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Abstract: High levels of photovoltaic generation reduce water consumption in an isolated hydroelectric system,
but the net-load ramps produced are challenging in reconciling fixed governor gains with hydraulic lag, wicket-
gate limits, and low system inertia. A bounded fuzzy-supervised proportional-integral-derivative (FSPID)
governor is proposed in this paper. The underlying PID law includes derivative filtering, conditional anti-
windup, and explicit gate saturation. The proportional, integral, and derivative gains are scheduled by fuzzy
inference from normalized frequency error and filtered error rate. A nonlinear reduced order hydro-PV model
is compared to PI, fixed PID and a direct fuzzy-PID baseline. Four 120-s cases are presented with deterministic
load and irradiance steps, stochastic load-solar variation, severe parameter sensitive ramps and a PV outage
with load growth. A 30 run Monte Carlo test is also performed varying the inertia, turbine time constant, load
damping and measurement noise. In all the deterministic cases, the proposed controller provides the minimum
IAE, ISE, ITSE, ITAE and peak frequency deviation. The mean ITAE for parameter-uncertainty study is 134.86.
PI, PID and fuzzy-PID are 189.57, 151.60, 149.34, respectively. The results support bounded fuzzy gain
supervision as a feasible improvement to the conventional hydro governor. The conclusions are specific to the
model and the uncertainty domain.
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L. INTRODUCTION

Frequency regulation becomes ruthless when a local grid is disconnected from a large interconnected
system. The synchronous hydropower generator must then balance demand, PV injection and its own hydraulic
constraints with little external inertial support. Field tests performed on an isolated power plant have shown that
the governor stability is very sensitive to the PID tuning [1]. A similar conclusion can be made for studies of
hydro-supported renewable islands, where the controllable hydro unit takes most of the power mismatch caused
by weather dependent generation and the dynamics of the waterway have a strong influence on the amount of
bandwidth that can be obtained [2].

Three directions have been followed in recent load-frequency-control research. The first one improves
the tuning of PID-type regulators for islanded microgrids [3]-[4]. The latter are fuzzy, fractional-order or
adaptive layers which compensate the variation of operating-point [5]-[11]. The third approach is based on
robust, predictive, reinforcement learning or metaheuristic control for nonlinear hydro and renewable rich
systems [12]-[22]. Since 2022 reviews agree that it is better to analyze renewable variability, less inertia,
practical non-linearities and uncertainty in combination instead of relying on a single nominal load step [23],
[24].

More discussion is needed about hydro-PV systems. A hydropower unit can change the mechanical
power rapidly but the wicket gate, water column and turbine do not respond instantaneously. Fast gain selection
can excite an adverse mode of the waterway. Long tail of frequency for conservative gains. Hence, the recent
studies on hydro-governors were focused on the nonlinear robust control, governor optimization, sliding modes,
internal-model control, and fuzzy PID adaptation [14]-[22], [25]-[32]. In 2024, a hydro-PV study showed the
value of data-driven optimal control, but with a different structure and training requirements for an industrial
PID governor [33]. More recent work on adaptive hydro PID, generalized-inverse internal-model control,
hydro-wind-solar-storage regulation and fuzzy control of isolated renewable systems confirms the move to
bounded online adaptation [34]-[37].

Here the filled gap is narrower and practical. Many intelligent LFC papers provide a single objective
index, do not allow unequal actuator authority across controllers, or do not provide code to reproduce their
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plots. Some fuzzy-PID schemes directly output the actuator command, which obscures the relation with existing
governor protection logic. But in the present design the fuzzy logic is used only as a bounded gain supervisor.
The PID core, the saturation, the derivative filter, and the conditional integrator are still visible. The comparison
is done on equal footing, PI, PID, fuzzy-PID and FSPID are provided with the same measurements, limits,
sampling interval, disturbances, and initial states.

There are four contributions in this paper. First, a compact nonlinear hydro-PV frequency model is
developed, which includes explicit power balance, turbine lag, nonlinear hydraulic loss and gate limits. Second,
it establishes a two-input supervisor, with analytically bounded proportional, integral and derivative gains.
Third, it has an uncertainty study with 30 runs and four disturbance cases which are evaluated with peak
frequency deviation, IAE, ISE, ITSE and ITAE. Finally, a flowchart for application of the MATLAB software
for the simulation is provided. The claims are purposely narrow because the study defines comparative
performance within the modeled envelope, not universal plant-level stability.

