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ABSTRACT: This paper presents a robust speed-control strategy for a single-area small hydropower plant
under load-frequency regulation. A reduced-order governor-turbine-generator model is formulated with
frequency deviation, guide-vane position, mechanical power and integral-frequency states. To overcome the
slow recovery and residual steady-state error of conventional droop, PI and PID governors, a continuous
integral sliding-mode controller is developed with a boundary-layer hyperbolic tangent function and practical
gate saturation. The proposed method is evaluated in MATLAB under three sequential load disturbances and
under £20% hydropower parameter variations. Comparative simulations show that the proposed sliding-mode
controller gives the smallest peak frequency deviation, IAE, ISE, ITAE and final-step settling time. Relative to
the PID governor, the proposed method reduces the IAE by approximately 74.8% and the final-step settling time
by approximately 72.5%, while keeping the guide-vane command bounded and smooth. The results confirm that
the proposed controller is a simple, reproducible and robust candidate for speed regulation of isolated or weak-
grid small hydropower units.

Keywords: small hydropower plant; load-frequency control; speed governor; sliding mode control; single-area
power system; MATLAB simulation.
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NOMENCLATURE
Symbol Description Unit
A B,E State, control-input and disturbance matrices compatible state-space units
D Load damping coefficient p-u./Hz
Af Frequency deviation Hz
AP, Load-power disturbance p-u
AP, Mechanical power deviation p.u.
Axg Governor/guide-vane position deviation p.u.
M Equivalent inertia constant p-u.-s/Hz
S Sliding variable controller-dependent
Tg, Tt Governor and turbine time constants s
u Control input or guide-vane command p-u
vA Integral of frequency deviation Hz's
@ Boundary-layer thickness same as s
IAE, ISE, ITAE Integral performance indices IAE: Hz's; ISE: Hz*'s; ITAE: Hz's?
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I. INTRODUCTION

Small hydropower plants are increasingly deployed for rural electrification, local renewable generation
and distribution-level support. In isolated or weak-grid operation, the plant must rapidly balance mechanical
power and load demand to preserve frequency quality. The dynamic behavior of a hydropower governor is
strongly affected by water inertia, gate limits and turbine lag; therefore, speed regulation cannot be evaluated
only by steady-state droop performance. The hydropower modelling and control background reported in [1]-[8]
shows that even simplified benchmark models are useful for controller screening before detailed nonlinear
studies.

Classical load-frequency control (LFC) methods include droop governors, integral controllers, PID-
based regulators, fuzzy controllers and metaheuristic tuning [1]-[6], [24]-[32]. These methods are attractive
because they are easy to tune and implement. However, their closed-loop performance may degrade when the
hydropower parameters vary, when several load steps occur in a short time, or when gate saturation limits the
available control action. The problem is more critical in small hydropower systems because the equivalent
inertia can be low and the plant may operate far from a strong interconnected grid.

Sliding mode control (SMC) provides a direct robustness mechanism against bounded disturbances and
parameter uncertainty [9]-[15]. Recent studies on hydro-turbine governing systems and hydraulic generator
regulating systems have investigated integral SMC, terminal SMC, fuzzy SMC and disturbance-observer-based
SMC [16]-[23]. These studies demonstrate the potential of SMC, but many formulations are nonlinear, high-
order or difficult to reproduce in a compact MATLAB benchmark for single-area small hydropower speed
regulation.

The research gaps addressed in this paper are: (i) a lack of concise single-area small hydropower
studies where droop-P, PI, PID and SMC are compared under identical saturation and disturbance conditions;
(i1) insufficient presentation of editable scientific equations and reproducible simulation code for the governor-
turbine-generator benchmark; and (iii) limited discussion of robustness under simultaneous parameter variations
in small hydropower speed-control applications.

The main contributions are as follows. First, a compact state-space model is formulated for a single-
area small hydropower speed-control system with an integral frequency state. Second, a continuous integral
SMC law is developed using a smooth boundary-layer function to reduce chattering. Third, a reproducible
MATLAB all-in-one simulation is provided to compare droop-P, PI, PID and SMC controllers under the same
load profile and gate saturation. Fourth, high-resolution figures and quantitative indices are used to show that
the proposed SMC provides the best overall dynamic performance in the tested scenarios.

II. CONTROL METHODOLOGY
A. Single-area small hydropower model
Fig. 1 shows the considered speed-control and LFC structure. The model retains the dominant generator-
load swing, servo-governor and hydraulic turbine dynamics. The generator-load frequency dynamics are given

by Eq. (1).

