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Abstract: This paper presents a comparative study between the conventional PI (Propor-
tional Integral) and backstepping controllers applied to the DFIG (Doubly Fed Induction
Generator) used in WECS (Wind Energy Conversion System). These two different control
strategies proposed in this work are developed to control the active and reactive power of
the DFIG on the one hand, and to maintain the DC-link voltage constant for the inverting
function on the other hand. This is ensured by generating control signals for two power
electronic converters, RSC (Rotor Side Converter) and GSC (Grid Side Converter). In order
to optimise the power production in the WT (Wind Turbine), an MPPT (Maximum Power
Point Tracking) algorithm is applied along with each control technique. To simulate the
effectiveness of the proposed controllers, MATLAB/Simulink Software is used, and the
obtained results are analysed and discussed to compare PI and backstepping controllers in
terms of robustness against wind speed variations and tracking performance in dynamic
and steady states.
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1. Introduction

The huge increase in energy needs and demands around the world forces the international
community to invest more in renewable energy sources [1]. This shift towards renewable energies
makes wind energy become one of the fastest growing and most reliable renewable energy
technologies, especially in the last few decades [2, 3]. In this context many studies have been
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conducted in attempt to enhance the efficiency of the wind turbines as well as to improve the
quality of the energy produced.

Most of WTs (Wind Turbines) that are installed nowadays are based on variable speed
generators, the DFIG (Doubly Fed Induction Generator) [4, 5]. It is the most used generator,
especially in conventional gear-driven WT systems due to its several advantages such as the small
size of the converters needed for power control as they are penetrated only by a fraction of the rated
power. It’s also more useful to control power in case of high wind speed for protection reasons.
Another advantage is that the DFIG does not need either a reactive power compensator or a soft
starter because its structure offers the possibility to control reactive power exchanged between the
turbine and the grid through two electronic converters, the RSC (Rotor Side Converter) and GSC
(Grid Side Converter) [6].

The most typical topology design of the WECS (Wind Energy Conversion System) is shown
in Fig. 1, where the turbine shaft drives the rotor of the DFIG through the gear box system. The
stator windings are directly connected to the power grid whereas the rotor windings are connected
to the grid through back-to-back power electronic converters, the RSC and GSC, with a DC-link
capacitor in between to keep the voltage constant for the inverting function [4, 6].
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Fig. 1. Block diagram of WECS based on DFIG

In order to maximise the power captured by the WT, the control strategy of the DFIG has
become the issue and interest of recent studies as highlighted by F. Mohammadi et al. [7].

In a grid connected wind turbine, power fluctuations have a negative effect on the quality
of energy produced. To deal with this issue some studies propose an optimal control method in
order to optimise the capacity and reliability of storage devices [8]. The use of emergency power
transmission lines is also proposed despite the economic uncertainties [9].

The most popular strategy adopted to control the WT is the conventional PI (Proportional
Integral) but the non-linearity of the DFIG makes it difficult to achieve satisfying performances
in terms of reference tracking and speed response. That is why we propose a non-linear controller
based on a backstepping approach to be applied to both converters, to consider the useful non-
linearities of the system [10].
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Furthermore, a detailed comparative study between the PI and backstepping controllers will
be presented in this article to test their performances in terms of robustness against wind speed
variations and reference tracking in dynamic and steady states.

This paper is organised as follows:

In section 2, the related work is given. Section 3 gives the dynamic model of the WECS
including the DFIG. A PI controller is designed in section 4, a backstepping controller is developed
in section 5. Simulation results are presented and discussed in section 6. Finally, section 7 contains
the conclusion.

2. Related work

The literature review shows that there is a series of studies that contributed to the design of
PI and backstepping control strategies applied to the DFIG driven by the WT.

El Moubhi et al. [11] proposed an active and reactive power control of the DFIG used in the
WECS using the PI controller and backstepping. This study focused on the difference between PI
and backstepping controllers in terms of dynamic response.

M. Nadour et al. [12] proposed a comparative analysis between PI and backstepping control
strategies of the DFIG driven by the WT. This study shed the light on the comparison in terms of
parametric variations.

