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A NOVEL DIRECT POWER CONTROL
FOR GRID-CONNECTED DOUBLY FED INDUCTION GENERATOR
BASED ON HYBRID ARTIFICIAL INTELLIGENT CONTROL
WITH SPACE VECTOR MODULATION

FAYSSAL AMRANE"", AZEDDINE CHAIBA!
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This paper presents a novel direct power control (DPC) for doubly fed induction generator (DFIG), based on hybrid artificial
intelligent with a fixed switching frequency for wind generation application via maximum power point tracking (MPPT)
strategy. First, a mathematical model of the DFIG written in an appropriate d-q reference frame is established to investigate
simulations. A control law based on direct power control is synthesized using only PID controllers. To improve the performance
of our system, we propose model reference adaptive control (MRAC), type2 fuzzy logic control (T2FLC) and neuro-fuzzy control
(NFC), to control rotor current. Results obtained using MATLAB/Simulink environment with/without MPPT strategy, are
discussed in details; have shown high efficiency and high dynamics.

1. INTRODUCTION

Wind energy conversion system (WECSSs) based on the
doubly-fed induction generator (DFIG) dominated the wind
power generations due to the outstanding advantages,
including small converters rating around 30% of the
generator rating, lower converter cost. Several novel control
strategies have been investigated in order to improve the
DFIG operation performance [1-2]. Nowadays, since
DFIG-based WECSs are mainly installed in remote and
rural areas [2]. In literature [3] vector control is the most
popular method used in the DFIG-based WTs.

The DPC is simple and alternative approach control
formulation that does not require decomposition into
symmetrical components; the DPC schemes have been
proved to be preponderant for DFIGs due to the simple
implementation [4]. A schematic diagram of wind turbine
system with a DFIG is shown in fig.1.

In [5], the author has proposed a new modeling approach
for DFIG, for develop the state vector including directly as
states the stator circuit and grid side converter. In [6] a
direct power control (DPC) of a single voltage source
converter based on doubly fed induction generator (DFIG)
without using a rotor position sensor. Simulation and
experimental results of a 3.7 kW DFIG system are
presented to demonstrate the performance of the proposed
WECS under steady state. In [7], the authors have presented
a model reference adaptive control (MRAC) speed
estimator for speed sensorless direct torque and flux control
of an induction motor, propose tow topologies based in
Type-1fuzzy logic controller (T1FLC) and Type-2 fuzzy
logic controller (T2FLC) to achieve high performance
sensorless drive. In [8], a statistic study has proposed,
which based on applications of fuzzy logic in renewable
energy systems between 1994 until 2014. We remark that
the wind energy had the big importance in these researches
using neuro fuzzy, fuzzy particle swarm optimization, fuzzy
genetic algorithms in simulation and experimental. In [9],
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the authors have devoted their studies in the application of
sliding mode of DFIG, for wind power generation, using
the robustness tests to improve the system performances.
Other advantages of MRAC are it has the ability to control
the system that undergoes parameter and/or environmental
variations. Fuzzy-neural techniques are proposed for
electrical drives in details in [10].

This paper is organized as follows; firstly the modeling
of the turbine is presented in section 2. In section 3, the
mathematical model of DFIG is given. Section 4 presents
direct power control of DFIG which is based on the
orientation of the stator flux vector along the axis ‘d’. The
model reference adaptive control, type 2 fuzzy logic control
and neuro-fuzzy control are established to control the rotor
currents after being compared by conventional regulators
PID in Section 5, 6 and 7 respectively. In section 8,
computer simulation results are shown and discussed.
Finally, the reported work is concluded.

2. MODEL OF TURBINE
The wind turbine input power usually is:

Pv= %.G.SW.V : 1)

Where o is air density; Sw is wind turbine blades
swept area and V is wind speed.
The output mechanical power of wind turbine is:

1
Pm=Cp.Pv= E.Cp.p.Sw.V 3 )
Where Cp represents power coefficient, A is tip speed ratio
and B the blade pitch angle, A is given by:
R.Qt

A=, @3)
\'
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Fig. 1 —Schematic diagram of wind turbine system with DFIG.

Where R is blade radius, Qt is angular speed of the turbine.
Cp can be described as:

. (A +0.1) B
18.5—0.3.(B— 2)} “)

Cp=(0.5-0.0167.(B— 2)).sin[

0.00184.(A —3).(B—2)
In our work, we use the wind profile, as shown in fig.3:
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Fig. 2 — Power coefficient variation Cp against tip speed ratio A.
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Fig. 4 — Power coefficient (Cp) versus time.