II. MATHEMATICAL MODEL AND TEST SYSTEM

A. Hydro-PV isolated-grid structure

The considered architecture is shown in Figure 1. The speed reference signal is compared with the
measured frequency of the generator. The obtained error is fed to the Fuzzy gain supervisor, and constrained
PID law. The feedback path begins at the measured-frequency output node and feeds back to the summing
junction (not connected to the PV or load branches) with straight orthogonal segments. PV power and load
demand are exogenous terms in the generator-load balance.

PV array Load
y
PID controller, Sapviand
S_pccd Fuzzy gain derivative filter, \;vickel-cale Hydraulic Generator—load Af
reference supervisor and anti-windup actu‘at%r turbine dynamics

Fig. 1. Corrected closed-loop architecture of the isolated hydro-PV system.

The instantaneous active-power mismatch and the per-unit swing relation are given by (1) and (2), respectively.
AP(t) = PBp(t) + Py (8) — P(t) M
dAf(t 2
2H c]lct( ) = AP(t) — DAf(t) S
Turbine mechanical power, PV injection, load demand, aggregate inertia, load damping, and frequency
deviation are the terms used in (1) and (2), respectively. The generator accelerates when there is a positive
power mismatch. The MATLAB implementation maintains this sign convention.

B. Servo, turbine, and PV representations

The wicket-gate servo and reduced nonlinear turbine are described by (3) and (4). The saturation operator
enforces the same physical opening limits for every controller.

: 3

I );l(tt) +y(6) = satpy, i [W(O)] 3)
dP,

Tt % = Y(£) = B (t) = knPn ()| P (£)) )

The final nonlinear term in (4) is a compact representation of operating-point-dependent hydraulic loss. It is not
a substitute for an elastic water-hammer model. PV power follows (5); in the numerical tests, irradiance is
imposed directly so that every controller experiences an identical renewable-power trajectory.

G(t) Q)
Ppy(t) = Ppy < [1+yr(T(6) — T,)]
r
The parameters used throughout the study are collected in Table 1. Table 1 is also the single source of nominal

values used in the simulation process executed in MATLAB software.
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Table 1. Nominal model and simulation parameters

Quantity Symbol Value Unit
Inertia constant H 3.50 s
Load damping D 1.10 p.u./p.u.
Servo time constant T 0.28 S
Turbine time constant T, 1.35 s
Hydraulic-loss coefficient kn 0.08 p.u.—1
Rated PV injection Ppy, 0.22 p.u.
Gate limits Uminy Umax 0.08, 0.95 p.u.
Derivative-filter constant Tr 0.08 s
Integration step At 0.01 S

Table 2 positions the model against recent work. The purpose is not to claim a higher-fidelity waterway
representation than specialized hydro models. Rather, the proposed benchmark adds reproducible uncertainty
and multi-event evaluation to a transparent governor structure.

Table 2. Control-oriented relationship to recent studies

Study group Representative refs. Main strength Gap addressed here
Islanded PID/fuzzy LFC [3]-[11] Simple or adaptive frequency control Common limits and four integral indices
Nonlinear hydro control [12]-[22], [25]-[30] Detailed robustness or optimization Transparent bounded PID supervision
Hydro-PV optimal control [31] Data-driven optimal policy Industrial PID-compatible architecture
Recent LFC reviews [23], [24] Broad method taxonomy Fully reproducible hydro-PV cases

III. BOUNDED FUZZY-SUPERVISED PID

A. PID core and supervisory inputs
The error and its filtered rate are defined in (6). Filtering is essential because an unfiltered derivative would

convert measurement noise into rapid gate motion.

des(t) | .
e = frer O, T,EZ 480 = e

The unconstrained and constrained controller outputs follow (7) and (8). Conditional integration stops the
integral state when saturation and the error sign would push the command farther outside the admissible
interval.

(6)

‘ (7
Up(t) = Ueq + Kp(te(t) + K; (t)f e (t)dr
0
+ Kq(t)ér (6)
u(t) = Satpy oo umad [uo (0] (®)

B. Fuzzy interpolation and gain bounds

Normalized supervisor inputs are given by (9). Low, medium, and high triangular membership functions are
used. Their centroid-equivalent interpolation is summarized by q in (10), followed by the scheduled gains in

(11).

e, = min(1,Klel),  d, = min(1,K”|é|) ©)
q = 0.62e, + 0.38d, (10)
K, = K,0(0.88 + 0.62¢), (11)

K; = K;p(1.22 — 0.62q),

K; = K40(0.75 4+ 0.90d,,)
Equation (11) puts an explicit limit on each scheduled gain in terms of its nominal value. Therefore, fuzzy
inference cannot get around the declared gain box. Table 3 illustrates the linguistic intent The error rate is high,
thus the derivative action increases. When the error itself is large, proportional action increases, and integral
action is reduced. Authority integral is recovered near the equilibrium.
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The online sequence is shown in Fig. 2. As shown, Fig. 2 distinguishes the inference step from the PID action,
actuator constraints, plant integration, and index accumulation. This separation is important for implementation
and for later code verification.

