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DPC.

The paper suggests a novel DPC approach to ameliorate the management and HRES
“hybrid renewable energy system” control composed of photovoltaic and wind systems.
In the conventional DPC technique, the “switching table” is founded on a “hysteresis
comparator”, which poses the problem of fluctuations on the HRES various output
variables. The approach proposed here is based on an FLC and shown to diminish the
ripples in the “active” and “reactive” powers waveforms. The comprehensive HRES and
the advised “control schemes” are implemented using “MATLAB/Simulink” and the
results indicate that the advised method had preferable performance over the conventional

1. INTRODUCTION

Today and despite the great development and exploitation
of renewable energy sources, according to the different
statistics published in the reviews, the integration of this type
of energy in various energy sectors, does not exceed 20%
compared to the global demand for electrical energy [1].
However, the major problem is the irregular nature of the
energy supply. To overcome this disadvantage, it is often
necessary to combine several energy sources enabling greater
energy production and a better regularity. Wind energy
combined with solar photovoltaic has been the focus of several
research investigations. In the latest signal processing
technology have enabled the realization of additional control
structures equivalent to ‘“vector control” technology that
ensures both system robustness and higher power quality [2].
The recent steps generality during this direction are those
classified under the terms DTC “direct torque control” and
DPC. These control concepts have certainly evolved in the last
few years, aiming to improve aspects such as minimizing the
influence of machine parameters [3].

The major disadvantages of this control strategy are the
oscillations in the power and generation of harmonic current
due to the variable switching frequency [4-7].

In this paper, it is proposed to apply a new DPC technique
to control the power flow in the wind-solar photovoltaic HES.
This approach uses a different switching table structure and
the selection control vector is based on the application of the
fuzzy rules. The reference pursuit errors of “active” and
“reactive” powers, regenerate into “fuzzy variables”, are used
to select the suitable “control vector” [8].

Figure 1 clarifies the proposed configuration of the system
and its integration to the grid via the RSC “rotor side converter”
of the WT and GSC “grid side converter”.

This control scheme is mainly founded on the choice of the
“voltage vector” such that the errors among the reference and
measured quantities are decreased and maintained among the
boundaries of the “hysteresis bands” [4, 9-11]. The principal
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qualities of this control shape are progressed responsiveness
speed and low reliance on the machine parameters [12].

The final paper is prepared as follows: division 2 explains
the modelling of the proposed HRES. Division 3 explains the
Photovoltaic system control. Division 4 explains the classical
control techniques proposed in this paper for the HRES. The
F-DPC “fuzzy DPC” based control system is offered in
division 5. The simulation results are offered in Division 6 and
finally, discussions and conclusions are approached in division
7.

PVG

Figure 1. Hybrid energy system global schema

2. MODELING OF HRES

Figure 1 demonstrates the “HRES” proposed configuration
and its integration to the grid via RSC of the WT and GSC.

2.1 Modeling of the Wind Energy System (WES)
2.1.1 WT model

The WT transform the “wind energy” into “mechanical
energy”’. "Wind power" is explained as follows [13]:
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where, “Tip speed ratio” is 4, “turbine mechanical speed”
18 Quupine, “wind speed” is V,, and “turbine radius” is R.

The power coefficient depicts the WT aerodynamic
efficiency, it is determined as follows:
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The relationship between C,and A for the given values of
the blade pitch angle is represented by Eq. (2).
From this power, the wind torque is determined by:
Paer p-S vé 1
Qturbine P 2

T =

aer

(6)

Qturbine

The mechanical speed can be determined using the
following mechanical equation:

J.dQ

mec _ T

dt — "mec (7)
where, Ty 1s “torque” exercised to the “generator rotor” and
J is “total inertia” that take shape on the “generator rotor”
presented by:
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The Tmee “mechanical torque” takes the Tem

“electromagnetic torque” into account developed by the
generator, the Tyis “viscous friction torque”, and the Tq “torque
from the multiplier”.
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2.1.2 Wind generator model
DFIG “mathematical model” is presented by system of five

“differential equations”, in (d,q) “Park reference frame” [13].
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And using the "torque" equation [13]:
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2.2 Photovoltaic Energy System (PES) model

The photovoltaic cell equivalent circuit is the one-diode
model. The two resistors R, and R, are introduced to model the
cell defects [14].

