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In this paper, renewable hydropower plant generators with permanent magnet synchronous
generator are coupled via a diode bridge rectifier - DC/DC boost converter and three-phase
inverter to a power grid. This paper studies a new control structure focused a backstepping
control of the energy generation system.The proposed methods for adjusting the active and
reactive power by adjusting the currents, the DC bus voltage on the main side converter,
as well as the voltage at the output of the DC-DC boost converter. The main objective of
this control is to obtain purely sinusoidal and symmetrical grid current signals, to suppress
oscillations in reactive power and to cancel active power chattering in the event of grid
imbalance. In order to optimize the energy flow in the different parts of the production
process, an energy control algorithm is developed in order to attenuate the fluctuations in
the water flow, the grid system of the hydropower plant considered has been implemented
in Matlab/Simulink, the results show the effectiveness of the proposed method. To analyze
our approach, a prototype is modeled, simulated and can be performed in an experimental
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test setup.

1. INTRODUCTION

Over the last years, the use of renewable energy has
increased linearly, in an effort to avoid the pollution caused by
the emission of green house gases, and also to face the
exhaustion of the global reserves of fuels. Hence, the
exploitation of more sustainable energy sources has become a
hot topic in the last decade; in the form of hydroelectric
systems, wind power systems, photovoltaic units, marine
power systems, fuel cells, and biomass (etc.) [1].

Hydroelectric power plants (HPPs) are known to be a
worldwide energy production unit; they cover around 20% of
the total need of electricity in the world [2, 3].

One of the major drawbacks of the hydroelectric power
system is its complexity containing hydraulic, mechanical,
electrical and magnetic subsystems.The performance of power
generation plants in terms of frequency control is of growing
importance. Thus, the research on control strategies and
dynamic processes of HPPs is of a major concern [4].

The hydraulic turbine is one of the basic constituents of the
HPP conversion system; it lies mainly on the blades and the
electric generator. The latter is responsible for converting the
mechanical energy transmitted from the blades. The
permanent magnet synchronous generators (PMSGs) are very
often used in the hydroelectric power generation due to its high
air-gap flux density, high power density, high torque to inertia
ratio, and high efficiency [5]. However, it is a nonlinear system
and demands robust control; insensitivity to parameters
variations or any external disturbances.

The backstepping control is an effective method for non-
linear systems. It is based on the representation of the looped
systems in the form of Lyapunov’s first order subsystems. In

this context, the main interest of this control approach is to
insert a control system to mitigate the disturbances due to
water hammer in order to control the power of the hydraulic
turbine and thus limiting it to its nominal value when the water
flow is too high, to ensure maximum power extraction even at
low water turbine speed, to regulate the reactive and active
power independently, to sustain the frequency and voltage at
the grid connection point within the qualified ranges, and to
ensure the system operation at a unit power factor [6].

This paper is structured as follow: The description of the
proposed system is discussed is Section 2. The Section 3 is
dedicated to the hydroelectric turbine and its MPPT control.
Section 4 deals with the advanced modelling of the electrical
part. Section 5 discusses the backstepping controller. The
simulation results ofthe study are shown in Section 6. Section
7 summarizes thework done in the conclusion.

2. DESCRIPTION OF THE PROPOSED SYSTEM

The HPP is a three-part system containing a power plant
where the electricity is produced; a dam that can be opened or
closed in order to control the water flow; and a reservoir where
the water is stored. The water behind the dam flows through
an intake, and pushes against the blades of a turbine, causing
them to rotate. The hydraulic turbine drives a synchronous
generator to produce electricity. The amount of the electricity
that can be generated depending on the extent to which the
water drops and the amount of water circulating in the system.
The energy produced feeds loads that can be composed of
three or/and single-phase loads.

