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Abstract: As conventional hydroelectric power plants are reaching physical and environmental
constraints, hydrokinetic turbines, which use only a natural flow from the rivers analogous
to wind generation, may become a growing solution to overcome these limits. There is still
an unexplored hydropower potential, which is more ecologically correct to take advantage of
in a distributed and not dammed way. This paper describes a power converter topology and a
control system for a hydraulic turbine to inject power into the grid proportional to the river flow
rate. The control system is composed of: an MPPT (Maximum Power Point Tracking), which
measures the voltage and current in the DC bus and generates a voltage reference of the DC
link for the maximum power of the turbine-generator system; by the DC link voltage controller,
which provides a reference for the control of electric current injection into the network; and
by the single-phase instantaneous current control of the grid-connected voltage source inverter.
One of the contributions consists of identifying the operating conditions and limits of the whole
system, composed of the hydraulic turbine, the electric generator, and the power converter.
The same methodology may be applied to design specific sets of a turbine-generator-converter
system for each application.
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1. INTRODUCTION

The growing investments in renewable energy matrices
are observed in the World due to environmental issues
and electricity demand. In Brazil, hydroelectric generation
stands out, with more than 60% of the electricity matrix,
and the distributed generations are mainly photovoltaic,
as shown in Assad and Batista (2018). The predominant
hydroelectric power plants have relevant environmental
impacts, as it needs water dam and large area reservoirs.
This is an important requirement to consider while choos-
ing the place for new installations, which are deeply de-
pendent on geographic characteristics. Therefore, they are
unfeasible for distributed generations, even with hydraulic
resources available. For these applications, the harnessing
of the kinetic energy of the rivers (without damming) in
a distributed way presents good expectations of feasibility
(Troullaki et al. (2019); Rana and Meena (2018)).

⋆ This study was financed in part by the Coordenação de Aperfeiçoa-
mento de Pessoal de Nı́vel Superior - Brasil (CAPES) - Finance Code
001.

The hydrokinetic generators do not need the accumulation
of water mass since they are dimensioned for river flow
(Buswig et al. (2020)). As it does not have a reservoir, it
does not have flow control, causing the energy produced
to depend directly on the river’s flow. In times of drought,
there is a reduction in the energy capacity produced, and
they should be used complementary to the electric grid or
to a microgrid (Rajagopal and Singh (2011); Rathore and
Singh (2014); Chen et al. (2019)).

In Albarello (2014), a run-of-river SHP is presented when
the river’s drought flows are equal to or greater than
the flow required so that the generated power is greater
than the expected demand for the application. The ad-
duction system shall be designed to conduct the discharge
necessary to supply the power that meets the maximum
demand. The local energy use will be partial, and the
spillway will always work, overflowing with excess water.
This category of SHP presents, among others, the follow-
ing simplifications: it does not require flow regularization
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studies, it does not require load seasonality studies, and it
facilitates the studies and design of the water intake.

Yuen et al. (2013) has developed a control system for a
hydrokinetic energy converter, which will be used in an
experimental station in Sweden. The project uses a ver-
tical axis hydrokinetic turbine connected to a permanent
magnet generator, a control system, and a ground station
for energy delivery.

Kerdtuad et al. (2018) establish the generation of a micro
hydropower plant using permanent magnet synchronous
generator (PMSG) and supply power to a micro grid.
A Pelton turbine coupled to the generator was used,
connected to a step-up transformer. A conventional two-
stage converter topology receives the variable voltage at
the transformer output for controlled connection to the
electrical grid.

This work developed a model of a hydrokinetic generation
system, which may be used to analyze and design the
set of turbine-generator-converter, and the proper control
for each application. The converter topology limits are
analyzed with the model in off-grid exhaustive simulations.

2. PRESENTED SYSTEM OVERVIEW

Fig. 1 shows the schematic overview of the system with
the main control blocks for grid-connected operation. The
turbine was modeled based on real data of an experimental
setup. The system is operating with PMSG and a usual
two-stage converter.

Figure 1. Schematic Diagram of the Presented System.

The three-phase PMSG was chosen for its simplicity and
high power density, considering the operating voltage
range. A three-phase rectifier is connected to the gener-
ator’s output and has an LC low pass filter in the output
to regulate the DC-link.

