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Abstract: This study presents a comparison of linear and nonlinear control to regulate the DC-link voltage and power

factor correction of a wind farm equipped with squirrel cage induction generators (SCIGs), connecting to a 22-kV

distribution network. Both active and reactive powers are employed in 2 independent control laws. The proposed control

strategies are derived from the Lyapunov approach. The aim of the control is to maximize the generated power with the

lowest possible impact in the grid voltage and frequency during normal operation and under the occurrence of faults.

The nonlinear backstepping controller to be used for the control of the designed system is studied and compared with a

classical proportional-integral controller for performance validation. The entire designed system is modeled and simulated

using MATLAB/Simulink.

Key words: Renewable energy, wind farm, squirrel cage induction generator, DC-link voltage control, power factor

correction control, nonlinear control, backstepping approach, distribution network

1. Wind farm connected distribution network

When large renewable energy sources are integrated into a distribution network, the dynamics and the operations

of the network are affected [1]. The emergence of the smart grid will pose wind turbine (WT) developers with a

new challenge: production during high wind speed, the value of the total harmonic distortion (THD), and power

factor correction (PFC). The WT should be able to continuously supply the network. Among the technology

choices, squirrel cage induction generators (SCIGs) are a very attractive choice for wind power generation

because they are robust, inexpensive, and have low maintenance requirements and costs. As a network interface,

the use of a back-to-back converter for speed operation is extensively reported in the literature, showing their

capability to achieve maximum energy capture in a wide range of wind conditions [2–4].

This renewable system generation has many uncertainties due to the erratic nature of wind-based systems.

Therefore, the controller should accommodate the effects of uncertainties, keep the system stable against a large

variation of wind speed, and produce good power quality. The conventional proportional-integral (PI) controller

cannot fully satisfy stability and performance requirements. On the other hand, the wind power system is a

highly nonlinear system and has a large range of operating points. Thus, linearization around one operating

point cannot be employed to design the controllers. In this case, a nonlinear control method can be used to

effectively solve this problem.
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In the literature, different controlling types of wind energy sources and power electronic converters can

be seen. In some research, control techniques such as PI control [5–8], fuzzy logic control [2], and fuzzy neural

networks [9,10] are frequently used. In an attempt to achieve high performances in the steady state as well

as during the transient state, the nonlinear control structure must be applied. In the last 2 decades, many

modified nonlinear state feedback controls, such as input-output feedback linearization control, based on the

sliding mode approach, were applied to improve power system control performances [11]. Specifically during

these years, there was a tremendous amount of activity on special control schemes known as ‘backstepping’

approaches. The backstepping approach is a nonlinear method that is perfectly suited for power generation

connected power networks [12].

This paper focuses on nonlinear backstepping control (NBC) combined with a SCIG-WT interfaced to

the distribution system with back-to-back converter model. The fixing of the DC-link voltage amplitude at

a constant value, such as 760 V, and PFC using a NBC is elaborated and explained. The wind velocity is

continuously changed and the behavior of the system is analyzed. For the controllers, both a PI controller

and a NBC are used, and the results are compared. The value of the THD and the voltage hold at the

standard intervals. The entire system and all of its subcomponents are designed in a MATLAB/Simulink/SPS

environment.

2. Wind farm connected distribution network

2.1. System configuration

The schematic diagram of the studied wind farm based on a SCIG-connected distribution network is shown

in Figure 1. All of the subsystem components [WT, voltage source inverter (VSI), PI controller, nonlinear

controller, filter, transformer, and distribution system] are submodeled individually using the MATLAB envi-

ronment and combined to establish the overall system model. The simulation of the proposed scheme is done

in a MATLAB/Simulink/SPS environment to establish the model validation and component compatibility.
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Figure 1. Schematic representation of the system.

The schematic diagram of the studied WT based on a SCIG is shown in Figure 2. The turbine rotor

shaft of the studied SCIG is coupled to the hub of the turbine through a gearbox for transforming the low

rotational speeds of the turbine to the required higher rotational speeds of the SCIG. The mechanical energy

is transformed into electrical energy by the generator, and the back-to-back electronic converter is the interface

between the generator and the distribution network. The NBC provides proper switching signals for the voltage

source converter (VSC) SCIG-side so as to extract the maximum power from the WT [13]. The output of the

controller is used to generate a pulse-width modulation (PWM) signal, which is used to control the output
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voltage of the VSI distribution network-side. The frequency of the VSI is controlled and maintained at 50 Hz

through a phase-locked loop (PLL) process.

Figure 2. The overall diagram of the proposed control.

In this study, a wind farm system supplying power to a 3-phase distributed system is examined. To fix

the voltage on the DC-bus at 760 V and frequency to 50 Hz on the VSI, both PI controllers and NBCs are used

and the results are compared.