The maximum value of Cp (Cp_max=04785) Iis
achieved for g=1.8° and for Jopt=8.098. This point

corresponds at the maximum power point tracking (MPPT)
[11] as shown in fig.2. After the simulation of the wind
turbine using this wind profile (fig.3), we test the robustness
of our MPPT algorithm, we have as results the curve of
power coefficient cp versus time (fig.4); this latter achieved

the maximum value mentioned in fig.2 (Cp_max =0.4785)
despite the variation of the wind.

3. MATHEMATICAL MODEL OF DFIG

The general electrical state model of the DFIG
obtained using Park transformation is given by the
following equations [12]:

Voltage and fluxes equations for stator and rotor

respectively

Vsd = Rs.lsd + %(I)sd — ws.dsq

5
Vsq = Rs.Isq + %d}sq — ms.¢dsd ©®)

Vrd = Rr.lrd + %(I)rd — (s - w).¢rg

Vrq = Rr.lrq + %d)rq — (ws — w).¢rd

= Ls.Isd + Lm.lrd

Ls.Isqg+ Lm.lrq (6)
Lr.lrd + Lm.lsd’

¢rg = Lr.Ird + Lm.Lsq

The electromagnetic torque is given by:
Ce = P.Lm.(Ird.Isq - Irg.Isd)
d : )
Ce-Cr=J.—Q+fQ

dt
where: Cr is the load torque, Jis total inertia and Q is
mechanical speed. The voltage vectors, produced by a
three-phase PWM inverter, divide the space vector plane
into six sectors (fig.6), as shown iE fig.5 [11].

...................

V2(110)

. V1(100)
(04

7~ Yal000

V- (111)

Vs(001) Vs(101)
Fig. 5 — The diagram of voltage space vectors in a-f plan.
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Fig. 6 — Sectors of space vector modulation (SVM) approach.

4. DIRECT POWER CONTROL OF DFIG

In this section, the DFIG model can be described by the
following state equations in the synchronous reference
frame whose axis d is aligned with the stator flux vector as
shown in fig.7, ¢sd = ¢s and ¢sq=0 [13].

By neglecting resistances of the stator phases the stator
voltage will be expressed by:

Vsd =0 and Vsq=Vs = ws.¢s (8)
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Fig. 7 — Stator and rotor flux vectors
in the synchronous d-q Frame.

We lead to an uncoupled power control; where, the
transversal component |rq of the rotor current controls
the stator active power. The stator reactive power is
imposed by the direct component |4 as in shown in fig.8
[13]:
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Rr+p*(Lr-Lm”2/Ls) . —
il / 1rd Ls

Fig. 8 — The doubly fed induction generator simplified model.

Ps = —Vs.ﬁ.qu
ve T ©)
Qs=—=>"——Vs. M Jrd
ws.Ls Ls

The arrangement of the equations gives the expressions
of the voltages according to the rotor currents (fig.9):

L2
Vrd=Rr.|rd+(Lr——m).dlrd
Ls” dt
LZ
— g.ws.(Lr — E).Irq (10)
L% . dlrg '
Vrg = Rr.l Lr — —=m).
rq r.drg+ (Lr Ls) p”
Lﬁ LmVs
—g.(Ds.(Lr—E).lrd+g. s
@2— L Ard + g.s.Irg + Vrd
dt oTr , o.Lr (11)
dlrqg 1.1 L
— =—(—+—"—).Irqg- g.0s.Ird \Y
T AN TS Nl S g
2
; Lr Ls L
with: e e PR
Tr Rr’TS Rs'* ! Ls.Lr

where: ¢sd, psq are stator flux components, ¢rd,dprq are
rotor flux components, Vsd,Vsqare stator voltage
components, Vrd,Vrqgare rotor voltage components.
Rs, Rr are stator and rotor resistances, Ls, Lrare stator

and rotor inductances, Lm is mutual inductance, Gis
leakage factor, P is number of pole pairs, ®s is the stator
pulsation, ® is the rotor pulsation, f is the friction

coefficient, Tsand Tr are stator and rotor time-constant,
and g is the slip. The conventional DPC of a DFIG based

on PID is shown in fig.9.
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Fig. 9 — The conventional DPC of a DFIG based on PID.