ML = AP, (t) — DAF(t) — AP (1) )
The simplified servo-governor and turbine dynamics are expressed by Egs. (2) and (3), respectively.
ddxq(t)
T, d‘i = —Axg(t) + u(t) )
T, ‘“";—’:“) = —AP, (1) + Ax,(t) 3)

To guarantee zero steady-state frequency error after load changes, the integral state is introduced in Eq. (4).
The complete state vector is defined in Eq. (5).

0 = 4f () ()

dac

T
x() = [Af(®) Axg(D) AP, (1) z(D)] (5)
Using Eqgs. (1)-(5), the state-space form used in the simulations is written as Eq. (6), with matrices A, B and

E defined in Eq. (7).

%(t) = Ax(t) + Bu(t) + EAP,(¢) (6)
-D/M 0 1/M 0 0 —-1/M
a| O w10 of o Tl | o e
0 1/T, -1T, © 0 0
1 0 0 0 0 0

The simulation imposes the practical gate saturation Umin < U < Umax and uses the three-step load disturbance
defined later in Eq. (14).
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Fig. 1. Single-area small hydropower speed-control and load-frequency regulation structure

B. Baseline controllers
The droop-P, PI and PID controllers in Eq. (8) are implemented as baseline governors. The derivative term
in the PID controller is computed from the model-based frequency derivative to avoid noisy numerical
differentiation. All controllers use the same saturation limits.
up(t) = —KpAf(t),
up(t) = —KpAf (t) — K;z(¢), (8)

dAf(t
up;p(t) = —KpAf(t) — K;z(t) — Kp dft( )-

C. Proposed continuous integral sliding-mode controller
The proposed controller uses the sliding surface in Eq. (9). Unlike a pure frequency-error surface, Eq. (9)
includes the integral state, guide-vane state and turbine mechanical-power state; therefore, it reflects the internal
hydropower dynamics instead of reacting only to the measured frequency deviation.
s(t) = cpAf(t) + c,z(t) + cghdxy(£) + cn APy (1) 9)
The continuous sliding-mode command is selected as Eq. (10). The hyperbolic tangent term approximates
the discontinuous sign function inside a boundary layer with thickness @. This choice preserves robustness while
avoiding severe chattering in the guide-vane command.
we(t) = —kyAf (6) = kiz(8) = kg (£) = kmAPn () = Kstanh (532) (10)
u(t) = Sat[umin‘umax] (uc (t)) (1 1)
For the standard reaching analysis, the Lyapunov candidate in Eq. (12) is used. If the lumped matched
uncertainty in the sliding dynamics is bounded and the switching gain is sufficiently large, the inequality in Eq.
(13) holds outside the boundary layer.
V(t) =>s2(t) (12)
V(@) =s@®)s) < —nls®),  n>0 (13)
Therefore, s(t) reaches a small neighborhood of zero and the frequency error is driven to a bounded
neighborhood whose size depends on ¢. This practical stability property is appropriate for small hydropower

speed regulation, where smooth guide-vane movement and bounded actuation are required. Fig. 2 summarizes
the algorithm implemented in MATLAB.
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Generate continuous SMC command
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U = SA [y, ] (Ue)
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Fig. 2. Flowchart of the proposed sliding-mode speed-control algorithm

Table 1. Nominal parameters of the single-area small hydropower benchmark

Parameter Value

Equivalent inertia M 8.0 p.u.s

Load damping D 1.2 p.u./p.u.
Governor time constant T, 0.25s

Turbine time constant T; 1.10 s

Gate saturation -0.35<u<0.35p.u.
Simulation time 180 s

Sampling step 0.01s

D. Disturbance profile and performance indices
The disturbance scenario consists of three load variations given in Eq. (14). This profile is selected to test
the controller under an initial load increase, a second load increase and a later load release.
AP, (t) = 0.05H(t —2) + 0.03H(t — 60) — 0.025H(t — 120) (14)
The quantitative indices used for controller comparison are defined in Eq. (15). The final-step settling time
is measured after t = 120 s using the +0.001 p.u. tolerance band.

IAE = [J1Af(t)] dt, ISE = [] Af?(t)dt,

ITAE = [J t|Af(©)ldt, ], = foTld:Ll(tt)| dt.

Table 1 lists the nominal benchmark parameters. These values are used to execute numerical simulations in
MATLAB to verify the effectiveness of the proposed control strategy.

