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Abstract—The main objective of this article is to adapt an independent power supply system to
optimize the energy production of a wind turbine and thus eliminate power outages on the electrical
grid when supplying power to the rotor of a doubly-fed induction generator (DFIG). This system uses
a permanent magnet synchronous generator (PMSG) to supply power to the DFIG rotor and offers
robust control, comparing PI and sliding mode control methods as a function of varying reference
parameters. We begin by presenting the dynamic model of the wind turbine connected to the various
generators, followed by the electrical model of the PMSG and DFIG with the control strategy. Next,
we explain the theory and mathematical equation of the AC/DC rectifier and the DC/AC inverter.
Then, we present the PI controller and the sliding mode control method. Finally, simulation results
comparing the Pl and sliding mode control methods illustrate and demonstrate the performance and

feasibility of this system.

Keywords—DFIG, wind, PMSG, PI controller, Sliding mode, rectifier AC/DC, inverter DC/AC,

control strategy.

. INTRODUCTION

Wind energy is presented as an optimal solution for
lowering fossil ~ fuel consumption and mitigating
environmental pollution. As a clean and freely available
energy resource, it has progressed steadily over the years
thanks to technological innovation and advances in energy
control [1].

In wind turbine systems, the production of electrical energy is
undergoing significant development thanks to the emergence of
new technologies that allow the operation of new systems called
multi-source or multi-generator systems.The choice of the system
has become more important as it depends on new criteria related to
the different technical and environment problems [2].

The doubly-fed induction generator (DFIG) is currently
preferred in wind energy systems for its stability against
wind speed fluctuations, accurate reference tracking,
enhanced power generation, and affordable cost [3][4][5].
Nevertheless, this system still suffers from drawbacks

related to parameter variations and production losses when
the electrical grid feeding the DFIG rotor is interrupted.

To overcome these limitations and guarantee robust
electrical power production, a new configuration called the
dual-generator wind turbine system has been proposed to
ensure continuous power generation. This system integrates
a permanent magnet synchronous generator (PMSG)
alongside a doubly-fed induction generator. The maximum
wind power captured is converted to mechanical power,
which subsequently drives both generators (PMSG and
DFIG) to produce electrical energy. Part of the PMSG's
output power is used to energize the DFIG rotor via two

static converters: an AC/DC rectifier and a DC/AC inverter.

The power regulation of the DFIG stator is achieved
using a Pl and a SMC controller. A comparison between the
Pl and SMC methods is presented to select the controller that
best meets the robustness and stability requirements.

The rest of the article is structured as follows: the wind
turbine model is presented in section Il.. Sections Il and IV
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deal with the AC/DC and DC/AC converter models,
respectively. Sections V and VI describe the Pl and SMC

I1. WIND TURBINE SYSTEM MODEL

controllers used, respectively. Section VII presents the The wind turbine is described in figure 1.
simulation results. Finally, the conclusions are summarized.
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Fig. 1. Wind Turbine system.
A. The wind turbine model: l.:]sing the Park model, the pbermanent magnet
The power extracted by a wind turbine is expressed by synchronous generator equation is given by[8-9] -
the following equation [6] : ) dig )
1 5 Vd = RSId + Ld T— quqa) (5)
P= EpSV 1) di

The available part of this energy that can be captured is:

[7]

P= % PCpSV° @)

The equation of the turbine is:

dQ

I'm=Tegm+fQ+J— 3
m em dt ()

B. The PMSG model:
The model of permanent magnet synchronous generator

is:
Vas = Rsias + dPas
Vps = Rsips + d(dp:’S 4)
Ves = Rgligs +—=>

37

. q .
Vq = Rsig + Lg E_'_ Lyigo+¢s @

The following relationship gives the electromagnetic
torque [9][10]:
3 . .
Fem =3 p(('—d - Lq)'ds'qs + o5 'qs) (6)

C. The DFIG model:

Using the Park transformation, the DFIG equations can
be expressed as follows [11]