The DC link voltage VDC and current IDC signals are used
for the MPPT (Maximum Power Point Tracking) that uses
the P&O (perturb and observe) strategy. The output of

the MPPT will be the voltage reference V ref
DC for the DC-

link voltage control system. Furthermore, the output of the
voltage control is the reference Irefg for the grid current
control, which also uses the reference signal Vs given by
the PLL (Phase-Locked Loop).

The DC link is the input of a single-phase voltage source
inverter (VSI) controlled by the current control system to
modulate the grid current through the coupling inductor
Lg.

All model components were designed accordingly to the
following system requirements on Table 1.

Table 1. System Requirements

Variable Description Value

V RMS
g RMS Grid Voltage 127V

fg Grid frequency 60Hz

Pmax
M Maximum mechanical power 1kW

vmax
f Maximum water speed 15m/s

vmin
f Minimum water speed 10m/s

3. TURBINE MODEL

The basic theory of a hydraulic kinetic power converter’s
operation is similar to a wind farm. The differences are
related to a higher density of water, the presence of the
water’s surface, resource turbulence, and predictability.
Then, the turbine model is developed similarly to wind
turbines, where the Steady-State Efficiency (Cp) is defined
in function of the Tip-Speed-Ratio (TSR), in Equation 1.

TSR = λ =
ω × r

vf
(1)

Where ω is the turbine rotation, r is the turbine radius,
and vf is the fluid velocity. The TSR or λ is variable
accordingly to the mechanical load.

The turbine efficiency (Cp) is a relation of the mechanical
power (PM ), in Equation 2, by the Hydraulic power (PH),
in Equation 3.

PM = mp.g.l.ω (2)

The variables mp, g, and l are mass measured on Prony’s
balance, gravitational acceleration, and Prony’s test bar
length, respectively.

The hydraulic kinetic power, in (3), is dependent on the
mass water flow (mf/t = Au.ρ.vw). Since the useful
turbine area, Au, and fluid density ρ area constant, the
available hydropower is variable with the cube of the fluid
speed.

PH =
mf .v

2
f

2.t
=

1

2
Au.ρ.v

3
f (3)

In Equation 4, the previous are combined in order to obtain
an algebraic expression of Cp(λ).

Cp(λ) =
PM

PH
=

mp.g.l.ω
1

2
Au.ρ.v3f

=

(
2.g.l

Au.ρ

)
mp.ω

v3f
(4)

An experimental bench with a Pelton turbine (Figure
2), presented in Lescano et al. (2017), was used to get
the steady-state dataset with ω, PH , PM for different
operational points with controlled vf and mp.

The data is then normalized using (1) and (4), and a
parametric regression model, in Equation 5, is performed
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Figure 2. Pelton Turbine Experimental Bench.

to fit the Cp(λ) data into a third-order polynomial function
(Shokrzadeh et al. (2014)).

Ĉp(λ) = β0 + β1λ+ β2λ
2 + β3λ

3 (5)

Figure 3 presents the normalized data and the fitted curve.
This curve provides an estimation of the turbine efficiency

Ĉp as a function of the TSR.

Figure 3. Pelton Turbine Cp × λ data and fit.

The model is defined by (6), with coefficient of determina-
tion R2 = 0.9849.

Ĉp(λ) = 0, 005209 + 1, 52λ− 0, 669λ2 − 0, 3915λ3 (6)

With the polynomial coefficients, the turbine is imple-
mented in the simulation as shown in Figure 4. This
subsystem uses fluid velocity and rotation to calculate
λ. Then, the regression model calculates the estimated
efficiency.

Figure 4. Model of the Pelton Turbine in steady state.

The turbine torque is calculated using Equation 7.

T = Ĉp(λ).
PH

ω
= Ĉp(λ).

Au.ρ.v
3
f

2.ω
(7)

4. GENERATOR AND CONVERTER MODELS

The generator, the rectifier, and the inverter were imple-
mented using the existent Simscape block sets in Mat-
lab/Simulink.

