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Abstract

This paper provides a comprehensive examination of controller design for hydropower systems equipped
with Francis turbines operating in isolated conditions. By employing a mechanistic modelling approach
using differential algebraic equations, the study captures the complex interplay of hydraulic, mechanical,
and electrical subsystems, enabling an in-depth analysis of system dynamics under varying load conditions.
A two-step approach is adopted, where a PID controller is initially designed for a linearized model and
subsequently tested on a nonlinear model, allowing for a systematic evaluation of its performance, in ac-
cordance with the Norwegian Transmission System Operator specifications. The controller design process
emphasizes achieving critical stability margins, meeting industry standards, and addressing the challenges
posed by nonlinear system behaviour. The novelty of this work lies in the use of a recently developed
Francis turbine model, its application to a real-world hydropower plant using realistic parameters, and the
presentation of the controller design from a control engineering perspective. Directions for future work
include exploring optimization-based controller designs, incorporating realistic load profiles, and refining
system model to address complex real-world scenarios.
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1 Introduction

The growing demand for electricity in modern society,
coupled with the need to comply with stricter envi-
ronmental regulations and the depletion of fossil fuel
reserves, is driving a transition toward greater reliance
on sustainable and renewable energy sources Vinod
et al. (2022). Hydropower remains one of the most
reliable and sustainable sources of renewable energy,
contributing significantly to global electricity genera-
tion. With vast potential for hydropower production,
countries such as Nepal and Norway are still facing
challenges in optimizing power generation and ensur-
ing grid stability Gunatilake et al. (2020). As electric-
ity demand continues to grow and power grids become
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more complex, the need for advanced control mecha-
nisms in hydropower systems has become increasingly
important. The dynamic nature of hydropower sys-
tems presents challenges in maintaining stable opera-
tions under varying load conditions Zhao et al. (2023).

The importance of dynamic models in hydropower
systems can not be overstated. It serves as the foun-
dation for understanding system behavior, predicting
performance, and designing effective control strategies.
There has been a growing interest in developing mod-
els of physical processes that closely replicate real world
systems Kishor and Fraile-Ardanuy (2017). Accurate
hydropower system models help to predict power gen-
eration, design control systems, and analyze stability.
Mechanistic models, built upon fundamental physical
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principles, offer a distinct advantage in simulating hy-
pothetical systems Vytvytskyi and Lie (2018). Francis
turbines, which are widely used in medium- to high-
head hydropower plants, lead to complex nonlinear dy-
namics due to interactions between water flow, tur-
bine components, and generator load conditions Cer-
vantes et al. (2024). This necessitates the development
of control-oriented models that can accurately repre-
sent system behavior and facilitate the design of con-
trollers. Here, we illustrate the suitability of the model
by designing a (Proportional Integral Derivative) PID
controller. However, it would be possible to use more
advanced methods such as robust, adaptive, nonlinear,
or predictive control structures. Modeling for control
in hydropower systems, particularly with Francis tur-
bines, involves the formulation of hydraulic, mechani-
cal, and electrical subsystems to develop a holistic rep-
resentation of the plant Brekke (2001).

In some prior work, OpenModelica Fritzson et al.
(2020) has been used to encode dynamic models of
hydropower systems with Francis turbines (Vytvyt-
skyi, 2019), Pandey (2023), Adhikari et al. (2024).
The work of Adhikari et al. (2024) integrated a de-
tailed loss model Zhang (2018) into an existing mech-
anistic model Vytvytskyi and Lie (2018) to improve
turbine performance predictions. The study reported
here extends the model with a rotating aggregate, and
discusses control requirements and design. In a hy-
dropower plant with Francis turbine, guide vanes play
a crucial role in regulating water flow, thereby influenc-
ing power generation and system stability. An electro
hydraulic actuator controls the guide vanes, enabling
rapid response to load variations. The nonlinearities in
the control actuator (guide vanes with pistons) are im-
portant, but are not addressed in the work here. How-
ever, important nonlinearities and losses in the turbine,
friction in pipes, etc., are incorporated in the hydraulic
and mechanical dynamics Shanab et al. (2020).

