving point to reach the sliding mode surface,sgn(s) is a
sign function, and its specific expression is as follows [28].

(11)

1 s>0
0 s=0 (12)
—-1s5<0

sgn(s) =

Taking the derivative of sliding mode functions in Equ.(9) with respect to time ¢, we can obtain:

§=cé+ Adg — f(X) — ]\/erT Au (13)
Y

If 5=0,the control law of sliding mode controller can be obtained as follows [29-31]:

MT, R .
Uyspc = Au = Ty [cé + Awy — f(X) + esgn(s)]
= Ueg + Usw

(14)
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ueq is the equivalent control law,which is used to maintain the operating point of the system on
the sliding mode surface.u;, is the switching control rate,which is used to guide the system operating
point to the designed sliding surface.

3.2. Improved sliding surface

The electrical characteristics of the generator are introduced into the design of sliding mode
function to reduce the risk of negative damping of the hydraulic system,improve the comprehensive
regulation ability of HTRS,so that HTRS can more effectively suppress the power fluctuation after
system disturbance.Therefore,Ad and AEq are considered to be introduced into the sliding mode surface
design.But in the actual situation of power system,AdotE, is difficult to obtain directly.Considering
the practical engineering application significance of the controller,A and AV} are used to design the
controller.In this case,the new sliding mode surface function is defined as Equ.(15) [32,33].

s =ce+eé+bAd+dAV; (15)

Where,b and d are proportional coefficients.Taking the derivative of both sides of Equ.(13) with
respect to time,we can obtain [31-34]:

§ = cé+ Advg — f(X) — NEIVT Au + bg(X) + dj(X) (16)
Y

There are:
3(X) = §4 [x1+ (ex = D) Bw + Ko A

o K3Ky _ KsK Kyw
00 =K | (58— 55 ) -0 e

K3 KeKy / K3 1 I
+(T;,g Tty ) BB~ (72 Tty ) A

+L§\;o [xl + (ex — D) - Aw — K1AS + szE;]

} (17)

Taking $=0,the sliding mode control law based on the improved sliding mode surface can be
obtained as follow.

Uyspmc = Au = Mgf;ﬂy [Cé + A(I)d —f(X) + bg(X)+ (18)
dj(X) + ¢ - sgn(s)]
In this case,the Equivalent control law of the controller becomes:
MT, .
leg = eyy [cé + Adg — f(X) +bg(X) +dj(X)] (19)

Under the modified sliding surface,the system can still satisfy the Lyapunov stability.

3.3. Control law of fuzzy sliding mode controller combined with fuzzy system

Due to the strong approximation ability of fuzzy system,this paper proposes to use fuzzy system
instead of symbol function sgn(s),in order to effectively eliminate the chattering problem of the
controller under the premise of ensuring the tracking accuracy.The fuzzy output Fs will automatically
adjust with the change of the input.Using Fs to replace the sign function sgn(s) can effectively ensure
the tracking accuracy of the system and reduce the probability of chattering.At this time,the control
law of fuzzy sliding mode controller combined with fuzzy system is Equ.(20).

MT, . .
Upspme = Au = Ty [ce + Aoy —f(X) +bg(X)

(20)
+dj(X) +e- Fs]
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The Lyapunov function is also defined as V = s?/2,take the partial derivative of both sides,and
get Equ.(21) [34].

V=S =5 [e 4 Ady — F(X) — i A+ dj(X)]
= —se-Fs

(21)

If the system is to satisfy Lyapunov stability,it must meet -s-Fs<0 is and Fs must keep the same
sign,in order to ensure the convergence of the sliding mode surface.When s= 0,this means that the
operating point of the system is on the sliding surface.In this case,the value of Fs does not affect the
arrival condition,but the output of the control controller should not be too large to avoid the system
often in s>0 and s<0 across the surface.Therefore,when s=0,the membership function of Fs is set to
zero.At this time,just like the conventional sliding mode controller,the equivalent control law will act.