2.2. The wind turbine and pitch control model

WTs convert mechanical energy produced by the wind to electrical energy. The model of the WT and pitch

control is developed on the basis of the turbine’s steady-state power characteristics.

The mechanical torque produced by the WT is given by:

Tm =
ρπR2

2Ωt
v3Cp(βδ), (1)

where ρ is the air density, R is the radius of the turbine, and v is the wind velocity. Cp(δ, β) is the power

coefficient and Ωt is the turbine speed, which is a function of mechanical speed ωm and gear ratioG ( Ωt = ωm /

G). β is the rotor blade pitch angle and δ = ΩtR/v is the tip-speed ratio.

We consider a generic equation to model the power coefficient Cp , based on the modeling turbine

characteristics described in [14]:

Cp (δ, β) = 0.5109
(

116
δi

− 0.4β − 5
)
exp

(
−21
δi

)
δi = −[ 1

(δ+0.08β) −
0.035
(β3+1) ]

−1
.

(2)

Because the maximum Cp(δ, β) is obtained at optimal tip-speed ratio δ = δopt , looking to take the

maximum power available at any wind speed, the control system must adjust the mechanical speed to operate

at δopt . A relationship between Cp and δ for various values of the pitch angle β is illustrated in Figure 3. The

maximum value of Cp , i.e. Cpmax = 0.47, is achieved for β = 0 ◦ and δopt = 8.1.
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Figure 3. Characteristics Cp vs. δ for the various values of pitch angle β .

3. Nonlinear control of the SCIG-connected distribution network

3.1. Nonlinear model of the SCIG

The model of the studied SCIG can be written as:

dids
dt

= −a1ids + ωsiqs + a2λdr + a3ωmλqr + a4vds, (3)

diqs
dt

= −a1iqs − ωsids + a2λqr − a3ωmλdr + a4vqs, (4)

dλdr

dt
= a5ids − a6λdr + (ωs − pωm)λqr, (5)

dλqr

dt
= a5iqs − a6λqr − (ωs − pωm)λdr, (6)

dωm

dt
= a7 (λdriqs − λqrids)− a8ωm − a9Tm, (7)

where a1 =
(
L2
rRs + L2

mRr

) /
σLsL

2
r ;a2 = RrLm

/
σLsL

2
r ; a3 = pRr /σLsLr ;a4 = 1/σLs ; a5 = RrLm /Lr ;

a6 = Rr /Lr ; a7 = pLm / JLr ; a8 = f / J ; a9 = 1/ J .

Here, ids and iqs are the d-axis and q-axis stator currents, respectively; vds and vqs are the d-axis and

q-axis stator voltages; λdr and λqr are the d-axis and q-axis rotor fluxes; ωm is the mechanical speed; ωs is

the electrical angular speed of the SCIG; and Tm is the mechanical torque.

From the presented model it is seen that the SCIG is a nonlinear multivariable system with coupling

between the direct and quadrate axes. This model is dependent on the stator electrical speed ωs , and this

variable can be calculated if the dq reference frame is synchronized with the rotor flux. Fixing the d-axis of the

rotating reference frame on the rotor flux vector, we have λdr = λr and λqr= 0.

In this case, 2 state variables are proposed for describing the SCIG model in order to extract the maximum

power from the turbine, mechanical speed, and rotor flux:

ω̇m = a7λdriqs − a8ωm − a9Tm, (8)

λ̇dr = a5ids − a6λdr. (9)
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3.2. Nonlinear control strategy of the DC-link voltage and PFC

The basic idea of the backstepping design is the use of the ‘virtual control’ states to decompose systematically a

complex nonlinear control structure problem into simpler and smaller ones. The backstepping design is divided

into 2 various steps. In each one, we deal with an easier single-input, single-output problem and each step

provides a reference for the next step [15].

The aim of the VSI is to regulate the DC-link voltage and maintain the balance between the DC-link

power and the power supplied to the distribution network. This is done by actively controlling the direct axis

current component of the converter. To do that, the VSI 3-phase currents and voltages are expressed in 2 axis

reference frames, synchronously rotating at the distribution network frequency, and so vqg = 0. In this case,

the DC-link voltage can be controlled by modulating the converter direct axis current component idg when the

VSI quadrate current component iqg is used to modulate the flow of reactive power.

The d- and q-axis voltages, current, and DC-link voltage equations of the VSI-side transmission line are

given by:

didg
dt

= −b1idg + b2iqg + b3(vdi − vdg), (10)

diqg
dt

= −b1iqg − b2idg + b3vqi, (11)

dU2
dc

dt
=

2

C
(−3

2
vdgidg + Ps), (12)

where b1 = Rt/Lt , b2 = ω , and b3 = 1 / Lt . R t and L t are the resistance and inductance of the filter,

respectively; ω is the distribution network frequency; and Ps is the power supplied by the generator.