Several control strategies have been proposed and
applied in hydropower systems, particularly for regu-
lating turbine speed, power output, and grid frequency
LU2 (2025), Ngoma et al. (2025), Hu et al. (2023).
Classical controllers remain widely used due to their
simplicity, ease of use, reliability, and effectiveness in
handling systems with relatively predictable and lin-
ear behaviours Cominos and Munro (2002). In re-
cent years, advanced control approaches such as ro-
bust control, adaptive control, nonlinear control, and
model predictive control (MPC) have been actively ex-
plored to overcome the limitations of classical methods
Pavon et al. (2024). Robust and adaptive controllers,
for instance, are designed to improve disturbance rejec-
tion and maintain stability in the presence of parame-
ter variations. Nonlinear control strategies can better
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capture the complex dynamics of hydropower systems,
while MPC offers the ability to explicitly handle con-
straints and optimize performance over a prediction
horizon Nagode et al. (2022).

Despite the potential benefits of advanced con-
trollers, PID control remains the dominant choice in
many operational hydropower plants due to its well-
understood behaviour, ease of implementation, mini-
mal computational requirements, and compliance with
industry regulations. Consequently, while advanced
techniques are valuable for specialized applications or
challenging operating conditions, classical PID con-
trol serves the industry standard in many operational
hydropower for majority of practical scenarios Chen
(2024).

While the previous work was focused on enhancing
the turbine model, this research focuses on the develop-
ment of PID controllers for regulating turbine speed,
power output, and frequency stability under varying
load conditions. In this study, PID control is chosen
for its practical relevance and ease of integration with
existing systems, while still offering valuable insights
into tuning methodologies and performance trade-offs
for both linear and nonlinear models. The PID con-
troller is tuned to mitigate transient oscillations and
improve dynamic response in accordance to Statnett,
the Norwegian Transmission System Operator (TSO)
requirements Statnett (2024), and ensure reliable grid
operation. By combining a mechanistic model with
classical control techniques, we present a detailed dis-
cussion of model based PID tuning of a load/frequency
controller from a control engineering perspective.

The paper is structured as follows: Section 2 gives a
system description of the hydropower plant model and
the control requirements for the linearized and nonlin-
ear model. Section 3 provides a summary of concepts
used to develop the model, including the intake, pen-
stock, surge tank, a mechanistic model of the Francis
turbine, and aggregate along with an open-loop simula-
tion setup. Section 4 focuses on the controller design,
detailing the implementation and key findings of the
study. Section 5 discusses the insights gained from the
research and finally, Section 6 presents the conclusions
and suggests future avenues to be explored.

2 System description

2.1 Overview of the hydropower plant

The hydroelectric system under study is a high head
hydroelectric plant in Sundsbarm, Norway, which fea-
tures a Francis turbine. A general layout of a hy-
dropower plant is presented in Figure 1. The plant
includes key components such as the intake, penstock,
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Figure 1: Geometrical layout of a hydropower plant.
Adhikari et al. (2024)

surge tank, turbine, discharge race unit, and aggregate.
The waterway geometry parameters are consistent with
those outlined in Adhikari et al. (2024), and detailed
in Table 1. The nominal variables relevant to the op-
eration of the hydropower plant are also provided in
same table. The nominal values are the operational
values at Sundsbarm, using a Francis turbine and a
synchronous generator. Additionally, the turbine’s ge-
ometrical parameters are determined using the design
algorithm described in Vytvytskyi and Lie (2018) and
are summarized in Table 2. The data in Table 2 may
deviate from those of the actual turbine in the Sunds-
barm plant.

Table 1: System parameters including waterway geom-
etry and nominal operational values.