4.1 Generator Sizing

The generator was dimensioned, considering the applica-
tion’s maximum and minimum rotation expected (Table
1). The minimum DC-link voltage needed to modulate the
grid voltage is used to determine the generator induction
at the minimum speed. Similarly, the maximum voltage
designed accordingly to the power semiconductors limits is
related to the maximum speed. So the model does not need
a boost stage such as a transformer or DC-DC converter.

The PMSG block was used setting the DC generator volt-
age constant KDC , in (8), where nmmin is the minimum
machine rotation (in RPM).

KDC = 1000
V RMS
g

√
2

nmin
m

(8)

To dimension the minimum machine rotation, the vmin
f

requirement (Table 1) is combined with λ = 0.6272 (for
maximum Cp based on (6)) to calculate the rotation with
(1). The value of this rotation is approximately 60 rad/s
(573 rpm), resulting in KDC = 313.47.

4.2 Converter Sizing

The rectifier is an ideal, average full-wave model, and the
inverter is the ideal VSI average model. The LDC and CDC

components were calculated considering the double of the
grid frequency as bandwidth. Capacitance is also needed
for power decoupling between the grid and the generator.

The converter parameters are presented in Table 2.

Table 2. Converter parameters

Variable Description Value

V min
DC Minimum DC link Voltage 200V

V max
DC Maximum DC link Voltage 400V

fs Switching frequency 30kHz

CDC DC link Capacitance 820µF

LDC DC link Inductance 2.1mH

∆iLg inductor current ripple 35%× 8A

Lg Grid inductance 3mH

Rg Grid resistance 0.1Ω

The grid coupling inductor was calculated using the Equa-
tion (9) for the worst-case condition on the maximum
DC link voltage. The resistance is related to the chosen
conductor, as typical of a constructed inductor.

Lg =

(
V max
DC − V RMS

g

√
2
)
.m

∆iLg.fs
(9)

The DC link voltage range chosen was 200 Volts for the
lower limit (enough to modulate V RMS

g ) and 400 Volts
for the upper limit, related to the physical limits of the
converter components.
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5. CONTROL SYSTEM DESIGN

The project control system starts from the MPPT, which
continuously searches for the point of maximum operating
power. The MPPT generates a reference voltage for the
voltage controller, which generates a current reference for
the current controller. The current controller generates a
modulating signal for the VSI for grid connection.

5.1 MPPT: Maximum Power-Point Tracking

The MPPT algorithms (de Brito et al. (2011); Brandão
and Marafão (2016)) are widely applied in renewable gen-
eration, mainly for wind or photovoltaic systems (Bollipo
et al. (2020); Abo-Khalil and Dong-Choon Lee (2008)),
but also for hydraulic generation (Belhadji et al. (2013);
Molina and Pacas (2010)). This work was applied in the
model the P&O MPPT with variable step.

The MPP of this hydraulic system varies with the river’s
flow, rotation, and torque obtained in the turbine. So,
MPPT algorithms are challenged to track the MPP provid-
ing the DC link control loop reference quickly. The system
will use the MPP of the turbine, generator, and rectifier
set since it is desired to install electrical (Voltage and
Current) sensors instead of mechanical (Torque and Speed)
sensors. Therefore, the MPPT is implicitly considering the
generator and the rectifier efficiency.

To better explain the MPPT operation, it is presented in
Figure 5a the Current × Voltage (I × V ) characteristic
curve of the system for a fixed flow. The short circuit
point (0, Isc) and the open circuit point (Voc, 0) are also
indicated. For the same flow, it is also presented the Power
× Voltage (P ×V ) curve, in the Figure 5b, with the MPP
represented by (VMPP , IMPP ).

The variable step MPPT P&O was implemented using
an algorithm presented in Galotto Jr (2011), as shown
in Figure 6. In the block diagram highlighted in red, the
power (P = V.I) and the derivatives dV

dt and dP
dt are calcu-

lated to determine the step direction. The block diagram
highlighted in violet calculates the step size considering
the power variation for the output variation. If necessary,
the MPPT block has an inverse option configuration, as
seen in the green area.

5.2 DC link voltage controller

The DC link voltage controller was tuned using the trans-
fer function Gvi (10), which represents the dynamic vari-
ation of the DC voltage for a grid current disturbance.