3.4. Design of reaching law

Considering that the dynamic characteristics of the hydraulic turbine vary greatly under different
working conditions,and the commonly used approach law is fixed under the fixed gain,it cannot
meet the control requirements under different working conditions.In addition,eigenvalue analysis
shows that the system has non-minimum phase characteristics,and the approach speed needs to be
improved in order to make the system pass the delay link quickly.Based on the above analysis, this
paper proposes to take mechanical power as the reference index and design an improved reaching law
based on exponential rule adjustment as follows.

$=—@(P,s)e-Fs
(P(P S)go(: ) exp(puP) (22)
’ 1+exp[—o(]s|—a)]

In Equ.(22),u>0,0>0,0<a <1,P is the mechanical power output by the hydraulic turbine.

In the new reaching law,p(Ps) consists of two parts: Sigmoid function and exponential
function.Sigmoid function is for use in the process of control to adjust reaching rate,a for speed
change point,when the |s|>athe denominator of Sigmoid function will along with the increase of |s|
exponential rate is reduced, the ¢(P,s) will increase, means reaching speed;When |s|<a,the denominator
of Sigmoid function will increases with decreasing exponential rate of |s|,¢(P,s) will decrease, means
that when the system is moving point is more and more close to the sliding mode surface.Reaching
rate should be reduced to suppress the chattering phenomenon.

The function of the exponential function is to adjust the upper bound of the approach rate of the
controller according to the output power of the turbine.When the hydraulic turbine is under light load
condition,the system stability is weak,so the gain of approach rate should not be too large.When the
turbine is in rated condition, the stability of the system is relatively high,so the upper limit of gain can
be increased appropriately

3.5. Control law of regqulating system of hydropower unit
The expression of the improved fuzzy sliding mode controller which takes into account the

stability of power angle is:

MTy | ;
UnFsmcr = M = & [ce+ Ay — f(X) +bg(X) (23)
+dj(X) + ¢(P,s)eF]
In this case,the equivalent control law and reaching control law of the system are respectively:

ey = "0 e 4 Aoy — F(X) + bg(X)] + dj(X)

24
oo = M (P, e sgn(s) e
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3.5.1. Conclusions

The conclusions should be as clear as possible,highlighting the importance of the paper in the
respective research area.The advantages and disadvantages of the proposed subject should be clearly
emphasized, as well as the obtained results and possible applications.

For the hydraulic power system,if the interference to the system is bounded,then can get
Equ.(24).Under the action of the control output Equ.(22),it satisfies Lyapunov stability.

V=si=s {cé—i—Aabd—f(X) - Me—yTyAu
+bg(X) + dj(X)] (25)
=s[—@(P,s)e-Fs] < —@(P,s)e|s| <0

4. COMPARATIVE ANALYSIS OF CONTROLLERS

Through the simulation experiment,the control performance of the improved fuzzy sliding mode
controller (nFSMCR) with both power angle stability is verified under different working conditions,and
the control effect is compared with that of conventional PID and conventional fuzzy sliding mode
controller (FSMC).The expression of the PID control law is Equ.(25).

t
u = Kpe +K; /0 edt + K;é (26)

Kp,K; and K are respectively proportional gain,integral gain and differential gain.By choosing
the values of the three gain systems reasonably,the PID controller can get a good control effect.

4.1. Parameter optimization

Considering that the regulating system of hydropower unit should have good regulating ability
under all working conditions,the key parameters of each controller should be adjusted under the
second working condition.In order to achieve the optimal control effect of the controller as far as
possible,a suitable objective function should be set.The main objective is to reduce the steady-state error
and adjustment time, and reduce the possibility of chattering.ITAE criterion is one of the commonly
used optimization indexes,which can take into account both the speed and stability of regulation,its
expression is shown as follows.

J= [ te(w)lar @)

The main control parameters of the conventional PID controller,the conventional fuzzy sliding
mode controller(FSMC) and the improved fuzzy sliding mode controller(nFSMCR) proposed in this
paper are adjusted by using the PSO algorithm,the PSO parameters are set as follows:

The number of variables are respectively 3,2 and 4;Learning factor ¢;=cp=2;Population particle
number k=100;The initial weight coefficient ws,,=0.9.

When the maximum number of iterations,the weight coefficient w,,,;=0.4,the speed V; is [-1,1],the
maximum number of iterations G,,y=50,and the minimum adaptation value is 0.001.