The circuit operates as a generator can thus be constituted
by an equations system given from “Kirchhoff's laws”. The “I-
V” characteristic of an ideal photovoltaic cell described
mathematically by the basic equation of semiconductor theory
is as follows [14].

pv

—la =1 (12)

The current is delivered to a “P-N junction” in silicon, and
the voltage at its terminals is given by:

(13)

where, V' is the voltage across its terminals. The current J, is
presented by the following equation:
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Substituting |, and |, in Eq. (12) gives:
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Assume that R, > R hence I, = 0 which leads to:
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v
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The “current” and “voltage” relationship in a PVG
“photovoltaic generator”, several cells consisting associated in
"series and parallel" is presented by the subsequent equation
[15]:
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2.3 DC bus model

The two energy sources are coupled via a “DC bus”, as
presented in Figure 2.
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Figure 2. DC bus representation

The DC bus voltage is given by:

1 t
Ve _E'.[o I,.dt (19)

The current in the capacitor is from a node from which the
circulating current is modulated by the hybrid source and the
GSC.

Ic =1 —lgsc =(lgtig_rotor + 1pv) — lasc (20)

2.4 Grid converter model
For system modelling, the converter is sectioned into 3 parts:

the “AC side”, the discontinuous part formed by the “switches”
and the “DC side” [16].

The “switches” are complementary; their status is
determined by the following function [16]:
< 1,5;=0
j = = 21
1710,5, <1 1)

The “input phase voltages” and the “output current” enable
to write in relation to S;, Vg and the “input currents”.
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3. PHOTOVOLTAIC ENERGY SYSTEM CONTROL
(MPPT CONTROL)

“MPPT control” permits the “maximum power” elicitation
of the “PVG” Under the changing weather and load conditions.
The principle of control is based on the “duty cycle D”
automatic alteration of the “DC-DC boost converter” so as to
maximize the PVG "output power" (Figure 3) [17].

The MPPT method employed here is the Perturb and
Observe (P&O). The inputs are the voltage and current of the
solar panel, and the output is either the voltage reference or the
duty cycle. As its name indicates the method of (P&O),
operates by the disturbance of the system either by increasing
or decreasing the operating voltage and observing its impact
on panel output power [18].
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Figure 3. Block diagram of the PV system by an MPPT
control

4. CONTROL SCHEME BASED ON
DIRECT POWER CONTROL”

“CLASSICAL

The DPC concept is founded on the “voltage vectors”
selection, predefined in a “switching table”, applied to the 3
phase “PWM converter”. These “voltage vectors” represent
sequences of “switching states” of the converter switches ““Sa,
Sh, S¢”. The selection is made on the fundamental of the errors
(Sp, Sq) between the references (P*, Q*) and the actual values
(P, Q) of the “active power” and “reactive power”, as well as
on the “angular position 6 of the flux vector for RSC and the
“grid voltage vector” for GSC [2, 10]. One of the controls is
simpler and robust than “vector control” which is the DPC
strategy on account of the lower dependence of DFIG
parameters.

4.1 “Wind Energy System” control using C-DPC

4.1.1 Switching table elaboration powers estimation

Rather than measuring power on the line, we capture the
“rotor currents” and estimate “Ps” and “Qs”. This manner
grants early the "powers control" of the stator windings.

Recall that the “DPC control” will be based on the simplified
DFIG model, i.e. that determined by ignoring the stator phase
resistance. We can find the relationship of “Ps” and “Qs” based
on two constituents of the rotor flux in the reference repository

(al’n B")
The powers are estimated using the subsequent
relationships [18]:
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Input the angle 6 amid the stator and rotor flux vector, then
“Ps” and “Qs” become:
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4.1.2 Switching table elaboration

To designate the optimal rotor “voltage vector”, it is
required to define the “rotor flux™ related position in the “six
sextants”. A “3-phase inverter” with two “voltage levels” can
create eight various combinations and eight combinations
generate eight "voltage vectors" that ability to use for the
DFIG rotor terminals.

There are six “active vectors” and two “null vectors”. The
spatial positions of the “active voltage vectors” in the (o, Br)
plane are displayed in Figure 4.

The “complex plane” partition into “six sectors” SEC
(i=1,...,6) can be specified by the relationship:
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Figure 4. Switching vectors presentation

Table 1. Optimal vector selection table

Sq¢ Sp 61 8, 63 6, 65 6
1 Vs Ve VI V2 Vi Vy

1 0 Vs Vo Vi Vo Vi Vo
-1 Vi3 V& Vs V¢ Vi V2

1 Ve Vi V2 V3 Vs Vs

-1 0 Vo V7 Vo Vi Vo Vy
-1 Vo V3 Vua Vs Ve Vi

Table 1 gives the optimum vectors acquired in the identical
method by giving preference to the “active power” control to
“reactive power”. The “Sp” and “Sq” signals thus the rotor flow

vector placement J, represent the inputs of this “switching
table”, while the “switching cases” (Sa, Sb, Sc) represent its
outputs [7].