Gvi =
V RMS
g

√
2

2VDCCDC .s
=

179.6

0.3608s
(10)

Therefore, the PI of the voltage controller is:

PI = 0.1219 +
2.0526

s
(11)

Note that the system has a phase margin of 75◦ as a
dynamic requirement.

(a) Current (A) × Voltage (V)

(b) Power (W) × Voltage (V)

Figure 5. Curves of the hydraulic system

Figure 6. Block diagram of the simulated MPPT.

Figure 7. Control System Block Diagram.

The output of the voltage controller is the reference current
Irefg to the current control loop (Figure 7).
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The gains ki and kv are the sensor gains, which were con-
sidered unitary. The kf is the feedforward gain calculated
to reproduce the grid voltage in the VSC output voltage,
as shown in (12).

kf =
V RMS
g

√
2

V mean
DC

(12)

5.3 Grid current controller

The current control has the transfer function Gim (13),
which represents the linearized dynamic variation of the
grid current for modulation index variation.

Gim =
VDC

(Lg.s+Rg)
=

200

0.003s+ 1
(13)

The plant has a phase margin of 90◦ and the contribution
of PhasePI to 60◦ is −30◦.

The current controller PI is in the equation (14).

PI = 0.1853 +
1.6885× 103

s
(14)

The system phase margin was designed at 60◦.

5.4 PLL: Phase-Locked Loop

The PLL algorithm is necessary to identify the frequency
and phase of the grid. In the block diagram, in Figure 8,
PD is a phase detector, which generates a signal propor-
tional to the phase difference between the input and the
estimated signal. The LF is the Filter Loop, a low-pass PI
that attenuates frequencies above the phase detector and
is responsible for the PLL dynamics. Moreover, VCO is the
oscillator, which generates the alternating signal based on
the loop block output of the system.

Figure 8. Block diagram of the PLL system.

This PLL will have a gain crossover frequency at 6 Hz, a
decade below the grid frequency, and a damping coefficient
ξ = 0.9. A type 2 system presents a null error at the ramp
and step input.

Therefore:

ωn = 2.π.fc = 37.7rad/s (15)

Kp = 2.ξ.ωn = 67.86 (16)

Ki = ω2
n = 1421.3 (17)

Thus, the gain Kp and Ki of the compensator PI.

6. SIMULATED RESULTS

The system was simulated on Matlab/Simulink, and the
complete simulation model is presented in Figure 9.

6.1 Transient Results

A simulation with three different flow steps was then
performed to observe the system’s behavior. The flows
chosen were 0.0024m3/s, 0.0018m3/s and 0.0036m3/s and
are shown in the Figure 10.

In Figure 11, the voltage control system tracks the ref-
erence DC link voltage generated by the MPPT. The
approximate steady-state voltage observed for the intervals
t = 0 − 2, t = 2 − 4 and t = 4 − 6 seconds were 350
V, 260 V and 400 V, respectively. At the flow rate of
0.0036m3/s, the MPPT is saturated at the upper limit due
to the DC link voltage limit designed for the converter. In
this saturation condition, the system does not operate in
MPP but continues to work at the technical voltage limit,
prioritizing the integrity of the converter.

Figure 12 shows the transient negative step response of the
current injected into the grid under the flow reduction.
Even with the change, the system keeps the phase and
frequency synchronized, having a steady-state error in
the tracking. The type expects this error of controller
designed, different from resonant or synchronous reference
techniques known in the literature, to eliminate this error.
However, this was unnecessary because the reference is
variable by the MPPT, which observes if the maximum
power condition was reached regardless of the practical
value of the network current.

Figure 12 also presents the control system reacting to
the change of flow ascending step. It occurs as in the
descending step, maintaining phase and frequency, with
minor steady-state errors.

In the power graph (Figure 13), one can see the rise
and settling time for each input step, the efficiency of
each system conversion being implicit. The greatest power
loss occurs when converting hydraulic kinetic energy to
mechanical energy.