. d
Vs = Rslgs +a¢ds _ws¢qs

. d
Vgs = Rslgs +a¢qs + WsPys
d 0
Var = Relgr +a¢dr _(a)s — @y )¢qr

. d
Var = Rylgr +a¢qr +(ws _wr)¢dr

Pgs = Lsids+ M sriar
¢qs: Lsigst M srigr
Par = Lridr + M srids
¢qr: Lrigr + M srigs

®)
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M . .
Lzr (¢qs|dr_¢ds|qr) ©)

D. The DFIG control strategy:

From Park transformation, the active and reactive powers
are written as follows [10] [11]:

Ps=V gsids tV gsigs
Qs =V qsids -V dsiqs

And, after using the flux orientation method, we can
write:

IFem=0p

(10)

{¢qs =0 dgs =¢s

) (11)
Substitutin equation (11) in (10)we have:
Ps=V qsi-qs 12)
Qs =V gslds
By combining (7), (8), and (12), equation (12) becomes:
M .
Ps=-V SL_ Igr
s ) (13)
M . Vg
=Vs—ligr+
QS s Ls dr L s
The equation voltage of the rotor can be expressed by:
. digr . gMV
Var = Rrigr +5d—cl+a)95|dr =T S
s (14)
. digy .
Vgr = Ryigr +0 —— —wg i
dr ridr dt g?lgr
M 2
Where: O = Lr — is the leakage factor, and

S
g =(ws — o, )/ @y is generator slip.

I11l. RECTIFIER MODELISATION AC/DC

The AC/DC converter consists of six diodes arranged
according to the structure illustrated in the figure 2. The
converter is powered by a three-phase voltage system.
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Fig. 2. AC/DC rectifier.

In this rectifier system, we have:

. o ViEMax (V)
D; in conduction position, Si:
i=123and j=12.3

. _ e ViEMin (Vi)
D'; in conduction position, Si:
i=123and j=12,3
So, the output voltage of this rectifier is given by:
Ug =Max(Vj)-Min(Vj); j=1,2,3 (15)
IV. INVERTER MODELISATION DC/AC

The DC/AC converter is presented by its power circuit
in figure 3:
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Fig. 3. DC/AC inverter.

We can obtain the inverter output branch voltages as
follows:

VAN =S axVqc
VBN =S pXVgc (16)
VeN =S exXVge

Where S,, Sp and S¢ design the switches states.

Equation of compound voltages:
VaB =Van +VnB =VaN —VBN =(Sa —Sb)Vdc
Vec =VBN +VNc =VBN —VeN =(Sb —Sc )Vae (1)
Vea =VeN +VNa =Ven —Van =(Sc —Sa )Vdc

Equation of simple voltages:

1
VaN :§(2VAN -VeN —Ven )

1
VBN =§(2VBN -Van —Ven ) (18)

1
Ven =§(2VCN -VaN —VBN )

After the replace of equation 16 in the equation 18, we
find:
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1
VaN = §Vdc (25a —Sp— Sc)

Ve = ZVac (255 -Sa-Sc) (9

1
Ve = §Vdc (Zsc —Sa-— Sb)
Finally, the inverter equation are expressed by:
1
Vas = §Vdc (Zsa —Sp - Sc)

1

1
Vs = §Vdc (250 —Sa - Sb)

V. Pl CONTROLLER

In this system, we are interested to control the powers
(P; , Q) and the currents (I4,, I4) by PI controller.

A. Rotor currents control:

Figure 4 shows therotor currents control by the
proportional-integral controller. The simplified transfer
function obtained from equation (14) corresponds to a first-
order system.

|dr_ref N |qr_ref 1 |dr, |qr

Pl

+ aos+a:

Fig. 4. Transfer function of a Pl controller

The PI transfer function controller:
K.
Accordingly, the open-loop transfer function takes the
following form:
Ky s+K;

T(s) = (22)

aps2+aq s
Wherea, = § and a; = R,

The resulting closed-loop transfer function can be
expressed as:

T(s) 1+Ts
F(s) = = (23)
1+T(s) ;—‘252+(T+;—1i)s+ 1
Where: ; — Ko
K.