A small-scale hydropower station is usually a run-of-river
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plant that uses a fixed speed drive with mechanical regulation
of the turbine water flow rate for controlling the active power
generation. This design enables to reach high efficiency over
a wide range of water flows but using a complex operating
mechanism, which is in consequence expensive and tend to be
more affordable for large systems. This paper proposes an
advanced structure of a micro-hydropower plant (MHPP)
based on a smaller, lighter, more robust and more efficient
higher-speed turbine. The suggested design is much simpler
and eliminates all mechanical adjustments through a novel
electronic power conditioning system for connection to the
electric grid. In this way, it allows obtaining higher reliability
and lower cost of the power plant. A full detailed model of the
MHPP is derived and a new three-level control scheme is
designed. The dynamic performance of the proposed MHPP is
validated through digital simulations and employing a small-
scale experimental set-up. Figure 1 shows the various
components of the constituent hydroelectric power plants [7].

Electrical power part
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Figure 1. Hydroelectric power generation components

3. MODEL OF THE HYDROELECTRIC TURBINE
AND ITS MPPT CONTROL

3.1 Model of the hydroelectric turbine

The power absorbed from the hydraulic turbine depends on

the net water head H/m] and the water flow rate Q,,[m3/s] [8]:

p, = paHQ, (1)

Hydraulic turbine efficiency 7 is defined as the ratio of
mechanical power transmitted by the shaft to the absorbed
hydraulic power, which strongly affects the net output
mechanical power p_ [watt]:

P, =npaHQ, @)

where, p[kg/m?] is the volume density of water, g the
acceleration due to gravity [m/s?]-

The mechanical torque could be given by:

T,-o (3)

where, w[rad / ] Tepresents the turbine rotation speed.

According to equations of turbine model, the plot of the
hydraulic turbine characteristics is shown in Figure 2. This
plot is in function according to several values of mechanical
and speed turbine.

3.2 MPPT control

The objective of this control technique is to guarantee the
safety of the system and also to improve its efficiency, by
maximising the power produced by the water flow; if it is
below the reference value, otherwise; limiting the electrical
power if it is above its reference [9]. A large number of
Maximum Tracking Power Points (MPPTs) methods and
variety of converter topologies have been suggested in order
to extract maximum power, namely Hill Climbing (HC),
Perturb and Observe (P&O), Incremental Conductance (Inc
Cond), and artificial intelligence techniques such as Fuzzy
Logic and Neural Network [10].

The MPPT P&O algorithm is mainly used because of its
ease of use, implementation and its low cost.

It is based on the following paradigm: as Figure 2 shows, if
the operating voltage of the generator is disturbed in a given

direction and j*jﬁo , it is known that the perturbation has

moved the operating point to MPP, the P&O algorithm would

then continue to disrupt the generator voltage in the same
dP

direction. Otherwise, if @w, then the variation in operating

point has moved away from the MPP, and the P&O algorithm

reverses the direction of the disturbance.
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In other words that the system works by increasing or
decreasing the operating voltage and observation of its impact
on production power. The Perturb and Observe (P&O) system
was implemented to extract the maximum power at all times.
The voltage is disturbed at each MPPT cycle. As soon as the
MPP is reached, it oscillates around the ideal of operation
speed. For example, if the controller detects that the input the
power increases (dP >0) and the speed (dw >0) , it

decreases the speed reference to bring it closer to the MPP [10,
11]. The Figure 3 explains the principle of the MPPT for a
hydroelectric turbine with the power-speed characteristics.

3.3 DC-DC boost converters

The dc-dc converter acts as an interface between the
rectifier and the network. A step-up converter is implemented
here; it extracts the maximum power point whatever the
variation in the water flow rate of the hydraulic turbine and the
constraints applied to the electrical network. When changing
the converter duty cycle, the source impedance can be matched
to the load impedance to maximize power efficiency [12]. This
converter dampens or increases the output voltage relative to
the input voltage.