4.2 Control of the hybrid energy system grid converter
using C-DPC

ﬁ@ R L
e Load
(wind+PV)
€c AN—
€ah ia,b
Active and reactive
powers estimation Viers

% Cayf
e

Figure 5. Principle of “classical DPC”

The DPC principal idea is illustrated in Figure 5. The errors
amongst the momentary “active” and ‘reactive” powers
reference values and their measurements correspond to the two
“hysteresis” comparators inputs which determine, with the
“switching table” help and the mains value where the mains
voltage is the case of the switches. The “DC bus” voltage loop
is regulated with a “PI controller” [19].

To increase precision and avert the problems confronted at
the limits of each “control vector”, the “vector space” of the
area is divided into twelve sectors of 30

4.2.1 Instantaneous power estimation

It is known that the “active” power “P” calculation is a
“scalar” product between “voltages” and “currents”, whereas
the “reactive” power “Q” enable to be determined by a “vector”
product betwixt them [20, 21].

P =v,i, + Vi, + Vi, (28)

Q= % [V —Ve)ia + (Ve = Vol + (Va = Vp )i ] (29)

4.2.2 Instantaneous Switching table elaboration

The “control vectors” selection is established on the
variation sign produced on the “active” and “reactive” powers.
Depending on the logic outputs “Sp” and “Sq” of “hysteresis
comparators”, the selected vector must provide an increase or
decrease in both “active” and “reactive” powers.

The same reasoning is applied for selecting the “control
vectors” in the other sectors, giving the switching Table 2.

Table 2. Switching table for C-DPC

Sp Sq 01 62 03 64 05 05 067 0s 69 010 011 012
1 0 Vs Ve Ve Vi Vi V2 V2 Vi3 Vi Vi Vi Vs

1 Vs Vs Va2 Vs Vs Ve Ve Vi Vi V2 V2 V3

0 0 Ve Vi Vi V2 V2 V3 Vs Vua V4 Vs Vs Vs

1 Vi Vo V2 Vi Vs Vo Vu Vs Vs Ve Ve Vi
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5. CONTROL SCHEME BASED ON F-DPC

In “F-DPC”, the conventional comparators and classical
control selection table “C-DPC” are replaced by a simple
“FLC”, to obtain a fixed “switching frequency”, which leads
to a considerable current harmonic reduction. These rules
directly use the errors of “active” and “reactive” powers as
“fuzzy” variables. The control vector selection (Sa, Sp, Sc)
principle is given in Figure 6 [8].

Suzzy rules
table for
control vector
selection V(i)

Figure 6. Principle of classical DPC

5.1 Control of the wind energy system using F-DPC

The suggested “DPC” configuration for the “wind energy
system” is clarified in Figure 7.

Generally, the “FLC” design requires the choice of these
parameters: “linguistic variables”, “membership functions”,
“inference method”, and “fuzzification strategy”.

Switching
Table

o — @ [O}— %
P ﬁ s

Estimation:

E @ —

Powers

+ P v/.v.f

Sector

000

GRID
Figure 7. Principle control of WES based on “F-DPC”

5.1.1 Fuzzification
Fuzzy controller inputs are:

s, =P —P
gq:Q*_Q

The controller has three “membership functions” for the
input of ¢ (“N: Negative, Z: zero, P: positive”), and two
“membership functions” for the input of & (“N: Negative, P:
positive”). The memberships of the controller are illustrated in
Figure 8.

(30)

5.1.2 Inference

“The fuzzy inference is the process of formulating the
relationship between inputs and outputs by the fuzzy logic”
[22]. These rules must take into account the system to adjust
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and the goals of the proposed adjustment. The “fuzzy rules”
set synthesized for all “rotor flux” sectors (Table 3).