Parameter Value
Reservoir height difference [m] 48
Intake race height difference [m] 23
Intake race length [m)] 6600
Intake race diameter [m] 5.8
Penstock height difference [m] 428.5
Penstock length [m] 600

Penstock diameter [m] 3

Surge tank height difference [m)] 120
Surge tank length [m] 140
Surge tank diameter [m] 3.4
Discharge height difference [m] 0.5
Discharge length [m] 600
Discharge diameter [m] 5.8

Tail water height difference [m] 5

Nominal head [m)] 460
Nominal discharge rate [m?/s] 24.3
Nominal power [MW] 104.4

2.2 Control requirements

Designing an effective controller for the model requires
addressing specific criteria. The following requirements
are crucial for both linear and nonlinear system designs
Statnett (2024).

e Linearized model: For the linearized model at
85% of maximal power production and 2% perma-
nent droop the requirements are as follows:

— Stability margins: Phase margin greater than
25 degrees, gain margin greater than 1.41 (3
dB).

— Maximal peak in tracking from dimensionless
load to dimensionless frequency is 3 dB (0 dB
with a stricter standard).

— Step response for 1% of maximal power can

have maximal deviation in frequency of 1%.

e Nonlinear model: Similarly, for the nonlinear
model, the controller needs to ensure stability dur-
ing power stepping in the following settings with
2% permanent droop .

: 100% — 85% of maximal load
: 85% — 100% of maximal load
: 100% — 50% of maximal load
: 100% — 20% of maximal load

3 Model description

3.1 Hydropower model

The hydropower plant is modelled using differential al-
gebraic equations (DAEs) model of each hydropower
component. Output of the previous component act
as the input for the following component. The over-
all hydropower model is divided into two parts: the
waterway model and the aggregate model which con-
sists of the rotational mass of the combined turbine
and synchronous generator, and is finally connected to
the electric grid. The waterway consists of reservoir,
intake race, manifold, surge tank, penstock, discharge
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race and tail race, while the electro-mechanical subsys-
tem encapsulates the rotating mass of the turbine with
guide angle actuators, and the generator.

As discussed in Adhikari et al. (2024), the dynamic
model of the hydropower system is based on using
(steady state) total mass balance, linear momentum
balance for the water pipes, and (steady state) angular
momentum balance for the turbine. Here, we extend
this model by applying the rotational kinetic energy
balance for the aggregate.

The waterway channel starts at the reservoir and
ends at the tailrace. The complete model of the water-
way unit is discussed in detail in Adhikari et al. (2024).

A Francis turbine is modelled using the angular mo-
mentum balance (Euler equations) !, (Zhang, 2018).
The model for primary losses prevalent in the turbine,
i.e., friction, swirl loss and shock loss are used as in
Adhikari et al. (2024).

The hydropower model discussed in Adhikari et al.
(2024) does not include the aggregate model. Hence,
the aggregate model is added for the control study in
this paper. The aggregate comprises of the turbine and
the synchronous generator. The aggregate rotation is
modelled via the kinetic energy balance and expressed
as:

dK, . .
T Wi — Wi —
ar ts f,
Total kinetic energy K, is given by:

1 1 /2nf\°
7Ja a2:7Ja Eva y
ot =30 (%)

W,. 1)

K, = (2)
where,

Ja: Moment of inertia of the aggregate

wy: Angular velocity of the aggregate

f: System frequency

Np: Number of pole pairs of the synchronous generator

The bearing friction dominates the total friction
losses Wt , in the aggregate rotation and is expressed
as:

Wf,a = kfwaZa (3>

where k¢ is the friction factor in the aggregate bearing
box.

The waterway model is connected to only one ag-
gregate for the grid, limiting the study to an isolated
operation.

3.2 Model validation

The hydropower model is developed using the param-
eters presented in Tables 1 and 2. Its validity is as-

IFrom unpublished notes by B. Lie (2023).
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sessed by comparing turbine shaft power, turbine fric-
tion terms, and turbine efficiency with corresponding
values from the commercial software Alab provided in
Vytvytskyi and Lie (2018). In the absence of exact
actual operational measurement data from the Sunds-
barm plant, validation is performed through visual
comparison of model outputs with the simulation re-
sults reported in Adhikari et al. (2024). While this
approach provides a qualitative indication of consis-
tency, it does not confirm quantitative agreement with
real plant behaviour. Consequently, the practical ap-
plicability of the designed controller cannot be fully
established without empirical validation.