S. Mensou et al. [13] proposed the backstepping controller for a Variable Wind Speed Energy
Conversion System based on the DFIG. In this study, the backstepping control performance has
been evaluated against random speed variations.

A.J. Laafou proposed the dynamic control of the DFIG used in wind power production, based
on a PI regulator. In this work the performances of the PI controller are simulated and tested [11].

Y. Moumani et al. [15] proposed modeling and backstepping control of the DFIG used in
Wind Energy Conversion Systems. It focused on the evaluation of the proposed backstepping
controller in terms of reference tracking and robustness against wind speed variations.

B. Bossoufi et al. [17] proposed the backstepping adaptive control of the DFIG for variable
speed WTs. This study presents a nonlinear backstepping controller that is designed using an
adaptive pole placement strategy applied to WTs.

In this work we tried to combine all these studies mentioned to highlight the performances
of both PI and backstepping controllers, in terms of robustness against wind speed variations and
reference tracking in dynamic and steady states.

3. Wind turbine and DFIG modelling

As shown earlier in Fig. 1, the wind energy conversion system considered in our study is
composed of a three-bladed horizontal-axis turbine and a DFIG generator, separated by a gear
box system for speed adaptation.

In this adopted topology, the stator windings are directly connected to the grid and the rotor
is connected to the grid through two power electronic converters, the RSC and GSC.

The model of both the mechanical and electrical parts is given below.
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3.1. Turbine model

The aerodynamic power of a turbine is written by Eq. (1) according to O. Barambones [14].
1
Pucro = Cp (A, B) 5 pr RV, (1)

where C), is the power coeflicient that depends on the tip speed ratio 4 and the pitch angle 8. R
is the blade radius and v is the wind speed.
The tip speed ratio A is calculated by Eq. (2) [14].

RQ
A=—1, 2)
1%

where €, is the rotational speed of a turbine.
The expression of the power coefficient C), of the turbine considered in this work is given by
the following equation, (3).

116 _a
C, =0.5176 (/1_ —0.48 - 5) ¢ i +0.0684, 3)
i
where:
1 0.035
A = - : “)
A1+0.088 1+p3
3.2. Gearbox model
The gear box system is modelled by the two equations bellow [15].
Q,=G-Q
m t’ (5)
T,=G T,

where: G is the gear ratio, Q,, and T, are, respectively, the mechanical speed and the torque of
the generator, Q, and T; are, respectively, the mechanical speed and the torque of the turbine.

The dynamic equation of the generator speed is given by the following equation, (6).

dQ
Jd_tszm_Tem_me; (6)

where: T,,, is the electromagnetic torque, f€,, is the torque of viscous friction and J is the
moment of inertia.

3.3. DFIG Model

The dynamic model of the DFIG, adopted in this work, was built based on equations in the
dq reference frame as indicated in the literature [10—12].
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The rotor and stator voltages are illustrated by Eq. (7a) and the fluxes are given in the dg

reference by Eq. (7b).

d
Vsa = Rsisaq + ¢Sd

— Wshsq

dt
. dey
Vsq = Rslsq + d_\ll + WsPsa
t
: (7a)
. d¢rd
Vrd = Rsira + — Wrrq
dz
., do
Vrg = Rsirg + d_"q + WrPra
t
$sd = Lsisa + Limira
¢sq = le:sq + Lml:rq . (7b)
rd = Lriya + Linisa
¢rq = Lrirq + Lmisq
The active and reactive power are givens by the following equations, (8) and (9).
Py =Vigisg + Vsqisq
Qs = Vsq{sd + vsdl:sq ' (8)
Pr = Vrdlra + ququ
Qr = quird + Vrdirq
The electromagnetic torque 7, is given by Eq. (9).
L . .
Tom = PL_m (¢sqlrd - ¢sdqu) . 9
N

In order to achieve a vector control of active and reactive power, the stator field vector is
oriented along the d-axis (¢sq = ¢ and @5, = 0) [11,13].

For simplification reasons, the stator resistance is considered negligible, R; = 0.

Therefore, previous Eq. (7a) become Eq. (10).