Degree of membership

-0.05 0 0.05

P
active power error

o o o
I i ]

Degres of members hip

2
5]

[=]

0.05 0.1

i
=]

-0.05 il

(b) reactive power error

Figure 8. Membership functions

Table 3. Synthesized inference table

& & 6 6, o, 6, 06 0§
N Vi Vs Vs V¢ VI V2

P 7Z Vi Vo Vi Vo Vi Vo
P Vs Ve Vi V2 Vi V4
N V2 Vi Vs Vs Ve Vi

N Z Vo V7 Vo Vi Vo Vy
P Ve VI V2 Vi3 V4 Vs

5.2 Control of the hybrid energy system grid converter
using F-DPC

We present in this section, the DPC configuration to the
“Grid Side Converter” of the “HES” using a new “Switching
Table” structure. The “control vectors" selection is founded on
“fuzzy rules”.

These rules directly use the “active” and “reactive” powers
errors as “fuzzy variables”. The proposed DPC configuration
is illustrated in Figure 9 [8].

ia

Load
(Wind+PV)

Active and reactive
powers estimation

Figure 9. Proposed structure of DPC with fuzzy selection



Table 4. Fuzzy rules

S;k) Sflk) & 6, 0, 6, 6 6 6 6 6 6, 0, 0,

N Ve Vi Vi V2 Vo Vi3 Vi Vs V4 Vs Vs Vs

N Z Vi Vi Vo V2 V3 V3 Vu V4 Vs Vs Ve Vs

P Vi Va2 Vo V3 V3 Vu V4 Vs Vs Ve Ve Vi

N Ve Vi Vi V2 V2 V3 V3 Vs Vi Vs Vs Vs

Z Z Vi Vo V7 Vo V7 Vo V7 Vo Vi Vo \'%i Vo

P Vi V2 Vo Vi3 V3 Vg V4 Vs Vs Vg Vs Vi

N Vs V¢ Ve VI VI V2 Vo Vi3 Vi3 Vu Vi Vs

P 4 Vi Vo V7 Vo V7 Vo V7 Vo V7 Vo Vi Vo

P Vo V3 Vs V4 Vu Vs Vs Ve Ve Vi Vi V2

At each sampling instant, the “active power” and “reactive 15210 (@) 650 (b)

power” errors, “gq” and “gp”, are converted into “fuzzy 4 il
variables” and used to select the “control vector” allowing a % i /v e s

better restriction of the two errors at the next sampling instant. § /\/ g%

The “control vector” selection is by application of “fuzzy g ' S0
. £ — Hybrid 3

rules” (If - then) [6]. The “control vector” selection for every g Wind system 2610
Q

“fuzzy rule” is founded this time on the “sign” and the amount ® 4 Pusystem S 600

of variation, contrary to the “switching table” using "hysteresis 5 -

comparators" logic outputs, where selection is founded solely . Tmfe © 0 . Tinfe(s) L

on the “sign”.
To this effect, the digital reference values of “active” and

“reactive” powers, ef]k) and Sék)

variables. Three “fuzzy sets” are used to make this conversion:
N, P and Z, for each variable. The set of “fuzzy rules”
combinations for all "grid voltage" sectors is shown in Table
4,

, are turn into “fuzzy”

6. SIMULATION RESULT

The" HRES" utilized in this project with the “7.5 kW” DFIG
and a “6 kW” "photovoltaic power system". The “HRES”
model is performed in the “Matlab/Simulink™ environment.

The parameters utilized in this work are given in Table 5
(appendix).

The following simulation results are divided into two parts.
The first series of simulations present an evaluation of the
performances of the HRES system and the second series of
simulations present a comparative study between C-DPC and
F-DPC.

6.1 Control evaluation of the HRES performances

The proposed F-DPC control of HRES is tested with
variable wind speed and variable solar irradiation as shown in
(Figure 10). With temperature, ambient is 300 [°K].

The HRES control performances are presented in (Figure
11a), with the nominal power being 13.5 [kW]. It is observed
from (Figure 11b), that the bus voltage follows the reference
(620 [v]), despite considerable powers variation.

(a) (b)

1200

Irradaince (Wlmz)
= 3
8 8

Wind speed (m/s)
©

@
=3
S

=)
s
S
S

0 5 10
Time(s)

o

5 10
Time(s)

Figure 10. HRES sources
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Figure 11. HRES performance

From (Figure 12), it can be noted that the grid voltage has a
phase-shift of 7/2 with the HRES current; therefore, the
HRES ensures a transfer of power to the grid even if the wind
system operating mode (hypo-synchronous) and even
variation of irradiation.

In this test, a fixed speed of 145 [rad/s] is applied to the
blades of the wind turbine which corresponds to a hypo
synchronous mode of the DFIG, and a constant irradiance
E=1000 [w/m?].