Initialize controller gains and bounds; reset filter,
plant states, time, and performance indices

v

Sample f{k); compute e(4) and the filtered error rate

é(k) nll

v

Normalize both inputs; evaluate triangular membership
functions and rule-firing strengths

v

Defuzzify and constrain K (k), Ki(k), and Ky(kj

v

Compulte the filtered PID action; apply conditional anti-windup,
gale saturation, and the gate-rate limit

v

Integrate the hydro—PV plant states; update time and the
IAE, ISE, ITSE, and ITAE indices

v

Store the updated indices, trajectories, tables, and plots

Continue simulation?

Fig. 2. Online implementation sequence of the proposed FSPID governor.

Table 3. Linguistic rule intent of the gain supervisor

Error level Filtered-rate level Proportional correction Integral correction Derivative correction ‘
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Error level Filtered-rate level Proportional correction Integral correction Derivative correction
Low Low Low High Low
Low High Medium Medium High
Medium Low Medium Medium Medium
Medium High High Low High
High Low High Low Medium
High High High Low High

For each frozen gain triple, local linearized stability can be checked from the closed-loop eigenvalues. Because
the supervisor is time varying and the plant contains saturation, that frozen-gain test alone is not a global proof.
This paper therefore avoids a global asymptotic-stability claim. The uncertainty results in Section IV support
practical robustness only for the parameter box and disturbances explicitly tested.

A. Cases, controller settings, and indices

IV. SIMULATION RESULTS AND DISCUSSION

Four cases are used. Their definitions appear in Table 4, and their actual load and PV trajectories are plotted in
Fig. 3. This pairing prevents a vague description such as “random disturbance” from concealing the applied
signal. Case 1 preserves the original load/PV sequence. Case 2 introduces reproducible stochastic variations.
Case 3 combines deeper solar ramps with larger demand steps. Case 4 removes PV completely and
simultaneously raises demand before partial solar recovery.

Table 4. Simulation cases applied identically to all controllers

Case Load disturbance PV/irradiance disturbance Purpose
1 +0.10 at 20 s; —0.06 at 55 s; +0.08 at 85 s —45% at 38-52's; —25% at 75-92 s Nominal multi-event test
2 Step, sinusoid, and filtered random component Bounded filtered random irradiance Continuous variability
3 +0.12 at 25 s; —0.08 at 70 s; +0.10 at 95 s —55% at 42-68 s; —30% at 88-108 s Severe ramps
4 +0.15 at 30 s; +0.08 at 72 s PV trip at 40 s; 70% recovery at 78 s Generation contingency

Table 5. Controller settings used in every case
Controller Proportional Integral Derivative Adaptation

PI 1.15 0.32 0 None

PID 1.45 0.42 0.20 None

Fuzzy-PID 1.45 0.42 0.20 Single activation surface

Proposed FSPID 1.75 0.40 0.30 Bounded two-input surface
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Fig. 3. Load and PV trajectories used in the four simulation cases.

The nominal settings in Table 5 were selected once and then held fixed. Table 5 also shows that the proposed
controller is not given a different actuator model or sampling rate.

Performance is assessed by (12) and (13). IAE measures total absolute deviation; ISE emphasizes large peaks;
ITSE penalizes large errors that persist late; ITAE highlights long-lived absolute error. Percentage improvement
is computed with (14), not by reading approximate values from plots.

T T
IAE=f le(t)| dt, ISE =f e? (t)dt
0 0

T T (13)
ITSE :f te?(t)dt, ITAE:j tle(®)|dt
0 0

(12)

(14)

Pj _ 1OO]j,base _]j,FSPID (%)’

]j,base

WwWw.irjes.com 123 | Page



Fuzzy-Supervised PID Speed Regulation of a Hydropower Generator in an Isolated ..

j € {IAE, ISE, ITSE, ITAE}

B. Frequency and control responses

The frequency trajectories are shown in Fig. 4. FSPID has the lowest peak and the fastest damping in all cases.
The advantage is small in the continuously varying Case 2 which is scientifically plausible: no controller can
force the frequency to zero while net power is continuously wandering without additional storage or PV reserve.
In Cases 3 and 4 the advantage becomes more clear, where the supervisor increases proportional and derivative
authority at the disturbance edges and reduces integral accumulation during saturation-prone intervals.
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Fig. 4. Frequency deviation for PI, PID, fuzzy-PID, and proposed FSPID in Cases 1-4.