5. MODEL REFERENCE ADAPTIVE CONTROL

The system studied in this paper is based on a first-order
linear plant approximation given by [7-9]:

x(t) = a.x(t) + bu(t) (12)
Where x(t) is the plant state, u(t) is the control signal,

aand bare the plant parameters. The control signal is
generated from both the state variable and the reference
signal r(t), multiplied by the adaptive control gains k and

kr such that:

u(t) = k(t).x(t) + kr(t).r(t) (13)
Where k(t)is the feedback adaptive gain and k(t)the
feed forward adaptive gain.
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The plant is controlled to follow the output from a
reference model. The equivalent scheme of MRAC for
adjusting rotor currents of DPC is shown in fig.10.
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Fig. 10 — The Simulink scheme of MRAC for rotor currents.

6. DESIGN OF TYPE2 FUZZY LOGIC CONTROL

The type2 fuzzy controller utilized in this work has two
inputs and one output. The membership functions are
defined in fig.11 (A and B). The inferences of T2FLC can
be made in a more explain as shown in table.1 [8].

[NB2 NM2 NS2 ZE2 PS2 PM2 PB2 NB2 NM2 NS2 ZE2 PS2 PM2 PB2|
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Fig. 11 — Membership functions (A: inputs and B: output).

The type2 fuzzy rule base consists of a collection of
linguistic rules of the form [8]:

Rule 1: if s12 is NB2, and s1,2 is NB2 then dui2 is NB2.
Rule 2: if 512 iSNM2, and S12 is NB2 then du12 iSNB2.
Rule 3: if s1,2 is NS2, and 512 is NG2 then dui2 is NS2.

Rule 49: if 51, isPB2,and s;, isPB2then dui2isPB2.

With: NB: Negative Big, NM: Negative Medium, NS:
Negative Small, ZE: Zero environ, PS: Positive Small, PM:
Positive Medium, PB: Positive Big and the number 2’
means the type2 fuzzy logic control.

Table 1
Type2 Fuzzy logic Inferences.

ds1.2
dUl2 RB2T NM2 | NS2 | EZ2 | PS2 | PM2 | PB2
NB2| NB2 | NB2 | NB2 | NM2 | NS2 | NS2 | EZ2
NM2| NB2 | NM2 | NM2 | NM2 | NS2 | EZ2 | PS2
NS2| NB2 | NM2 | NS2 | NS2 | EZ2 | PS2 | PM2
dS1,/Ez2| NB2 | NM2 | NS2 | EZ2 | PS2 | PM2 | PM2
o |PS2| NM2 | NS2 | Ez2 | PS2 | PS2 | PM2 | PB2
PM2| NS2 | Ez2 | PS2 | PM2 | PM2 | PM2 | PB2
PB2 | EZ2 | PS2 | PS2 | PM2 | PB2 | PB2 | PB2

7. DESIGN OF NEURO-FUZZY CONTROLLER

The NFC controller is composed of an on-line learning
algorithm with a neuro-fuzzy network [10]. The neuro-
fuzzy network is trained using an on-line learning
algorithm. The NFC has two inputs, the rotor current error
eidrand the derivative of rotor current error @ iqr. The
output is rotor voltageVrd . For the NFC of rotor current Irq
is similar with Ira controller. The neuro-fuzzy network is
shown in fig.12.
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Fig. 12 — Schematic diagram of the neuro-fuzzy network.

8. SIMULATION RESULTS

The DFIG used in this work is a 4 kW whose
nominal parameters are indicated in table.3. And the wind
turbine used in this work is a 10 kW whose parameters are
indicated in table.4.

For both cases, we use robustness test as follows:

Test 1: (Without robustness test)

Test 2: Add 100% for Rr, and decrease 25% for Ls, Lr,
and Lm.

Test 3: Add 100 % for Rr and J, and decrease 25% for Ls,
Lr, and Lm.

8.1 CASE | (WITHOUT MPPT STRATEGY):

Fig.13 (to the left) represents the stator active power and
its reference profiles using SVM for proposed control using
MRAC, T2FLC and NFC respectively; the stator active
power reference is indicated in table.5. We remark that the
stator active power follows exactly its reference for the
three proposed controls (Testl). After a robustness test
(Test 2), the stator active power follows its reference, but
we note that there are a great power error and more ripples
in proposed control based on MRAC, lower power error in
proposed control based on T2FLC and neglected in NFC.
After adding 100% of the moment inertia J, severe
disruptions (Test3) just for proposed control based on
MRAC because is influenced by parameter changing.
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Fig. 13 — Stator active and reactive power based on MRAC, T2FLC and NFC respectively without MPPT strategy.