<: 400 400
E |
E e ] A
8 200 ——Vga 5*lga 200 Vga 5‘!ga
% | | ANIRIRL | |
= I I
14 [¢) ARARARARA! | |
I 0 o 0 | I
S N [ ] [ | | | Y] |
111 1 {
z -200 -200 ‘ ‘ [
) | | |
S If
g
3 400 -400
> 0 5 10 49 4.95 5 5.05 5.1
Time(s) Time(s)

Figure 12. Grid voltage and HRES courant
6.2 Control comparative study of C-DPC and F-DPC

The results represent a comparative study between the two
direct power control techniques (classical- DPC and fuzzy-
DPC).

Figure 13a shows the two active powers with “C-DPC” and
“F-DPC”. It can be noted that the ripple of “active power” is
considerably reduced when applying “F-DPC” as compared to
the “C-DPC” technique.

According to (Figure 13b), despite the overflow at the
beginning, the reactive power followed its reference with a
smaller ripple when using F-DPC.

To better illustrate the impact of “F-DPC” control on the
current signal quality, a spectral analysis of currents was
performed. As a note, the measurement was done in the
operation case of the fixed speed "wind turbine" (145 [rad/s]),
but with a constant wind system "active power" (Pying = -7



[kw]) and a unit “power factor” (Qwin¢ = 0 [Var]), and the
Photovoltaic power is (Pp= 6 [kw]).
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g
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©
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-12000
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1500 —— Classical ——Fuzzy

Hybrid reactive power (Var)
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Time(s)

Figure 13. Direct power control technigues comparison
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These results show that the F-DPC (Figure 14b) ensures a
better quality of the HRES "current waveform", the “harmonic
distortion” (THD) changes from 1.76% for the C-DPC (Figure
14a) to 1.25% for the F-DPC.

7. CONCLUSION

For adjusting the “switching frequency” of the converters
“RSC” and “GSC” and whose purpose is to decrease the ripple
power and the currents harmonics transmitted in the electrical
network, the “fuzzy logic” technique has been integrated in the
“DPC”.

As mentioned in the outcomes of simulation, the “F-DPC”
provided a solution avoiding the “C-DPC” disadvantages.

Therefore, the common aim of this was completed in the
control strategy, namely the removal of sinusoidal “currents”
while reducing the “harmonic” content and ensuring unity
“power factor” with a “decoupled control” of “active” and
“reactive” powers.
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NOMENCLATURE

DFIG Doubly-fed induction generator

DPC Direct power control

C-DPC Classical direct power control

F-DPC Fuzzy direct power control

PV Photovoltaic

MPPT Maximum power point tracking

DC Direct current

S Circular surface swept by the turbine

G Speed multiplier gain

v Wind speed (m/s)

P Air density

A Specific speed.

c Dispersion coefficient

g, O Stator and rotor angular speed.

Rs, Rr Stator resistance, rotor resistance

Ls, Lr Inductance stator, Inductance rotor

T T Constant stator and rotor time

Msr Mutual inductance

| Current generated by the cell [A]

lov Photo-current generated by the cell [A]

Iy Diode current [A]

I Diode reverse saturation current [A].

V Thermodynamic potential [V]

K Boltzmann's constant [ j/k ].

T Junction actual temperature [K]

q Electron charge [C].

a P-N junction non-ideality factor

(1<a=3).

APPENDIX

Table 5. Simulation parameters.

Parameters | Value
DFIG

Nominal power (P) 7.5 [kw]
Rated frequency 50 [Hz]
Stator resistance (Rs) 0.455 [Q]
Rotor resistance (Rr) 0.62 [Q]
Stator inductance (Ls) 0.084 [H]
Rotor inductance (Lr) 0.081 [H]
Mutual inductance (M) 0.078 [H]

Inertia (J) 0.3125 [Kg.m?]
Viscous coefficient (f) 6.73*10° [N.m.s"]
Pairs of pole number (p) 2
Wind turbine
Nominal power 10 [kW]
Number of blades 3
Diameter of a blade 3[m]
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Multiplier Gain 5.4 Cells connected in series (Ns) 15

Inertia (Jy) 0.042 [Kg.m?] Parallel resistor (Rp) 415.405 [Q]
Viscous coefficient (f;) 0.017 [N.m.s}] Serie resistor (Rs) 0.221 [Q]
PV Junction actual temperature (T) 25+273.15 [°K]
Cells connected in parallel (Np) 2 Boltzmann's constant (K) 1.3806503*10-23
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