Figure 5 examines the severe contingency in more detail. The gate remains within 0.08-0.95 p.u. for all
controllers. The scheduled gains change smoothly rather than switching between discrete values. Hence, the
smaller frequency excursion is not obtained by exceeding the common actuator range.
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Fig. 5. Gate commands and scheduled FSPID gains in the PV-outage case.

C. Integral indices and uncertainty assessment

Table 6 reports the complete numerical results. The proposed method is lowest in all five measures for all four
cases. For example, in Case 3 its ITAE is 132.74, compared with 186.63 for PI, 149.10 for PID, and 146.99 for
fuzzy-PID. In Case 4, the corresponding values are 88.47, 116.59, 96.35, and 95.21. These are not isolated
improvements in peak value; IAE, ISE, and ITSE move in the same direction.

Table 6. Numerical performance for all cases

Case Controller TIAE ISE ITSE ITAE Peak |Af]
1 PI 1.9918 0.05820 3.3372 115.59 0.05803
PID 1.6225 0.04146 2.3382 94.00 0.05288

Fuzzy-PID 1.6061 0.04030 2.2695 92.74 0.05065

FSPID 1.4734 0.03474 1.9389 84.76 0.04738

2 PI 2.0279 0.05141 3.2698 127.56 0.05183
PID 1.9081 0.04478 2.9741 123.19 0.04858

Fuzzy-PID 1.8736 0.04314 2.8394 120.41 0.04782

FSPID 1.8391 0.04085 2.7254 118.98 0.04691

3 PI 2.6417 0.10125 7.3390 186.63 0.07437
PID 2.1127 0.06920 4.9468 149.10 0.06585

Fuzzy-PID 2.0917 0.06603 4.6977 146.99 0.06167

FSPID 1.9017 0.05491 3.8625 132.74 0.05571

4 PI 2.2025 0.10660 5.1623 116.59 0.09328
PID 1.8189 0.07330 3.5843 96.35 0.07763

Fuzzy-PID 1.8187 0.07503 3.6452 95.21 0.07901

FSPID 1.6972 0.06637 3.2287 88.47 0.07444
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Figure 6 normalizes the same values by the PI result in each case. It makes the cross-case pattern visible without
hiding the absolute numbers given in Table 6. FSPID reduces the Case | indices by 26.0%, 40.3%, 41.9%, and
26.7% relative to PI. Under the PV outage of Case 4, the reductions are 22.9%, 37.7%, 37.5%, and 24.1%.

Case 1 Case 2
1F 1F
5 0.8 5 0.8
el el
g R
2 0.6 206
N N
= =
g04f E04F
o o
Z Z
0.2 02F
0 0
IAE ISE ITSE ITAE IAE ISE ITSE ITAE

Case 3 Case 4

Normalized index
Normalized index

IAE ISE ITSE ITAE TIAE ISE ITSE ITAE

|_ PI I PID [ Fuzzy-PID B Proposed FSPID |
Fig. 6. IAE, ISE, ITSE, and ITAE normalized by the PI result in each case.

For the Monte Carlo experiment, the parameter vector and its uncertainty box are defined in (15). Thirty runs
also include frequency-measurement noise with a standard deviation of 2x10—4 p.u. The same sampled plant is
used for all four controllers within a run.
0=[HT D], (15)
0 € [0.8,1.2]H, x [0.8,1.25]T;, x [0.85,1.15]D,

Table 7 summarizes the distribution, while Fig. 7 shows the complete ITAE spread. FSPID lowers mean ITAE
by 28.9% relative to PI, 11.0% relative to fixed PID, and 9.7% relative to fuzzy-PID. Its standard deviation is
also the smallest. The boxplot does not prove robustness outside the sampled domain, but it shows that the
nominal ranking is not destroyed by moderate model uncertainty.

Table 7. Thirty-run uncertainty results for Case 3

Controller Mean ITAE Std. ITAE Mean peak |Af]
PI 189.572 10.069 0.07429
PID 151.596 8.289 0.06565
Fuzzy-PID 149.340 7.565 0.06154
Proposed FSPID 134.860 6.748 0.05553
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Fig. 7. ITAE distribution over 30 parameter-uncertainty and measurement-noise runs.

D. Interpretation and limitations

The results show where fuzzy supervision is helpful. Large error and error-rate combinations are
contained in step changes, deep irradiance ramps, and PV loss. During these intervals the supervisor increases
proportional and derivative action while moderating integral action. Integral authority returns when the
disturbance edge has passed. This sequence reduces the first excursion and the late error tail. A direct fuzzy-PID
with only one activation variable is not able to separate these phases as much, this is the reason of the less
improvement when compared to the fixed PID.