B. Active and reactive power control:

The Figure 5illustrated the control loop of powers(P, ,
Q) using PI regulator.

Ps_ref, Qs_ref MV, Ps ) Qs
Pl L
+ R. + 85

Fig. 5. Transfer function of active and reactive power PI controller

The PI transfer function controller is:

1+s Ty

C(S) - sT;

(24)

Where T; andT,, are respectively theconstanttimeofthe
integration correlation and the integration time constant.

The open-loop transfer function:

MVg
_ 1+s Ty Lg
FO(S) - sT; Ry+6 5(25)

In a closed loop, we obtain the following transfer
function:

MV
1+sT, Lg
Fp(s) = Fy(s) _ ST; Ry+6s
F - - MV
1+F0(S) 1 1+5Ty, L—SS
sT; Ry+6s
Fo(s) MV 1+Tys
F\S) =
T;6L¢ 2 (& TnMVS) MVs
st 5 Y e ) S T T,
. 1+Tys
FF(S) ==K, 2 (Rr  TpMVs M Vs (26)
S +(T TL-SLS) T;8Ls
M V.
Where:K,. = S
T T 8L

VI. SLIDING MODE CONTROL

As a robust nonlinear control method, Sliding Mode
Control (SMC) stabilizes system dynamics under uncertain
conditions. It is simple to implement and exhibits strong
robustness against disturbances. SMC is structured around
three main stages [12]

e The fist step consists in choosing sliding surface:
S(X)—(i+/1 jnle
ldt ° 27)
e=X"-X

With:

:

X = [x, X,...,xn_l}

(28)
.

xd :[xd,xd,xd,m}

e The second step is to guarantee the conditions for
the convergence and the stability of the system:
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(29)

(s(X))(s(x))=0
e The third step the law control design:

u=u®+u" (30)
Whereu"is the switching term, u®®isthe equivalent control.

We apply sliding mode control theory to control the
powers (F; , Q). [12]

A. Active power control

Taking n=1 for the purpose of power control, the active
power control surface takes the following form::

s(P)= (P - R (31)
We define:
s',(p)=(p;ef _ps)

We substituteequation 13 in 32:

ot

PQEf +Vs —igr
We use equations 14 and 33, We obtain:

(32)

(33)

: - ref M :
s(|3)=[pS +V5E(Vqr —erqr)J (34)
2
With: o =1-
rLs

Replacing the expression of vgwith vg! +vg, the
equation 34 become:

S = (P + Voo ((vg? +v§) = Rylgr)  (35)
In steady state and in the slip mode, we have:
S(P)=0, S(P)=0, vfr =0 (36)

According to the equation 35 and 36, the equivalent term
command is written:

ved — _F‘,ref O-Ls Lr

= +R i
V.M

rigr

37)

qr s

For the convergence mode, based on the condition
S(P)S(P)<0 we set:

: M
S(P)=-V, A 38
(P)=—Vs s Var (38)
The switching term is defined by:
Vi = Kvgsign(s(P)) (39)

WhereKuvgis a positive parameter.

40

B. Control of reactive power

Taking n=1 for the purpose of power control, the
reactive power control surface is given by:

5(Q) = (5 -s) (40)
We define:
$(Q) = (" -4 (41)

We substituteequation 13 in 41:

é(Q){fo—{—vsLMSidrB “2)

We use equations 14 and 43, We obtain:

S*™r

S(Q) = (Q?f +Vs Tlo '\Iil > (Var —Reigr )J (43)

Replacing the expression of vgwith: vg
equation 43 become:

+v§, the

S (Q) = [Q:sf +Vs %((VS? +V3r )_ Rridr )j (44)

ST

In steady state and in the slip mode, we have:

$(Q)=0, $(Q)=0, vgrzo (45)

From the equation 35 and 36, the equivalent term
command is written:

Veq _ _Aref O—le—r
dr — S V.M
s
For the convergence mode,
s(Q).s(Q) < 0 we set:

+Reig, (46)

based on the condition

: M
S =-V,——v 47
(Q) S O'Ls Lr dr ( )
Therefore, the switching term is given by:
Var = Kvg,sign(s(Q)) (48)

Where Kvgis a positive parameter.