4. ADVANCED MODELING OF THE ELECTRICAL
PART
4.1 Permanent magnet synchronous generator model

The electrical model of the PMSG in the d-q frame linked
to the stator rotating field is given by the system [13]:

d .
Vsd = Rslsd +% a)rlsq
“4)
) dy, )
Vo =Rl +L——+ @l
dt
where,
l//sd = Ldlsd -Hr//sq
L 5)
Vs = Llsg
The electromagnetic torque is given by:
Tem = p'(WSd Ay _l//sq'lq) (6)

4.2 Power converter

Power converter configuration for PMSG with diode
rectifier three-phase and 2L-VSC is shown in Figure 4. This
topology is cost-effective and provides a lightweight. The
alternating output voltage of the generator is converted to
direct current by the diode rectifier, the direct voltage is then
reconverted to alternating voltage by 2L-VSC. The inductance
of the intermediate circuit helps to smooth the output current
of the diode rectifier. The output voltage of the hydraulic
turbine and the diode rectifier changes with varying water flow
conditions. However, the maximum value of the output
voltage of the diode rectifier is limited by the nominal speed

of the generator. Thus, the first dc link is referred to as the
unregulated dc link. The output voltage of the diode rectifier
becomes significantly weak at low water flow speed. The
intermediate circuit voltage must be higher than the peak value
of the line-to-line voltage of the grid to transfer the generated
power to the grid. To ensure this condition, the generator must
be overestimated (i.e. the generator nominal voltage must be
higher than the that of the grid).
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Figure 4. Block diagram of the proposed hydropower plant
energy conversion system
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4.3 The grid model

Three-phase grid voltages are represented by the following
equations [14]:

Vga = Vinax COS( 0t

Vgo = Vinax COS| a0t &
3 ()

[«-5)
Vge = Vinax COS| @O ——
3

The voltages in the d-q frame of reference are represented
by the following equations:

: dig :
Voo =Vig —Rylge — Ly T+ o, Lyl
. ®)

: dig, :
Vgg = Vig = Rylgg = L W_a)g Lyl

The power equations in the synchronous reference frame are
given by [14]:

3 . .
R = E(Vdgldg +nglqg>

3 )

Q= E(Vdgidg ~Vaglog )

The active and reactive power can be obtained after
orienting the reference frame along the grid voltage from the
following equations [14]:

3 .
Pg :Evdgldg

3 (10)
Qg =Evdglqg



5. DESIGN OF THE BACKSTEPPING CONTROLLER

The backstepping control is based on a multistep method,
and at each stage, a virtual command is generated to ensure
that the system converges to its equilibrium state. The
stabilization of each synthesis step is ensured by the Lyapunov
functions.

The synchronization of current with the mains voltages and
the dc bus voltage adjustment are provided by the mains side
converter, the backstepping control is used to control the
active and reactive power supplied to the mains [15-18].

The grid currents in the d-q frame of reference can be
expressed as follows:

digd_vid_Rg- ; _ng
oL e

(] 9 (]
. 11
dlgq_viq_Rgi — Wi _ng ()
WL L e

9 (¢ g

The module of the total voltage and current of the grid is
established by:

‘Vg‘: (ng )2+(ng)2
‘ig‘: (igd )2+(i9q)2

The active and reactive powers in the d-q reference frame
are given by:

(12)

3 . 3 .
P = E(nglgd ) - E(‘Vg‘lgd )

13)
3 . 3 .
Q= E(_ng'gq ) = _E(‘Vg ‘ log )

Vy =0
(14)
Voa = ‘Vg ‘
The powers equations become:
3, . .
Py = E(ng lga *Vgqlgg )
(15)
3

Q, = E(ngigd _ngigq)

The active and reactive powers dynamic is directly related
to the components of the current.