Vsd =0
Vsq = wWsPs
. dirg .
Vrd = errd + Lr(T d; - g(/.)erqu > (10)
. di . V,L
Vig = Ryipg + L,&T% —gWsLyiyg + gwy ;wn;
Ly,

h =1- .
where o I3

Therefore, the sgmpliﬁed expressions of the stator active and reactive power are given by
Eq. (11).

V,
Ps - _ sLmirq
b (11)
VL V2
Os=- ; mird + =
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Thus, the electromagnetic torque is given by Eq. (12).

Ly .
Tomm = _pL_s(bSqu . (12)

4. PI controller design

In order to apply the PI control strategy for the RSC, the DFIG’s model adopted previously
in section 2 will be considered.

Considering the previous equations, (11) and (12), one can see that the control of the elec-
tromagnetic torque 7, is ensured by the quadrature component of the rotor current i,, and the
reactive power Q is controlled by the direct component i, 4 in the dq reference frame.

Both the active power P; or the electromagnetic torque 7, can be controlled. In both cases
their references are obtained from the MPPT algorithm to guarantee the optimisation of the power
captured by the WT.

The schematic diagram of the PI controller applied to the RSC is illustrated in Fig. 2.

CDS —P» LsTem—r
PLy P

PWM RSC

Ll

<1>5 — (CDS

Lo abc

Qs—r —>

Fig. 2. Schematic diagram of the PI controller for RSC

The parameters of each PI controller applied are obtained based on the transfer function of the
considered block. These parameters are determined using the pole compensation method in the
closed loop. The structure of the PI controller including the transfer function of the rotor currents
are given in Fig. 3.

Transfer function
PI Controller

. 1
lrq/d—c 3R o .
3oL, Tr: R L érq /d
s 1+ oly
T s R, S
irq /d

Fig. 3. Block diagram of PI controller of RSC
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There, T, is the settling time of the rotor currents, and the parameters of the controller are
chosen, as mentioned, by A.J. Laafou et al. [19].

In the same way, the structure of the schematic diagram of the PI controller for the GSC is
illustrated in Fig. 4. Furthermore, the DC-link and grid current PI controllers applied to the GSC
are illustrated in Fig. 5. As seen in the same figure, these two PI controllers are applied to the grid
side, respectively, after developing the RL filter and DC link capacitor models.

Udc—b Pl
Udc—r —p
)
L PWM N GSC
o
Vi
abc
Qr—r ]
Fig. 4. Schematic diagram of PI control of GSC
DC-link Voltage Grid currents
Transfer function PI Controller ~ Transfer function
PI Controller 1
Udc -r i 3Rf R- [
d— = R lgq/d
2Cow £ i Udc 9q/d—c 3Lf Trg N f 99/
0 > —+—= Ly
Cs Trg s 1+ E s
Tudc -r igq /d

Fig. 5. PI controllers of the grid currents and DC-link voltage

Here, T, is the settling time of grid currents, and the parameters of the controller are chosen
asin [19].

The parameters of this controller can be simplified as follows:

30L, 3R,
For rotor currents Klr, = a-_’ K =—. (13)
Trr Trr
3L 3R
For grid currents Klr7 =2 , T = ! (14)
Tyq Trg
3
For DC link voltage K¢ = 2Cweé, Kd = wiC = T (15)
L rdce

The setting values of these parameters are given in the Appendix.
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5. Backstepping controller design

5.1. RSC control

To design the backstepping controller for the RSC, the stator active and reactive power Py
and Q; are provided by the following equations, (16) and (17), which have been derived from the
DFIG model.

VsLiy

Py = -,
Active power 1 ° VLo (16)
irg=— |Viq = Rrirg — oLy wyira— g e
oL, Lg
o= Volm; W
s - r
Reactive power 1LS Lsws (17)
l:rd = oL, (Vrd —Ryiyqg - O—Lrwrirq)

These types of stator power are controlled by the rotor currents i,q and 7,4 with an interme-
diate virtual control v, and v, 4. Their reference values are determined following the recursive
and sequential steps of backstepping control strategy based on the Lyapunov function [20]. Con-
sequently, in order to achieve the stability of the system, the design of the backstepping controller
can be carried out following two steps, as seen below. The current references (see Eq. 18) and the
control voltages (see Eq. (24)) are computed, respectively, in the first and second step.