VII. IMPLEMENTATION AND RESULTS

A PI controller together with a sliding mode controller is
used to achieve active and reactive power control. The
Blocks diagram of PMSG-DFIG/PI and PMSG-DFIG/SMC
system are presented respectively in Figure 6 and Figure 7.
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Fig. 7. PMSG-DFIG/SMC control system.
The simulation of the systems illustrated in Figures 6 and 7 The variation in mechanical speed is illustrated in Figure
is carried out in the MATLAB-Simulink environment. The 8 with different values (50, 90, 40, and 125 rad/s).
primary objective of controlling the dual-generator wind As illustrated in Figures 9 and 10, the PMSG produces

system (PMSG-DFIG) is to improve both performance and  active power (Ps) and reactive power (Qs) based on the

stability when reference values fluctuate.
DFIG rotor.

wind speed, and these powers are utilized to supply the

140 T

120 |~

100

80 —
60 [~

40

20 -

Mechanical speed Wmec

o Il 1 L L Il
(o] 0.5 1 1.5 2 2.5
Time(S)

Fig. 8. Mechanical speed variation.
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The variation of the stator current over time, as produced
on the grid by the system under changing active and reactive
power references, is depicted in Figures 11 and 12.

For system robustness, we carried out a comparison
between the regulation of the current at the output of the
DFIG by two modes of regulation (Pl regulation and sliding
mode) as shown in figure 13.

We therefore observe good robustness of the SMC
regulation of the generated stator current compared to the Pl
regulation..

The time-based regulation of DFIG's active (Ps) and
reactive (Qs) powers under varying active and reactive
power references is shown in Figures 14 and 15. For
controlling the Ps and Qs produced by the DFIG, the SMC
controller yields a notably better system response than the
PI controller

22 [ ' ——las-SMC
= —|as-ref
= —|as-Pl
2 21 |-
o 20 i
2
© 18 - N
w
5.5 6 6.5 7 7.5 5 8.5 0
Time(S) x<107°
Fig. 13. Comparison between Pl and SMC controlin zooming mode.
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Fig. 14.  Comparison between Pl and SMC in the active powers adaptation
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Fig. 15.  Comparison between Pl and SMC in the reactive powers adaptation
Applied  Sciences, Vol. 7, At Numb. 7, 2025.

VII1.CONCLUSION

The principle objective of this article, is to establish an
independent power supply system, to eliminate the problem
of power outages in electrical networks when supplying the
rotor of a DFIG using a PMSG, and elaborate a robust
control, responding to stability criteria and desired
performances, for wind system in variation of system
reference parameters.

So firstly, the double generator wind turbine
system(PMSG-DFIG) is presented using PMSG to feed a
DFIG rotor.

An AC/DC rectifier and a DC/AC inverter are used to
interface the PMSG stator with the DFIG rotor. The Ps and
Qs powers delivered by the PMSG are employed to energize
the DFIG rotor.
Subsequently, the regulation of Ps and Qs is achieved
through both PI and sliding mode control (SMC) methods.
The simulation outcomes confirm the stability of the two-
generator system. Moreover, the SMC control method
demonstrates enhanced dynamic performance and greater
robustness relative to the Pl controller in the context of this
adaptive power generation system

Finally, this paper concludes that this system (double
generator wind turbine system(PMSG-DFIG)) has a good
stability and high robustness in the presence of variationsin
the reference parameter system and interruptionselectrical
network.
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