From Eq. (13), it is clear that the DC-link voltage controller provides the active power reference value

(or direct current reference idg−ref ) and Ps acts as a disturbance.

We turn to the backstepping design steps. First, for the DC-link voltage regulation tracking objective,

we define the error as:

eU2
dc

= U2
dc−ref − U2

dc. (13)

Next, the error dynamical equation is:

ėU2
dc

= U̇2
dc−ref − 2

C

(
−3

2
vdgi

∗
dg + Ps

)
. (14)

Since the objective requires that the error converge to 0, we could satisfy the objective by viewing idg as a

virtual control variable in the above equation and use it to control the error eU2
dc
.

The Lyapunov function is defined by:

VU2
dc

=
1

2
e2U2

dc
. (15)

The derivative of VU2
dc

along the error equation is:

V̇U2
dc

= ėU2
dc
eU2

dc
= eU2

dc

(
U̇2
dc−ref − 2

C

(
−3

2vdgi
∗
dg + Ps

))
= kU2

dc
e2
U2

dc
+ eU2

dc

(
U̇2
dc−ref − 2

c

(
−3

2vdgi
∗
dg + Ps

)
+ kU2

dc
eU2

dc

)
,

(16)
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where kU2
dc

is a positive design constant that determines the closed-loop dynamic. Thus, the tracking objective

will be satisfied if we choose the stabilizing function as:

i∗dg =
1

vdg

(
2

3
Ps −

C

3

(
U̇2
dc−ref + kU2

dc
eU2

dc

))
, (17)

since the choice of Eq. (18) gives:

V̇U2
dc

= −kU2
dc
e2U2

dc
≤ 0. (18)

Eq. (18) indicates that the virtual control should be in order to satisfy the control objective of active power, so

it provides the reference for the next step and tries to make signal idg behave as desired. Hence, we define again

the error signals involving the desired variables, idg and iqg (iqg−ref = i∗qg), in order to control the active and

reactive powers, respectively:

eidg = i∗dg − idg, (19)

eiqg = i∗qg − iqg. (20)

Next, the error equation in Eq. (15) can be expressed as:

ėU2
dc

= −kU2
dc
eU2

dc
+

3

C
vdg eidg . (21)

Moreover, the dynamical equations for the error signals, eidg and eiqg , can be computed as:

ėidg =
di∗dg
dt

− (−b1idg + b2iqg + b3(vdi − vdg)) , (22)

ėiqg =
di∗qg
dt

− (−b1iqg − b2idg + b3vqi) . (23)

We extend the Lyapunov function in Eq. (16) to include the state variables eidg and eiqg :

Veg =
1

2
(e2U2

dc
+ e2idg + e2iqg ). (24)

We use Veg to derive the control algorithm. To this end, we compute the derivative of Veg along the error in

Eqs. (22), (23), and (24):

V̇eg = eU2
dc
ėU2

dc
+ eidg ėidg + eiqg ėiqg . (25)

From the above, we can obtain the control laws as:

vdi =
1

b3

(
di∗dg
dt

− (−b1idg + b2iqg − b3vdg) +
3

C
vdgeU2

dc
+ kidgeidg

)
, (26)

vqi =
1

b3

(
di∗qg
dt

− (−b1iqg − b2idg) + kiqgeiqg

)
. (27)

This leads to:

V̇e = −kU2
dc
e2U2

dc
− kidge

2
idg

− kiqge
2
iqg ≤ 0. (28)
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Figure 4. Simulink simulation model of the NBC with the input and output.

Proposition Using Lasalle’s principle [15], the globally asymptotic stability of the system defined by

Eqs. (11), (12), and (13) is guaranteed if the control laws are given by Eqs. (27) and (28), respectively.

4. Simulation system

The controllers of the DC-link voltage and PFC are implemented by Eq. (27) and (28) in a MATLAB/Simulink

environment, as shown in Figure 4. The user can thereby use the controllers more efficiently and can establish

the necessary settings easily.

Wind power is affected by the wind. The profile of the wind velocity imposed is shown in Figure 5, where

vn is a nominal value, and at this value, the WT-SCIG system produces nominal power (300 kW in our study).
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Figure 5. Wind velocity.
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The simulated system is shown in Figure 1. The 3-MW wind farm is connected to a distribution system through

1-km transmission lines.