3.3 Open loop simulation

An open loop simulation model of the hydropower sys-
tem is presented in Figure 2. Open loop simulation
represents the system’s behaviour in the absence of
any control mechanism. This allows for the identifica-
tion of system instabilities or performance limitations,
thereby demonstrating the necessity of incorporating a
controller. Figure 2 presents the complete hydropower
model, which includes the surge tank. But for the pur-
pose of analysis, open loop simulations have been car-
ried out for two configurations: with and without the
surge tank.

3.3.1 Step response without controller for small
load changes

An open loop simulation setup was used to evaluate
the system’s response to small step changes of 1%
from nominal load set at 85% of maximum load. The
load was initially maintained at 85% i.e, starting at
steady state, then stepped up to 86%, reverted to 85%,
stepped down to 84% and finally returned to 85%.
The resulting responses in grid frequency is presented
in Figure 3. This result demonstrates that even mi-
nor load changes may cause significant deviations in
frequency. The results show that even small varia-
tions lead to frequency deviations beyond the allowable
range of +£0.5 Hz in both models, with and without
the surge tank. This highlights the necessity of imple-
menting an effective controller to maintain frequency
stability and address this issue.

Likewise, with the open loop simulation for the
model with and without surge tank, the pressure drop
immediately upstream of the turbine is of interest to
study. The result for the pressure drop is as shown in
Figure 4. The results show that the surge tank serve
the purpose: to reduce the water hammer, and thus
the mechanical tear of the guide vanes/turbine.
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Figure 3: Response in grid frequency upon 1% step
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Figure 4: Turbine inlet pressure drop upon 1% step
change in power load from nominal load.
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Figure 5: Turbine shaft power and corresponding load,
as a function of guide vane angle in steady
state.

4 Controller design and testing

Before moving into the controller design, some steady
state tests are done. The case without a surge tank is
explored for simplicity. With the given design of the
turbine, the turbine shaft power Wi in steady state
is given as a function of the guide vane angle o, as
illustrated in Figure 5.

The system gain is the gradient of the power with
respect to guide vane angle as indicated in Figure 5.
It is clearly seen that the system transitions from a
positive gain to a negative gain at approximately angle
a1 = 23.8°. For guide vane angles above oy = 60°, the
dynamic system becomes unstable, and no steady state
exists. The change in the sign of the gain is a result of
increased losses (friction, shock, swirl) in the turbine.
Stretching the operating regime across a change in gain
would make controller design difficult. Some industrial
high-pressure Francis turbines are known to limit the
guide vane angle to 18°-20°.

To avoid the negative gain and extreme nonlinearity
indicated in Figure 5, the maximal allowed guide vane
angle is (somewhat arbitrarily) set to a1 max = 18.2°,
corresponding to a load VVLmaX ~ 150 MW. The corre-
sponding guide vane angle for 0.85 VVLmaX ~ 127.5 MW
is 1 85% ~ 12.2°.

In any hydropower operation, maintaining the grid
frequency at or near a specified reference value typi-
cally — 50 Hz in regions such as Asia and Europe —
is essential for stable power system performance. In
the case of isolated operation, where a single turbine-
generator unit supplies power to the grid, frequency
regulation if often achieved using a PID controller.
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4.1 Control for model linearized at 85% of
maximal load

The model is linearized around 85% of the maximal
load. Model linearization was done using the Julia
packages: ModelingToolkit.jl Ma et al. (2021) and Con-
trolSystems.jl Bagge Carlson et al. (2021). The plant
model, P,y 2¢(s) is the transfer function that charac-
terizes the relationship between the guide vane signal,
u, and the system frequency, f. Subscript “a” indi-
cates the model pertaining the dynamics of the system
from the reservoir to “a” for aggregate. The transfer
function P, y,2¢(s) is as follows (transfer function from
the actuator is not included):

1—2.66s
(1+3.08)(1 + 6.445)

P, u,2r(s) =129- (4)

Similarly, P,

a

w,ot(s) is the transfer function from
disturbance, W, to system frequency, f and is as fol-
lows:

1+1.53s
(14 3.08)(1 + 6.445s)

P, v.oe(s) = 1.18-107° -

a (5)

From the transfer function in Eq. 4, a simple PID
is designed to cancel the slowest time constant (6.44)
with the integral time T;, and the fastest time constant
(3.08) with the derivative time Ty.