Step 1: Computation of current references:

Tracking errors:

81:PS—C_PS éIZPs—c_PS
= . .. (18)
£3=05 ¢ —0s &3=05-c— 0
Lyapunov functions:
1, 1,
Vl = 581 s V3 = 583 . (19)
Derivatives of Lyapunov functions:
Vl =¢g18 =¢ [Ps—c - Ay (qu = Ryirg — Aziya — A3)] 20)
VS =£383 = &3 [Q.s—c - A (Vrd —Rpiya+ A2irq)] ,
where: V.L V.L
A =", A=cLw,, Az=g—>.
LsoL, Ly
Rotor currents as virtual commands:
) 1 . 1 .
lrg-c = 570 [Ps—c + 0181] -7 (qu — Agirg — A3) >
AR, R, 21

1 . 1
[stc + 6383] - = (Vrd + Azirq) .

T AR, R,
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Step 2: Computation of control voltages:
Tracking errors:

& = l:rq—c - l:rq N &= ljrq—C - l:-rq ' 22)
&4 = lrd-c —lrd &4 =lrd-c —lrd
Lyapunov functions:
1, 1, 1, 1,
V2 = 581 + 582, V4 = 583 + 584. (23)

Derivatives Lyapunov functions:

Vo = €181 + €262
i . (24)
Vi = e383+ 6484
Therefore:
VZ =& [psfc - A (qu - R, (irqfc - 32) = Agiyg — A3)]
: 1
+ & irqfc - _L (qu - Rr (irq—c - 32) - A2ird - A3)
OLr . (25)

V4 =é&3 [Qs—c - A (Vrd =Ry (irg-c — &4) + AZirq)]
+ &4 [ird—c - Ay (Vrd - R, (ird—c - 84) - AZirq)]

Finally, we will have to choose the references of rotor voltages as the actually accessible
commands. Their reference values should guarantee that the derivatives of Lyapunov functions
are negative as expressed by Eq. (26).

Vs = —618% - czsg <0, W= —6382 - 048‘21 <0, (26)

where c1, 3, ¢3 and ¢4 are positive parameters that we must choose properly to ensure asymptotic
convergence stability according to the Lyapunov theory [17].

In our simulation model we chose them as, ¢; = 80000, ¢, = 5000, ¢3 = 9000 and
¢4 =6000 [17].

Therefore, the control voltages are given by Eq. (27).

1 :
Vig—c = oL [—6‘282 —lrg-c t A]Rrsl] + B
] " , 27
Vid-c = =3 [-csgs —ira—c + AiRy &3] + B>
r

where:
By = -R, (irq—c - 82) —Asirg— A3z and B;=-R, (ird—c - 84) + AZirq .

The block diagram of the backstepping controller applied to the RSC is presented in Fig. 6.
In this diagram all the steps, previously mentioned, that are required to turn out the control law
of the rotor voltages are illustrated.
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irq —C
Ps ref ———9 . » qu e
brq—c Vig—c dq
P Computation . Computation
brd -
. » PwM[,| RsC
brd—c
Qs ”’f_’ . > rq—c
lrd—c Vid—c >
Qs Computation Computation abc
' irg
Fig. 6. Backstepping control diagram applied to the RSC
5.2. GSC control

For the control of the GSC, we consider the model of the RL filter, which is defined by
equations of the rotor active and reactive power, (28) and (29).