The errors of the direct and quadrature grid current are
defined by the following expressions:

Il (16)

The error dynamics will be calculated as follows:

egd =y

(17)

The Lyapunov function according to the computed errors of
the grid currents is determined as follows:

Y :%(ejd +e2,) (18)

The Lyapunov function dynamics can be derived as follows:

V=-K e —K_ g?

gd ~gd g9 —gq
id 9 _ gd
+€4 L lga + @yly, L +Kgd od
g g g (19)
V R
g ‘g _gq
+ gq L L ng a)glgd +Kgqegq
g g g

To obtain stability through this Lyapunov function, a
positive value must be selected for the gains K g and Kgq

and the derivative function must be negative. Consequently,
we have to choose the reference voltages as follows:

Vy = Rglgd -, Lglgq - Lg Kgdegd + Vg4 0
Viq = Rglgq +w9 Lglgd B Lg Kgqegq +ng

Eq. (21) provide the direct and quadrature current of the
references as expressed by the following relationships.

The igq current can be obtained from the following relation:

*

. 2Q;

'gq - 3v

e2y)

99

If the reference reactive power is forced to be zero Qg =0,

the system will operate with a unity power factor.
The calculation of the direct reference current igd-ref is
obtained through the dc bus voltage regulation. The dc link

voltage is regulated at the reference value V. , and if the

converter losses are neglected, the transferred active power
will be defined as follows:

3 . .
Pg = E(ng Igd ) = Vaelge (22)

Thus, the I;d current is obtained from Eq. (22):

*

iy = oo (23)
Iy = 23
“ 3y,



Hydraulic
turbine  Gear box

Three phase Boost
rectifier converter inverter

Three phase Power
transformer

A D

Mo

X!

Current sensor \ Current sensor
ii.i, : AN
Voltage E *
abc/dg ’ abc/dg
E | Backstepping Backstepping :
' controller controller ——
' [} :
___________________

DC Bus PI
Speed control

2
N

_________________________

DC Bus PI Speed
control

\I

Active and reactive power | |
control i

1

Figure 5. Backstepping control scheme

The backstepping control structure for the GSC and the dc
link voltage control is shown in Figure 5.

To control the dc bus voltage VC, a regulator must be
implemented to maintain this voltage constant regardless of
the current flow rate on the capacitor. The dc bus equation can
be written as follows:

dv,,

P. =cv, .

=P,-PF (24)

To control the dc voltage, we control the P, in the capacitor
by adjusting the power P, using a conventional PI controller.

The block diagram of the simplified system to be controlled
is presented in Figure 5.

6. SIMULATION RESULTS AND DISCUSSION

As indicated in Figure 6, we propose in this study a water
discharge flow rate varying between 0.75 m%s and 1 m?s.
Simulations validation of the global control scheme were
performed under the MATLAB/Simulink, in order to evaluate
and test the proposed control technique for a complete model
of hydropower plant based PMSG with power loop of current,
active and reactive power and dc voltage using Backstepping
controllers. The parameters are listed in Table 1 and 2 of the
Appendix.

Hence, it is necessary to regulate the output parameters with
the permissible limits. Therefore, it is proposed to implement
ac-dc-ac converter which is of active front end type to improve

the power quality of the system so that it can be connected to
the grid.

Figure 7 shows the input rotation speed of the generator and
its developed mechanical torque, as long as the torque is
negative this means that, the machine operates in generator
mode.

Figure 8 represents the output electromagnetic torque gives
by the generator. In the Figure 9 it can be seen that the boost
converter produces a fixed voltage 1200 V to power the
inverter. The grid voltage and the dc link voltage are also
found to be maintained under the same conditions of varying
generator speeds as shown in Figures 10 and 11 respectively.

The grid voltages drop during water flow charging and it is
improved to 600 V with the backstepping control strategy. The
problem of voltage sagging can be eliminated with the help of
a compensator.

1.1

09 r

0.8 1

Water flow Q(m3/s)

0.7

0.6 . . .
0 50 100 150 200

Time (s)

Figure 6. Profile of variable flow rate
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Due to the varying inputs, varying peaks are visible from

the generator voltages. However, the grid voltage and the
intermediate circuit voltage are kept constant.