Observe that using a tuning rule such as Skogestad’s
rule Skogestad (2004) with modification to handle the
right half plane zero (at 2.66) here will give the same
values for T} and Ty. Skogestad’s method will also give
a value for K, that ensures good stability margin, but
gives "too good” margin for our case.

The PID controller Cpiq(s) thus becomes

1+ 6.44s
6.44s

1+ 3.08s
140.1-3.08s

Chia(s) = Kp,pia - (6)

Filter time constant for the derivative action is set
to ¢ = 0.175.

The loop transfer function Lpiq(s) is

Lypia(s) = Pau,26(s) - Cpia(s) (7)

Initially, we set K, ,iq to unity, and then K, is cho-
sen to get adequate stability margin to fulfil the re-
quirements in Section 2. After appropriate tuning, the
stability margins are obtained as shown in Figure 6.

From Figure 6 we see that gain margin is barely suf-
ficient, while the phase margin is better than required
as mentioned in Statnett (2024).

Similarly, the resulting (dimensionless) transfer func-

tion from load W, to frequency f. is given in Figure
7.

94

A: Stability margins with PID controller
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From Figure 7 it is not possible to tune the gain in
the PI controller to achieve maximal peak in tracking
to < 3dB. Figure 7 illustrates that we can almost sat-
isfy the requirements of disturbance attenuation if we
use a PID controller. More generally, we have an opti-
mization problem where we need to balance the stabil-
ity margins against disturbance attenuation. We could
have achieved a better result by formalizing this bal-
ancing as an optimization problem, and then modified
all three controller parameters 7;, Ty, and K. Such
an optimization is not considered here, though.

To evaluate the third requirement, maximum 1% de-
viation in frequency to a 1% change in load, closed loop
1% step response from load W, to grid frequency f. is
plotted and presented in Figure 8, using the linearized
model.

Figure 8 indicates that the PID controller does not
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Figure 8: Closed loop step response from load to grid
frequency based on the linear model with
controller.

satisfy the maximally allowed deviation in frequency.
The frequency deviation is close to 1.4%, while the re-
quirement is not more than 1% . In Figure 8, we have
included permanent droop in the controller. The per-
manent droop is a method to spread an unexpected
load in the system on several aggregates. Figure 8 in-
dicates that a permanent droop gives a small stationary
deviation in grid frequency after a step change in the
load: observe the red, dashed line in Figure 8 that has a
steady state different from 0. Since this study involves
an isolated system with a single aggregate serving a
single load, droop serves no purpose, and is not used
in the rest of the study.

4.2 Control of nonlinear system

After completing the control design for the linearized
system, the focus shifts to testing the developed con-
troller on the nonlinear system. In doing so, some
changes to controller parameters should be expected,
see the nonlinear gain in the system as indicated by
Figure 5. Whereas closed loop performance can be as-
sessed analytically for the linear model, this is difficult
for the nonlinear model, and therefore the analysis of
the PID controller applied to the nonlinear model is
given via simulations, which is in accordance with the
TSO requirements from Statnett (2024). For the non-
linear model, the initial value of PID controller gain,
Kpig=1.3- 103, concluded to be too large for achiev-
ing good performance. To enhance the closed loop re-
sponse and overall system performance, the PID gain
used for the linear approximation was divided by a fac-
tor of 2.8. This adjustment is necessary to account
for the nonlinearity in the system, ensuring improved
stability and better adherence to the desired control

objectives.

4.2.1 Small power load changes

Firstly, small load changes are made for the nonlinear
model with the controller. From the baseline of 85% of
the maximum power load in the steady state operation,
the load is increased to 86%, then returned to 85%
then lowered to 84% and finally returned to the initial
case, i.e., 85%. The results for respective frequency
deviations and guide vane signal are shown in Figures
9 and 10, respectively.