(15)

II1. SIMULATION RESULTS
The comparative simulations were performed with the same plant parameters, disturbance profile and
gate saturation. The only difference among cases is the controller structure. Thus, Figs. 3-8 and Table 2 provide
a fair comparison of droop-P, PI, PID and the proposed SMC.
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Fig. 3. Frequency response under three-step load disturbance
Fig. 3 shows that the droop-P controller cannot remove the steady-state error after sequential load

changes. PI and PID controllers recover the frequency but exhibit larger deviations and slower damping. The
proposed SMC gives the smallest frequency excursion and restores the frequency rapidly after each disturbance.
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Fig. 4. Zoomed response after the final load variation
Fig. 4 focuses on the final load release at t = 120 s. The proposed SMC enters the £0.001 p.u. tolerance

band in 7.59 s, whereas PID and PI require 27.63 s and 35.65 s, respectively. Droop-P does not satisfy the zero
steady-state-error requirement.
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Fig. 5. Governor gate command generated by the compared controllers
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Fig. 6. Normalized performance comparison
Fig. 5 confirms that the SMC command remains within the same saturation limits used by the other
controllers. The tanh boundary layer eliminates the high-frequency switching associated with an ideal sign

function and produces a smooth guide-vane command.

Table 2. Quantitative comparison of the studied controllers

Controller Peak |Af] (p.u.) | Peak |Afl (Hz) | IAE ISE ITAE Settling (s)
Droop-P 0.029646 1.4823 4.029052 0.096007 377.4482 not settled
PI 0.014020 0.7010 0.571396 0.003653 35.6287 35.65

PID 0.012285 0.6143 0.416621 0.002321 25.0763 27.63
Proposed SMC | 0.008975 0.4488 0.104770 0.000510 5.3551 7.59

Table 2 demonstrates that the proposed SMC provides the best values for all frequency-regulation
indices. Compared with the PID controller, the SMC reduces the peak frequency deviation by 26.9%, the IAE
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by 74.9% and the final-step settling time by 72.5%. These improvements indicate that the proposed controller
enhances both transient damping and post-disturbance recovery.

The normalized chart in Fig. 6 visually confirms the quantitative results in Table 2. The proposed SMC
has the smallest normalized peak error, IAE, ITAE and settling time. This means that the improvement is not
limited to a single metric.
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Fig. 7. Robustness check for £20% hydropower parameter variations

Fig. 7 evaluates robustness when M, D, T g and T t are varied simultaneously around their nominal
values. The SMC envelope is narrower than the PID envelope, and its nominal response decays faster after each
load change. This behavior is consistent with the reaching property in Eq. (13).
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Fig. 8. Sliding-surface convergence of the proposed SMC
Fig. 8 shows that the sliding surface returns to the neighborhood of zero after each disturbance. This

result supports the theoretical reaching analysis and explains the fast frequency recovery observed in Figs. 3 and
4.
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IV. CONCLUSIONS AND FUTURE WORK

A continuous integral sliding-mode speed controller has been developed for a single-area small
hydropower system. The controller uses frequency deviation, integral frequency error, guide-vane position and
mechanical-power deviation in the sliding surface, and it applies a tanh boundary layer to avoid high-frequency
switching of the guide vane.

The MATLAB simulations show that the proposed SMC achieves the best performance among droop-P,
PI, PID and SMC under identical disturbance and saturation conditions. For the selected benchmark, the
proposed SMC obtains a peak frequency deviation of 0.008975 p.u., an IAE of 0.104770 and a final-step settling
time of 7.59 s. Compared with PID, the IAE is reduced by approximately 74.8% and the final-step settling time
by approximately 72.5%.

The robustness study under +20% variations of the hydropower parameters confirms that the SMC
maintains a narrower frequency envelope than PID. Future work should extend the study to nonlinear penstock
dynamics, guide-vane rate limits, field-data-based parameter identification and hardware-in-the-loop
verification.
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    V .  ( t ) = s  ( t )   s .  ( t ) ≤ − 𝜂  | s  ( t ) | ,     𝜂 > 0


  𝛥   P  L  ( t ) = 0 . 05 H  ( t − 2 ) + 0 . 03 H  ( t − 60 ) − 0 . 025 H  ( t − 120 )


     I A E =   ∫ 0  T   | 𝛥 f  ( t ) |   d t ,   I S E =   ∫ 0  T  𝛥   f 2  ( t )   d t ,   I T A E =   ∫ 0  T  t  | 𝛥 f  ( t ) |   d t ,     J  u =   ∫ 0  T   |   d u  ( t )  d t |   d t .