The system includes 10 SCIGs of 300 kW, driven by WTs through gearboxes. Such a system includes a

pitch control, a VSC, a VSI, a filter, and controllers. During the simulation test, the DC-link voltage reference

is fixed at 760 V and the reactive power reference is kept at 0 VAr. The parameters of the turbine and SCIG

used are given in the Appendix, respectively, in Tables 1 and 2. Figure 6 shows the responses of the system for a

change of the wind velocity. In order to prove the performances of the proposed nonlinear strategy, comparative

simulation studies between this nonlinear controller (see Figure 6a) and the conventional scheme control using

PI controllers (see Figure 6b) are carried out. The well-known pole placement method is used to determine

the different PI controllers’ gains. The PWM used in the system’s inverter has a 5-kHz switching frequency for

both methods of control. The distribution system frequency value is steady at 50 Hz.

The transient operation characteristics of the SCIG-wind farm are studied and compared with the NBC

and PI controllers. The fault event is a 3-phase to ground short-circuit fault at bus 2 of the 2-MW loads,

which begins at 25 s. After 200 ms, the fault is cleared. Figure 7 shows the transition performance of the

grid-connected SCIG wind farm voltage control, with the NBC in Figure 7a and the PI controllers in Figure 7b.

5. Discussion and result analysis

The simulation results are shown in Figure 6a for the NBCs and Figure 6b for the conventional scheme with

PI controllers. Figures 6a and 6b present the results of the simulation comparisons and, as desired, the DC-bus

voltage is perfectly and quickly tracked to its input reference (Udc−ref = 760 V). By comparing Figures 6a and

6b, it can be seen that the nonlinear approach offers a faster DC-link voltage than the conventional PI control

method and this quantity is perfectly tracked to its input reference. It is also clear that the adopted control

should guarantee that the active power and 3-phase current actual values should possess the ability of tracking

their references as closely as possible, and it is clear that the active power component is proportional to the wind

velocity. When the produced energy is greater than the nominal value, the generator speed is fixed to the upper

limit and the pitch control is active to maintain the rated power (see at t = 21 s to t = 25 s). In spite of the

wind velocity variation effects, these disturbances are instantaneously rejected and the control performances are

not affected, whereas the response of the classical control is largely dependent on the currents and DC-link PI

controller’s parameters. As can be seen, this strategy is capable of providing accurate tracking for the reactive

power reference and, meanwhile, keeping good decoupling of the active and reactive powers regulations. This

implies that the wind farm supplies the distribution network with a purely active power. However, the PFC

value of the wind farm is independent of the variation of the wind, but only on the reactive power reference.

We confirm this by observing the phase voltage and current, where the reactive power oscillates at around 0.

As can be deduced from the THD analysis, the NBC has a less harmonic and a clean sinus wave. When the

THD values are compared, the controllers have values in the standard ranges; the THD of the NBC is 0.43%

and the THD of the PI controller is 0.91%. However, the NBC’s value is better than the PI’s, as is its sinus

wave form. Figure 7 shows the responses of the system during the fault period. Figure 7a presents the response

of the proposed NBC, while Figure 7b gives the simulation results of the PI controllers. As can be seen, the

NBC response presents better results than the system using PI controllers.
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Figure 6. Comparison results of the NBCs and PI controllers.
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Figure 7. Transition performance of the grid-connected SCIG wind farm voltage.

6. Conclusion

The paper presents a new control strategy of the wind power-connected distribution network. The resulting

controllers proved to have good characteristics at different operating conditions, as was verified in the presented

results. Both the DC-link voltage and the output active power were controlled to enhance the dynamic

performance of the studied system. Comparisons between the system with PI controllers and the system with

NBCs showed some differences between the 2 approaches. The following positive and advantageous aspects

with the NBCs can be noted: the transient regime presents a faster system response, reaching the steady-state

condition in shorter time. Thus, it is demonstrated that the SCIG’s control voltage can be obtained using

NBCs; these are a strong alternative to linear controllers and can be substituted with the referred advantages.

It can be concluded from the simulation results of the wind farm set with the proposed NBC that:

• The proposed controller is much faster than the conventional PI controller and the DC-link voltage can

be maintained at a constant value.

• It has excellent PFC control.

• The NBC has a less harmonic and a clean sinus wave.

• Good power quality of the power is forwarded to the distribution network.

Appendix: Parameters of the turbine-generator

Table 1. Parameters of the turbine.

Item Symbol Value
Air density ρ 1.22 kg/m3

Area swept by the blades A 615.8 m2

Speed-up gear ratio G 23
Base wind speed vn 12 m/s
Turbine inertia Jt 50 kg m2
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Table 2. Parameters of the SCIG.

Item Symbol Value
Rated power Pn 300 kW
No. of poles p 2
Rated speed ωn 158.7 rad/s
Stator resistance Rs 0.0063 Ω
Stator inductance Ls 0.0118 H
Mutual inductance Lm 0.0116 H
Rotor resistance Rr 0.0048 Ω
Rotor inductance Lr 0.0116 H
Generator inertia Jg 10 kg m2
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