Active power

Reactive power

Vs

Pr=1; Vra=Ryirg=Lywsira=Vi)
; (28)
. . .
ira=1; (Vg —Ryifq = Lywsisa = Vs)
Oy =g Vra=Rpira=Lywsirg=Vs)
(29)
: 1 . .
ira= - Via=Ryira=Lyosisg=Vs)

By following the same backstepping strategy detailed earlier in RSC control according to the
use of Lyapunov functions, the expressions of the filter current reference Eq. (30) of iy, and iy 4
are given in the first step, while voltage reference Eq. (31), V¢4 and V4, are given in the second

step.
Therefore:
. 1 ,
. ifg-c = 5~ 7f Pf—c+k181)+(qu_waslfd_VS)]
Grid current f s (30)
references: 1 [L '
Ifd-c = e 7f Os—c + kaes) + (Via - wasifq)]
f K
; Vs . .
Vig-c = Ly |—ko&r - lfq_C+L—81 —(Rflfq+Lfa)slfd+Vs)
Voltages ! G1)
references: . Vs . .
Via—e = Ly (—k484 —lfd-c*+ L—f€3) - (Rflfd - Lf‘”slfq)

In the same way as PI controllers for the RSC, the parameters k1, k>, k3 and k4 are positive
parameters chosen properly to guarantee the asymptotic convergence stability according to the
Lyapunov theory. According to Y. Moumani et al. [17], they are chosen in this proposed model to be

k1 =10000,

ko = 80000,

k3 =20000 and k4 = 6000.



N

www.czasopisma.pan.pl ?@ www journals.pan.pl

Vol. 72 (2023) A comparative study based on proportional integral and backstepping 221

Based on Egs. (28) and (29), the block diagram of the backstepping controller applied to the
GSCis given in Fig. 7.

Pf—ref if —
N q—c
Ude-rer = DC link > Ve
ifq—c Vig—c fa—c p
Uy —>»| PIcontroller > Computation Computation q
Fr ifd —>
. L pwm[| Gsc
ifd—c
Qf—ref_. i > V}'q—c
ifd—c Vra—c N
Qf Computation : Computation abc
i
fa

Fig. 7. Block diagram of backstepping controller applied to the GSC

6. Simulation results

To validate the performance of the proposed PI and backstepping controllers, MATLAB/
Simulink software has been used to build the model of the entire WECS including the turbine
and the DFIG.

After designing the two controllers, the simulation scenario adopted is based on a wind speed
profile as a signal of sudden changes in wind speed, as illustrated in Fig. 8 allows one to test
tracking speed as well as tracking error in both transient and steady states.

T T T T T T T T l

12
—WindspeedJ
1.5

1" F 1

10.5 b

10 - =

Wind Speed v (m/s)

| | | | L
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (seconds)

L L L L

Fig. 8. Form of applied wind speed profile

The obtained results for the stator active and reactive power are presented respectively in
Fig. 9 and Fig. 10. From these figures, one can see obviously that the outputs Ps and QO converge
perfectly to their references when there is a random sudden change of wind speed. The value of
P, is negative because DFIG works as a generator.

The active power P converges to its reference value P_rr determined by an MPPT algorithm
and the reactive power is kept at zero to ensure a unitary power factor [21]. This means that all
the tracking errors converge to zero. That proves the effectiveness of the two controllers, but
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Fig. 9. Stator active power for PI and BS control
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0 0.5 1 15 2 25 3 35 4 4.5 5
Time (s)

Fig. 10. Stator reactive power for PI and BS control

backstepping is quite more effective than PI when it comes to error cancellation in both transient
and steady states.

Fig. 11 shows the evolution of the power factor C,, that depends on wind speed. In this figure,
one can see that the power coefficient is kept at its optimal value despite the disturbance caused by
the sudden changes in wind speed. The principal observed advantage here is that the backstepping
controller response is much faster than that of the PI controller.

Fig. 12, which illustrates the DC link voltage for both PI and backstepping controllers, shows
that there is overshooting in the PI control strategy, the voltage value exceeds its reference value
while trying to stabilise against wind speed changes.
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Fig. 11. Power coefficient C),

Apparently, the same previous observations regarding the settling time are also noticed in
Fig. 12. The voltage U, follows its reference with a very small settling time which means that is
much faster compared to PI.