Fig.13 (to the right) shows the stator reactive power and
its reference profiles using SVM for proposed control using
MRAC, T2FLC and NFC respectively; the stator active
power reference is indicated in table.5. We remark the
stator reactive power follows exactly its reference for the
three proposed controls (Testl). By using robustness test
(Test2) and (Test3), we remark lower undulations in
proposed control based on MRAC, T2FLC and neglected in
NFC, we note also a remarkable overshoot in proposed
control based on NFC and neglected in MRAC, T2FLC.
The overshoot existence, the THD of the stator and rotor
current and the value of active and reactive power errors
(for Test 1), are mentioned in table 2.

8.2 CASE Il (WITH MPPT STRATEGY):

Fig.14 (to the left) represents the stator active power
injected into the grid using SVM for proposed control using
MRAC, T2FLC and NFC respectively, via MPPT strategy.

We remark that the stator active power follows exactly
its reference, for the three proposed controls (Testl). After
a robustness test (Test 2), the stator active power follows its
reference, but we note that there are ripples in the proposed
MRAC and neglected in T2FLC and NFC. After adding
+100% of the moment inertia J, a remarkable power error is
noted, with severe disruptions; only in the proposed control
using MRAC (Test3) because is influenced by parameters
changing.

Fig.14 (to the right) shows the stator reactive power
injected into the grid using SVM for proposed control using
MRAC, T2FLC and NFC respectively, via MPPT strategy.
We remark that the stator reactive power follows exactly its
reference (0 var- power factor unity) for the three proposed
controls (Testl). By using robustness test (Test2) and (Test
3), we remark remarkable power errors, with severe
disruptions and more ripples in proposed MRAC (doesn’t
maintain 0 var) and power factor (PF) is other than unity,
lower in T2FLC and neglected in proposed NFC.
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Fig. 14 — Stator active and reactive power based on MRAC, T2FLC and NFC respectively using MPPT strategy
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Table 2
Result’s Recapitulation
Proposed Control
Based on Based on Based on
MRAC T2FLC NFC
Overshoot A little Neglected A little
Stator Current’s 0.81% 1.14 % 0.78 %
THD
Rotor Current’s 17.01% 13.77% 2.80 %
THD
Power’s error +- +/- +/-
120(W var)| 130(W var)|110(W var)
Table 3
Parameters of the DFIG.
Rated Power: 4 kW
Stator Resistance: Rs=1.2Q
Rotor Resistance: Rr=18Q
Stator Inductance: Ls =0.1554 H.
Rotor Inductance: Lr =0.1558 H.
Mutual Inductance: Lm=0.15H.
Rated Voltage: Vs =220/380 V
Number of Pole pairs: p=2
Rated Speed: N = 1440 rpm
Friction Coefficient: fDFIG = 0.00 N.m/s
The moment of inertia J=0.2 kg.m?
Slip: g =0.015
Table 4
Parameters of the Turbine.
Rated Power: 10 kW
Number of Pole pairs: P=3
Blade diameter R=3m
Gain: G =3.9

Jt = 0.00065 kg.m?
ft =0.017 N.m/s

The moment of inertia
Friction coefficient

Air density: p =122 kg/m®
Table 5
Active and reactive powers references.
Time: Stator active power | Stator reactive power
Ps: Qs:
[0-0.2] s -700 W. 0 var.
0.2-0.4]s -1400 W. -1400 var.
0.4-0.6]s -700 W. 0 var.
0.6-0.8]s -1400 W. +1400 var.

9. CONCLUSION

In this paper, a new DPC based on hybrid intelligent
control for DFIG with SVM has been proposed for wind
generation application. DPC via SVM strategy using MPPT
strategy has been achieved by adjusting active and reactive
powers and rotor currents. The performances of NFC and
T2FLC have been investigated and compared to those
obtained from the MRAC controller for power control. The
results obtained by using the MATLAB/Simulink® using
robustness tests (with/without MPPT strategy), have shown
that the NFC has high efficiency, lower error, high
dynamics for wind generation.
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