In the figure 14, the variable-pitch MPPT allows a rel-
atively fast MPP tracking transient and practically no
oscillations in a steady state, stabilizing around the max-
imum efficiency. The turbine predominantly determines
the system’s maximum efficiency, which is 78,61%. This
is because the efficiency of the electric generator and the
rectifier is higher than the turbine’s efficiency. Note that
the first and second entry steps are in the controllable
region, thus achieving this efficiency. In the third inlet flow,
there was saturation of the MPPT, as can also be seen in
Figure 11. Note that the efficiency drops to 72,34%, so
the DC link voltage does not operate above the maximum
voltage designed for the converter.
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Figure 9. System simulated in Simulink/Matlab.

Figure 10. Flow Q(m3/s)× Time (s).

Figure 11. DC link Voltage (V) × Time (s).

6.2 Steady state results: characteristic curves

The system was isolated from the grid to obtain the
power characteristic curves, using only the turbine, the
permanent magnet generator, and the rectifier, with a
resistive load, as seen in Figure 15:

The system was simulated, changing the flow input and
the load resistance, with the flow varying from 0.0011m3/s
to 0.0035m3/s, with a step of 0.0001m3/s and resistance
ranging from 10Ω to 10.000Ω. All data were obtained in
a steady state.

Figure 12. Current Control I(A)× Time (s) for t = 1, 9 to
t = 2, 5 and t = 3, 9 to t = 4, 5.

Figure 13. Power (W) × Time (s).

In Figure 16, the vertical bars in red represent the opera-
tional voltage limits of the DC link for the electronic power
converter. Different converters can operate with different
limits depending on the topology and semiconductors. The
increase in this range is possible for greater energy use and
an increase in the cost and complexity of the converter.
Thus, it is a challenging engineering design problem that
can still add turbine change, electric generator change, and
set optimization.
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Figure 14. Power Coefficient × Time (s).

Figure 15. System simulation diagram to obtain the char-
acteristic curve.

Figure 16. Graph Curve Current I(A) × Voltage V(V).

The black asterisks represent the steady state of each sim-
ulation for each combination of flow and load resistance.
The blue curves are the linear regression for each flow input
varying only the resistance, that is, the characteristic curve
for each inlet flow. The red asterisks are the maximum
power achievable with the converter for each input flow.
In magenta is the maximum power curve of the system.

Figure 17. Graph Power Curve P (W ) × Voltage V (V ).

The Figure 17 has the curve Voltage V (V ) × Power
P (W ), which has the same description as the figure 16.
Note that, at the highest flow, the system does not have
the maximum power in the controlled area, making it
necessary to saturate the upper voltage. For this reason,
the efficiency is reduced, and the same occurs for the curve
at the lower limit when the maximum power voltage is
below the minimum limit necessary for the modulation of
the inverter. However, the system injects power, even if
not at the best efficiency.

7. CONCLUSION

The kinetic energy hydraulic generation can be an efficient
alternative with less environmental damage since it does
not need dams, having a greater need for studies in the
area.

The model developed for the Pelton Turbine has advan-
tages in obtaining it since, after the Prony test, the char-
acteristic curve of the turbine in steady-state is obtained.
Being able to expand the scale without the need for new
simulations or experiments, as long as the geometric char-
acteristics are maintained, such as, for example, the num-
ber of blades, the proportion of the turbine and injector
system.

The curve presented in Figure 17 demonstrates an essential
contribution of this work, which consists of the analysis of
the operation of the hydraulic turbine together with the
permanent magnet generator and the rectifier. This way,
it was possible to identify the voltage and power of the set
available for each value of turbine inlet flow. The maximum
power points of this system were also highlighted as a
function of the flow and the physical voltage limits chosen
for the operation of the inverter to be connected to the
electrical grid.

In addition to allowing the exchange of primary machines,
the simulation system developed can also be used to di-
mension different combinations of electrical generators and
topologies of electronic power converters. Future works can
also be done to evaluate and optimize these combinations.

Although simple, the voltage and current control system
present satisfactory results because the MPPT seeks max-
imum power even if there is a steady-state error in track-
ing the control loops. The variable-pitch MPPT presents
significant advantages for the system, making it faster in
the transient and stable in the steady state. The system
has a controllable region determined by the minimum
and maximum voltage limitations on the DC link of the
converter topology. At voltages within these limits, the
system operates at maximum efficiency, but outside the
controllable area of the system, power injection into the
network remains less efficient in maintaining safety volt-
ages.
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