T T

1600

= == Udc_ref
——Udc_PI | |
— Udc_BS

SRS,

1400

1200

1000

1250

600 1200 4

DC Link Voltage (V

1150
= 15 2 25 )

Time (s)

Fig. 12. DC-Link voltage Uy,

Figures 13 and 14 present, respectively, the rotor active and reactive power for both PI and
backstepping controllers. From Fig. 13 one can notices that the power P is negative between
2 s and 4 s. It means that the DFIG works in hypersynchronous mode, which is obvious since the
rotor speed exceeds its nominal value. Whereas the reactive power of the rotor is kept at zero, to
ensure a unitary power factor, as illustrated by Fig. 14.
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Fig. 15. Electromagnetic torque T¢,;, (N-m)
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For both controls, the electromagnetic torque 7, is illustrated by the following Figure 15, it
has exactly the same form of active power which affirms the same differences discussed earlier
between PI and backstepping.

7. Conclusion

In this paper a comparative study between two control strategies was given. The studied
controllers are the conventional PI control and an advanced non-linear approach known as back-
stepping control. These two strategies, to control a WT-driven DFIG, are applied to two converters,
the RSC and GSC, leading to the optimization of the power captured by the WT.

The obtained results carried out from this study have proved that both controllers show quite
satisfying performances, but the backstepping technique is more effective in terms of robustness
against disturbances such as wind speed variations.

Moreover, the non-linearity of the backstepping makes the system more stable and much faster
than its competitor due to its short settling time which proves its capability to cancel the tracking
errors in a very short time.

However, the simplicity and the low cost of the classical PI controller make it still the most
employed controller compared to the backstepping controller which is more complex, and more
sensors are needed for its implementation.

In future work, a hardware implementation, as well as a further study, should be carried on
in order to test the performances of the proposed controllers against voltage dips expected in the
terminals of the wind power system.

Nomenclature

Paero : The aerodynamic power of wind turbine (W)  V,.; : direct component of V, in dg reference
T; : Wind turbine torque (N.m) Vrg : quadrature component of V;- in dg reference
v Wind speed (m/s) igq : direct component of stator current

R: Blade radius (m) isqg : quadrature component of stator current
A: Tip speed ratio ¢sq : direct component of stator flux

G: Gearbox ratio ¢sq : quadrature component of stator flux
Q,, :  mechanical speed of the generator (rad/s) irq : direct component of rotor current

Ty : mechanical torque of the generator (N.m) irq : quadrature component of rotor current
f: Damping coefficient Pg :  Stator active power

p: number of pair poles Qg : stator reactive power

J: Moment of inertia ifq: direct component of grid current

Tem :  Electromagenetic torque (N.m) ifq: quadrature component of grid current
Vs : Stator voltage (V) Py : rotor active power

Vit rotor voltage (V) igq : direct component of stator current

Vsaq @ direct component of V; in dqg reference isqg : (quadrature component of stator current

Vsq : quadrature component of V; in dq reference

Appendix

The WECS parameters used for the simulation are given in Tables 1, 2, 3 and 4.
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Table 1. DFIG parameters

Parameter name Symbol Value Unit
Rated power P, 1.5 MW
Rated voltage Un 690 \'%
Nominal frequency f 50 Hz
Rated rotor speed 1750 rpm
number of pole pairs P 2
Stator resistance Rg 2.65 mgQ
rotor resistance R, 2.63 mQ
stator leakage inductance Lso 0.1687 mH
rotor leakage inductance Lyo 0.1337 mH
magnetizing inductance L 5.4749 mH
Table 2. The parameters of the turbine
Parameter name Symbol Value Unit
Rated power Py 1.5 MW
Rated wind speed v 13 m/s
Density of air P 1,225 kg/m3
Blade radius R 30 m
Gearbox ratio G 55
Table 3. Parameters of the grid side
Parameter name Symbol Value Unit
DC-link voltage Uge 1200 \Y%
DC-link capacitor C 10 028.7 uF
filter resistance Ry 0.3174 Q
filter inductance Ly 3.0103 mH
Table 4. Controller parameters
Parameter name Symbol Value
For rotor currents K;’ 08921
K; 7.8900
For grid currents K% 90509
K; 105.4380
For DC link voltage K’? ° 1.0029
KPC 50.1586
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