Frequency deviation, power(85%,86%,85%,84%,85%)

fe IHz

= PID (Without Surge Tank)
= PID (With Surge Tank)

6 8 10 12
t/min

Figure 9: Response in grid frequency deviation to small
changes in power load.

Guide vane signal, power(85%,86%,85%,84%,85%)

= PID (Without Surge Tank)
= PID (With Surge Tank)

6
t /min

Figure 10: Response in guide vane signal to small
changes in power load.

Pressure at the turbine inlet

= Without surge tank
= With surge tank
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Figure 11: Turbine inlet pressure drop for small load
changes.
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Figure 9 shows that the controlled frequency devia-
tion is within the allowable range of +1% (+0.5 Hz)
for the model with surge tank. We also observe from
Figure 10 that the control signal, u, is well within the
range [0,1] for both cases.

Figure 11 illustrates the pressure at the turbine in-
let for the model with the controller under small load
variations. As the controller actively regulates system
frequency, it continuously adjusts the guide vane sig-
nal. This dynamic control action helps to stabilize
the pressure fluctuations at the turbine inlet, ensuring
smoother system operation.

4.2.2 Large power load changes

After the controller is tested with small load changes,
the next step is to check for the larger load changes
according to the requirements in Section 2.2. Start-
ing at steady state condition based on the baseline of
85% of the maximal power load, the load is increased
to 92%, then returned to 85%, lowered to 50%, then
finally lowered to 20%. The results for the frequency
deviation and guide vane signal is shown in Figures 12
and 13, respectively.

Frequency deviation, power(85%,92%,85%,50%,20%)

== PID (Without Surge Tank)
= PID (With Surge Tank)

fe IHz

6
t /min

Figure 12: Response in grid frequency deviation to
large changes in power load.

Guide vane signal, power(85%,92%,85%,50%,20%)

1.0 = PID (Without Surge Tank)
= PID (With Surge Tank)

6
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Figure 13: Response in guide vane signal to large
changes in power load.

Such large power load variations give a large fre-

quency deviation. According to the control require-
ments for the nonlinear model as detailed in Section
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Figure 14: Response in guide vane signal to large
changes in power load with and without
anti-windup action.
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Figure 15: Turbine inlet pressure drop for large load
changes.

2.2, we should test the controller by stepping up to
100% of the power load, and then down to 20%. How-
ever, the system becomes unstable if we step the load
to a higher value than 92% for the model without surge
tank and 94.4% for the model with surge tank. In this
regard, the test fails. This is partially due to the non-
linearity in the system at c max = 18.2 degrees, and
uncertainty in how to choose the maximally allowed
power. But the interesting fact is that the frequency
deviation for the model with surge tank is significantly
less than compared to the model without surge tank.

As shown in Figure 13, the guide vane signal u, ex-
periences clipping for approximately 20 seconds during
stepping up the power load to 92% of the maximally al-
lowed power load for the model without the surge tank.
In contrast, the model with a surge tank can handle a
higher power load stepping up to 94.4%. In this case,
the guide vane signal clips at its upper limit of 1, as
illustrated in Figure 14. To address this clipping, an
anti-windup action is implemented, the clipping dura-
tion of the guide vane signal is considerably reduced,
on doing so also demonstrated in Figurel4.

Figure 15 depicts the pressure at the turbine in-
let during large load variations. In the absence of a
surge tank, the controller’s effort to regulate frequency
leads to significant pressure oscillations, resulting in a
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pronounced water hammer effect. However, when the
surge tank is included, this effectively dampens these
oscillations and mitigates the water hammer, highlight-
ing its crucial role in stabilizing hydraulic transients
during sudden operational changes.