The main optimization parameters and their value ranges are shown as follows:

PID: K, €[0,45],K;€[0,15],K4€[0,5];

FSMC: c€[0,20],ec[0,1];

nFSMCR: c€[0,20],e€[0,1],b<[-1,1],d€[-1,1].

Figure 3 shows the basic structure of nFSMCR control scheme for hydropower unit regulation
system with PSO parameter optimization.
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ITAE "l PSO. F 8= [ce.bd]

optimization 6 Original parameter set

" Optimal parameter set

function(s)

Figure 3. The structure diagram of nFSMCR controller assisted with HICA algorithm for HTRS.

Under working condition 2,the PSO algorithm is used to optimize the parameters of each
controller,and it is obtained that the system is disturbed by step power mg=0.1p.u.The optimal
control parameters under different controllers are as follows.

PID controller: K,=16,K;=0.13,K;=1.272;

FSMC: c=0.05,6=0.0044;

nFSMCR: c=1.5806,e=0.2304,b=0.014,d=0.1117,2=0.0015, 0=20,u=5.

The curve of the objective function was shown in Figure 4.

-3
g 10 .
PID
........................... _"FSMC {
8 —nFSMCR
= =3 -3
8 107y %10
E sl 8.07 41796
=
2 8.06 41794 | |
§ 6 ==
& 8.06 4.1792! e
0 10 20 p 0 20
5 /
4 I : ] i . : ] :
0 5 10 15 20 25 30 a5 40 45 50

Number of iterations

Figure 4. The structure diagram of nFSMCR controller assisted with HICA algorithm for HTRS.

4.2. Simulation comparison

Under working condition 2,when the system power is disturbed by a step of m¢=0.1p.u.The
optimal control curve under the action of different controllers is shown in Figure 5.

The power angle and frequency response curves of the system under the action of different
controllers are shown in Fig.5.

The optimal control parameters under the action of different controllers are:

PID controller: K,=15.9,K;=0.12,K;=1.271;

FSMC: ¢=0.05,6=0.005;

nFSMCR: c=1.581,e=0.231,b=0.014,d=0.112,6=0.002, 0=20,u=>5.
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0.16 —PID
0.14 --FSMC
nFSMCR
0.12
~ 0.1
SIOF N v —
w
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S 0.06
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0.02
D —
0 1 2 3 B 5 6
t(s)
(a)Power angle response curve
3
5 x10
—PID
--FSMC
NFSMCR
15
0 1 2 3 4 5 6

t(s)

(b)Speed response curve

Figure 5. Comparison of the control performance of different controllers under working condition 2.

As can be seen from Figure 5, compared with PID controller and FSMC controller,nFSMCR
controller can not only ensure faster stabilization time but also minimize power angle overshoot.

The control performance of each controller was respectively verified under working conditions
1,3 and 4.The PID parameters optimized by PSO algorithm were respectively shown as follow:

Conditions 1: K,=5.33,K;=0.1,K;=1.97;

Conditions 2: K,=20,K;=1.22, K;=0.63;

Conditions 4: K,=32.85,K;=3.58,K;=1.19.

The parameter Settings of the FSMC controller and nFSMCR controller remain unchanged,then
the external disturbances are all step disturbances with 1149=0.1p.u.

As shown in Figure 6, the PID controller has the shortest stabilization time but the largest power
angle overshoot,the control effect of FSMC and nFSMCR controller is similar,among which the nFSMCR
controller has the smallest power angle overshoot, but the stabilization time is longer,that is,the speed
adjustment of nFSMCR controller is slightly insufficient under the condition of 30% rated load.
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—PID
--FSMC
nFSMCR

0.02

8 10 12
t(s)

(a)Power angle response curve

Aw/ (p.u.)

—PID
--FSMC
~nFSMCR

8 10 12
t(s)

(b)Speed response curve

Figure 6. Comparison of the control performance of different controllers under working condition 1.

We can see the power angle response curves and frequency response curves of the system under
in different working conditions were respectively shown in Figure 6-Figure 8.