The model is intentionally simple. It does not include elastic water-hammer waves, cavitation,
backlash, turbine-efficiency maps, penstock resonance, converter current limits, sensor delay, communication
loss, The 30-run study varies only inertia, turbine time constant, load damping and measurement noise. The
paper is therefore not claimed to be ready for immediate commissioning. A credible next step would be to
identify plant parameters, embed the proposed law in a high-fidelity waterway model, verify worst case gate
rate and pressure rise, and proceed thru processor-in-the-loop, hardware-in-the-loop, and staged isolated-
operation tests. Appropriate higher-fidelity comparators for that stage are provided by recent nonlinear hydro
studies [18]-[22], [25]-[30].

V. CONCLUSION

In this paper, a bounded fuzzy-supervised PID governor for an isolated hydro-PV system is proposed.
The approach modifies the three PID gains on-line, but retains the engineering structure required for
implementation: filtered derivative, conditional anti-windup, gate saturation and explicit gain limits. The
assessment is performed for 4 disturbance cases and 30 uncertain plant realizations. The proposed method has
the lowest IAE, ISE, ITSE, ITAE and peak frequency deviation in all deterministic cases compared with PI,
fixed PID and direct fuzzy-PID. It also keeps the minimum value of ITAE mean and standard deviation under
parameter uncertainty and measurement noise. The improvement is thus consistent and not related to a
favorable load step. Future work will include elastic waterway dynamics, rate limits, inverter frequency support,
formal switched/nonlinear stability analysis, and real-time experimental validation.
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  𝛥 P  ( t ) =   P  m  ( t ) +   P  P V  ( t ) −   P  L  ( t )


  2 H   d 𝛥 f  ( t )  d t = 𝛥 P  ( t ) − D 𝛥 f  ( t )


    T  s   d y  ( t )  d t + y  ( t ) =  sat   [   y min ,   y max ] ​  [ u  ( t ) ]


    T  t   d   P  m  ( t )  d t = y  ( t ) −   P  m  ( t ) −   k  n   P  m  ( t )  |   P  m  ( t ) |


    P  P V  ( t ) =   P  P V , r     G  ( t )    G  r  [ 1 +   𝛾  T  (   T  c  ( t ) −   T  r ) ]


  e  ( t ) =   f  r e f − f  ( t ) ,       T  f   d     e .  f  ( t )  d t +     e .  f  ( t ) =   e .  ( t )


    u 0  ( t ) =   u  e q +   K  p  ( t ) e  ( t ) +   K  i  ( t )   ∫ 0  t  e  ( 𝜏 ) d 𝜏 +   K  d  ( t )     e .  f  ( t )


  u  ( t ) =  sat   [   u min ,   u max ] ​  [   u 0  ( t ) ]


    e  n = min ​  ( 1 ,   K  e  | e | ) ,       d  n = min ​  ( 1 ,   K  d   ( n )  |     e .  f | )


  q = 0 . 62   e  n + 0 . 38   d  n


    K  p =   K  p 0  ( 0 . 88 + 0 . 62 q ) ,  


    K  i =   K  i 0  ( 1 . 22 − 0 . 62 q ) ,  


    K  i =   K  i 0  ( 1 . 22 − 0 . 62 q ) ,  


    K  d =   K  d 0  ( 0 . 75 + 0 . 90   d  n )


    K  d =   K  d 0  ( 0 . 75 + 0 . 90   d  n )


  IAE =   ∫ 0  T   | e  ( t ) | d t ,     ISE =   ∫ 0  T    e 2  ( t ) d t


  ITSE =   ∫ 0  T  t   e 2  ( t ) d t ,     ITAE =   ∫ 0  T  t  | e  ( t ) | d t


    𝜌  j = 100     J  j , base −   J  j , FSPID    J  j , base    ( % ) ,    


  j ∈ { IAE , ISE , ITSE , ITAE }


  𝛉 =    [ H     T  t   D ]  𝖳 ,    


  𝛉 ∈  [ 0 . 8 , 1 . 2 ]   H 0 ×  [ 0 . 8 , 1 . 25 ]   T  t 0 ×  [ 0 . 85 , 1 . 15 ]   D 0


  𝛉 ∈  [ 0 . 8 , 1 . 2 ]   H 0 ×  [ 0 . 8 , 1 . 25 ]   T  t 0 ×  [ 0 . 85 , 1 . 15 ]   D 0