5 Discussion

This study provides insights into control relevant mod-
els and controller design for hydropower systems. Be-
ginning with open-loop operation to motivate for the
need for a controller, a linear PID controller with actu-
ator saturation was tested both on a linear model and
on the full nonlinear hydropower model by analysis and
simulation. The control strategy was explored through
closed-loop simulations under varying load conditions
ranging from small to large disturbances. Recognizing
the need for a controller to handle some model uncer-
tainty and load variations, a controller was designed in
reference to the Statnett standards in Section 2.2.

Initially, the controller was developed for a linearized
system without a surge tank. This simplification al-
lowed for a more straightforward control design, serv-
ing as a foundation for further development. The surge
tank known for its critical role in dampening pressure
oscillations and mitigating transients during sudden
turbine operation changes was then integrated into the
nonlinear model to study its stabilizing effect.

Subsequently, the same control designs were tested
on the nonlinear system both with and without the
surge tank. The results revealed that, in both cases,
the PID controller gains needed to be reduced by ap-
proximately a factor of 2.8 to achieve better perfor-
mance. This adjustment underscores the importance
of system nonlinearity in tuning control parameters for
stable and efficient hydropower operation.

The controller design could also have been enhanced
by optimizing parameters simultaneously to achieve
stability margins and disturbance suppression. In the
current simplified approach, the design prioritizes sta-
bility margins, which meets foundational requirements
but does not fully capitalize on the potential for im-
proved disturbance handling. A dual-objective opti-
mization strategy could provide better results, espe-
cially in reducing the maximum gain from disturbances
to frequency.

Another key consideration is the choice of maximum
guide vane angle, aq max. This parameter was set at
18.2°, based on industry reports of maximum 18-20 de-
grees, in combination with reducing the nonlinearity
as much as possible. o max = 14 degrees, the nonlin-
earity would have been much smaller. On the other
hand, exceeding 23.5° leads to a negative system gain,
which complicates control and should be avoided. De-

spite this, the selection of a1 max remains questionable,
as it does not account for factors such as the nomi-
nal power or the generator’s thermal limits. Lowering
01, max Would simplify control by reducing the system
nonlinearity, though it would also limit power output.
Alternative turbine parameter design algorithms, such
as those proposed by Zhang (2022), could alter the
steady state relationship between a7 and power pro-
duction, significantly impacting system behaviour.

All the simulations in this study are with fixed reser-
voir height. It would also be of interest to observe how
much a change in reservoir height influences the sys-
tem.

Finally, the assumption that the load on the gener-
ator terminals is a true load simplifies the analysis but
may not reflect real-world dynamics. A more realistic
approach would involve modelling the generator with
field voltage control and an infinite bus Nielsen (1996).
This inclusion would provide a more accurate represen-
tation of system behaviour and facilitate more robust
controller design.

6 Conclusion

This study highlights several key insights into the de-
sign of controllers for hydropower systems. The work
presented a systematic approach to PID controller de-
sign for an isolated hydropower system equipped with a
Francis turbine, using a mechanistic model formulated
in differential algebraic equations. The critical role of
surge tanks and the interplay between stability mar-
gins and disturbance suppression have been explored,
underscoring the trade-offs inherent in controller de-
sign. The gain adjustment necessity when shifting from
linear to nonlinear operation highlighted the need to
account for hydraulic dynamics and nonlinearities in
controller tuning. The current approach prioritizes sta-
bility, yet results suggest that incorporating a dual-
objective optimization could further enhance perfor-
mance. Additionally, the selection of maximum guide
vane angle, a1 max Was shown to have a significant im-
pact on control complexity and system nonlinearity,
with lower values simplifying control at the expense of
maximum power output, leaving room for improvement
in its determination.

Future work should explore alternative turbine pa-
rameter design algorithms, such as those proposed by
Zhang (2022), to enhance system performance. Incor-
porating more realistic consumer load profiles could
provide a closer approximation of real-world condi-
tions, thereby improving the applicability of the re-
sults. Additionally, advanced controller designs that
balance stability margin optimization and disturbance
suppression merit further investigation. Finally, in-
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tegrating generator dynamics, including field voltage
control and an infinite bus, would offer a more holis-
tic understanding of the system, enabling more refined
and effective control strategies.
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