According to Figure 7, nFSMCR controller has better oscillation suppression effect than PID

controller and FSMC controller.
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3
1(s)
(a)Power angle response curve
—PID

15 --FSMC
nFSMCR

3
t(s)
(b)Speed response curve

Figure 7. Comparison of the control performance of different controllers under working condition 3.

016 —PID
044 : --FSMC
nFSMCR

t(s)
(a)Power angle response curve
—PID

--FSMC
nFSMCR

t(s)

(b)Speed response curve
Figure 8. Comparison of the control performance of different controllers under working condition 4.
As shown in Figure 8, nFSMCR has the shortest stabilization time (2.39s) and can stabilize the

power Angle and frequency of the system with less fluctuation period,indicating that under working
condition 4,the hydropower unit using nFSMCR controller has a better dynamic response process.
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By comprehensive comparison of the control performance of each controller under different
load conditions,it can be seen that although the stability time of the nFSMCR controller is the longest
under 30% rated load,it ensures that the system power Angle will not overshoot too much.At 70% and
90% rated loads,nFSMCR controller shows certain advantages in speed and power angle oscillation
suppression.

The output changes of FSMC controller and nFSMCR controller under different load conditions
are compared,as shown in Figure 9.

3 35 4 45

©

(a)working condition 1

- FSMC
nFSMCR

23
t(s)

©

(d)working condition 4

Figure 9. Controller output comparison.

The Sliding mode controller designed by combining sliding mode control theory and Fuzzy
inference system can effectively improve the quality of controller regulation, reduce the occurrence
probability of low-frequency oscillation,improve the control performance of the system, and enhance
the adaptability of the controller.

Especially,we can see from Figure 9, the two fuzzy sliding mode controllers do not appear
obvious chattering phenomenon under various working conditions.At the same time,it can also be
seen from the figure that compared with the FSMC controller,the nFSMCR controller has a larger
output at the initial stage of negative disturbance,and can quickly become stable at the later stage of
disturbance,which means that compared with the FSMC controller,nFSMCR controller can provide
better external disturbance suppression ability and better dynamic response process.
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Based on the above simulation experiments and analysis and discussion,the advantages of
nFSMCR controller compared with conventional PID and conventional fuzzy sliding mode controller
can be summarized: when the system has power disturbance,nFSMCR controller can effectively reduce
the overshoot of power Angle,improve the attenuation speed of system oscillation,and then suppress
the possibility of low-frequency oscillation.

In order to solve the limitation of the regulation range of conventional reaching law and effectively
improve the stability characteristics of HL240-L]-140 hydraulic turbine under different load conditions,
by dynamically adapting the variable speed reaching law of system output and operating point state,
based on the premise of HTRS in working conditions 1, 2, 3 and 4.In addition,when the load conditions
of the system change,even if the control parameters are not adjusted, the controller can also ensure a
good control effect,with strong robustness.

5. CONCLUSIONS

Based on the stability characteristics of HTRS under different working conditions,combined with
sliding mode control theory and fuzzy inference system,a suitable fuzzy sliding mode controller
is designed.In order to improve the control quality of the controller and reduce the probability of
low-frequency oscillation of the system,according to the characteristics of the established model and
the actual operation requirements,the electrical characteristics are introduced into the sliding mode
surface design,so that the controller can obtain more dynamic information of the system,optimize the
regulation process,and improve the control performance of the system.At the same time,in order to
solve the limitation of the regulation range of the conventional reaching law,a variable speed reaching
law which can dynamically adapt to the output and operating point state of the system is designed
to enhance the adaptive ability of the controller.The robustness of the proposed control strategy is
verified by constructing Lyapunov function.Finally,under different load condition by simulation of
the disturbance of power system,at the same time with conventional PID and control effect of the size
paste sliding mode controller is compared,the results show that the designed controller has better angle
overshoot and system oscillation suppression ability,and the change of working condition of the system
has good adaptability,it has certain reference value to ensure the stable operation of hydropower units
and restrain the low frequency oscillation of power system.
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NOMENCLATURE

HTRS Hydro-turbine regulating system.
FSMC  Fuzzy sliding mode controller.

nFSMC  Improved fuzzy sliding mode controller.
PID Proportion Integration Differentiation.
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