The DC bus voltage perfectly follows its reference value as
shown in Figure 10; this adjustment is ensured by the
conventional PI regulator. Figure 12 shows the zoom of the
grid voltage. They are purely sinusoidal and well balanced.

The Figures 11, 12, 13 and 14 show the current and the
voltage of the grid with their zoom, they are purely sinusoidal
which shows the efficiency of the control strategy applied to
the converter which gives a better quality of energy to the grid.

From Figure 15, we note that the active and reactive powers
follow their references with a transient regime very fast and
without overtaking. As can be seen from Figure 15, the
hydraulic turbine velocity is above the threshold, the power
extracted is maintained in its rated values.

It can be seen that the current present variations of the power
variations which shows that the current is the image of the
powers.
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7. CONCLUSIONS

In this work a hydropower plant system connected to
electrical grid via electronic power converters have been
presented. Dynamic modeling, control and simulations of the
proposed structure scheme have been done, using
Matlab/Simulink. The energy system was developed and
tested as well as its supervision-control setup. The
combination of the hydraulic turbine and the PMSG, along
with the diode bridge rectifier, DC-DC boost converter and a
three phase inverter allow satisfying grid request. The
conversion of the output of water flow structure into
alternating current output is ensured by the use of a three phase
three level inverter, these power converters are controlled to
provide maximum output power under all operating conditions
in an attempt to meet the grid requirements.

The backstepping control was also supported in this paper
in an effort to maximize energy extraction from hydropower
plant, to improve PMSG performance and to use the excess
energy for internal loads and optimization of plant operation.

The results show the efficiency of the conversion chain and
its control technique. The use of storage systems; namely the
batteries and the super-capacitors; can be associated to the
studied model in an eventual work. The proposed approaches
can be implemented easily with DSP or Dspace platform.
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NOMENCLATURE
Vg Vag Grid peak voltages in dg-frame [V]
Ve Ve Thhe d, g components of the stator voltage
Vg Vg The d, g components of the rotor voltage
Via» Vig Voltage inverter d, g components [V]
igq s g Grid peak currents in dg-frame [A]
[T The d, g components of the stator current

Va W  Thed, gcomponents of the stator flux

R, The stator resistance

L., L, The stator and rotor inductance

o, ®, The synchronous and rotor angular speed

wy =o,—-w, The slip angular speed

R, Input filter resistance [Q]

Lugs Log Input filter inductance d, g components [mH]
@, Grid angular frequency [rad/s]

Ve Dc bus voltage [V]

Vi Reference Dc bus voltage [V]

e DC bus current [A]

C DC link capacitor [mF]

R, Load resistance [Q]

P, Grid active power [kW]

P, Grid active power reference [kKW]

P, The power in capacitor

P, Grid active power

R, The power absorbed from the hydraulic

turbine
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APPENDIX

The mechanical power

Number of pole pairs in a generator
Grid reactive power [KVAR]

Grid reactive power reference [KVAR]
Water flow [m?/s]

Switching state

Electromagnetic torque [Nm]
Sampling time [ps]

Grid frequency [Hz]

Water head [m]

The volume density of water [kg/m?3]
The acceleration due to gravity [m/s?]
The turbine rotation speed [rad/s]
Alternatif Current

Direct Current

Permanent Magnet Synchronous Generator
Digital Signal Processor

Grid Side Converter

HydroPower Plant

Pulse Width Modulation

Voltage Source Converter

Maximum power point tracking
Maximum power point

Table 1. PMSG data used in simulation

Components Rating values
Rated power 250 kW
Rated voltage Vrms 1,200V
Stator resistance 3mQ
Armatur inductance 0.25mH
Inertia constant 0.1 e3%kg.m?
Pole pairs 6
Rated frequency 50 Hz

Table 2. DC-DC converter parameters

Components Rating values

Rated voltage Vreference 1200 V

Capacity rating 4.1 mF
Inductance 5mH
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