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Abstract: The presence of backlash in wind turbines is a source of limitations as it introduces nonlinearities that reduce their efficiency in 
speed/torque control which affect the performance of the power quality. Because of production tolerances during rotation, the teeth contact 
is lost for a small angle; until it is re-established, it produces a backlash phenomenon. The desire to eliminate this phenomenon is often 
hard to realise due to the nonlinear dynamic behaviour, which arises with the presence of backlash fault in a system. Therefore, the goal of 
this study is to develop an LQ optimal control structure in a form of an R-S-T controller in order to reduce the disturbing torque transmitted 
inside the dead zone of a gearbox in the wind turbine system. The actual system is also developed to be used as a demonstration model at 
lectures or presentations. The efficacy of the proposed control is illustrated via simulations. 

Key words: modeling, bond graph, wind turbine, backlash, quadratic linear control, RST controller

1.  INTRODUCTION 

Generally, the main problem with wind turbine installations is 
the quality of energy production, which is usually caused by volt-
age fluctuations measured from the generators. For this purpose, 
the wind turbines driven by stochastic wind disturbances, gravita-
tional and gyroscopic loads, are perceived as fluctuating power 
sources (Tomonobu, 2018). Gearbox failure has been the main 
cause of many reliability defects for modern wind energy sources. 
The main gearbox elements subject of this failure are, mesh 
stiffness, bearing stiffness, damping and gear backlash. 

Performance of gear transmission is bound to put forward 
higher requirements. In actual use, about 50% of wind generator 
fault occurs in the gear transmission system (Zhao et al., 2015). 
When the gear is at high speed, factors such as stiffness, pro-
cessing and assembling error are prone to vibration, thus affecting 
the transmission system accuracy and stability, it even breaks the 
teeth destroying the machine and causes other major accidents 
(Zhao et al., 2015). The wind gust could result in unbalanced 
aerodynamic loads in the rotor, which leads to the non-torque 
bending moments that are fed into the gearbox. Large driving 
torques may lead to contact loss of the missing gear teeth. The 
bending moments applied on the main shaft could cause the loads 
on gear teeth to change dramatically.  

Backlash or clearance exists in any gear system, either by 
design or due to manufacturing errors or wear. This backlash may 
induce vibro-impacts, leading to excessive vibration, noise, and 
dynamic loads (Amir et al., 2014). The clearance between gear 
pair teeth, or backlash, is considered to be a potential source of 
vibration in some research papers (Zhenxing et al., 2017; Ragheb 
and Ragheb, 2010). The influence of clearance occurs mainly in 

cases when the torque’s mean value is near zero or torque 
reversals are present in the system (Amir et al., 2014). 

In the literature, many solutions have been developed to over 
come backlash faults and reduce the impact on the life of the 
drivetrain in modern wind turbine systems (Yangshou et al., 
2019). Control of systems with backlash is complicated for high-
precision requirements and hence generally a mechanical solution 
with an anti-backlash arrangement is provided, introducing spring-
loaded split gear assemblies, precision gear, inertias or other 
devices for attenuation. All of these solutions are satisfactory, but 
they aggravate modelling and system analysis which reduce the 
control accuracy. In this context, the control of systems with 
backlash has been the subject of study since the 1940s (Marton 
and Lantos, 2009; Yonezawa et al., 2019). The main analytical 
tool to describe the backlash has been the describing function 
technique. To anticipate these phenomena, there exist 
mechanical and automatic methods (Ruderman et al., 2018). 
Some control solutions have been proposed, like in Čulina (2011), 
Odgaard et al. (2013) and Mordian (2014), where they have 
studied the influence and the partial compensation of 
simultaneously acting backlash and coulomb friction in an elastic 
two-mass system with a speed and position controller. 

Recker & al and Tao & Kokotovic have worked on the 
adaptive control of a system with backlash. On this subject, 
different mathematical models are proposed: Tao & Kokotovic 
have modelled the inverse backlash model based on a hysteresis 
cycle (Gang and Kokotović, 1992). Cadiou & M’Sirdi have 
developed a differentiable model based on the dead zone 
characteristics (Cardiou and M’Sirdi, 1995). An approximate 
inverse of the backlash has often been suggested as a backlash 
remedy, both in a non-adaptive and an adaptive setting. Modern 
digital controllers have been developed, such as, state space-
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based controllers like a linear quadratic regulator (LQR) 
(Ruderman et al., 2008), a model reference adaptive controller 
(MRAC) (Guo-Qiang et al., 2013) and an applied heuristic based 
fuzzy control (Guo-Qiang et al., 2013; Qikun et al., 2019). The 
study of the impact of gear train backlash on performance of DFIG 
wind turbine system (Ganesh et al., 2018), partial offline fuzzy 
model-predictive pitch controller for large-scale wind-turbines 
model (Mohamed et al., 2020). The robust control is based on 
fractional- order controllers (et al., 2020). Another technique 
based on developing an estimator to periodically estimate the size 
of backlash in the gear of a wind turbine is established. Lagerberg 
and Egardt (2007) proposed a switched Kalman filter for 
estimating the backlash size in automobiles. Makosi et. al. (2017) 
developed an extended Kalman filter for automotive application by 
estimating the sum of the half shaft torques, the stiffness and 
damping of the drive shafts, and the size of the driveline backlash. 

The purpose of this paper is to describe the characteristics of 
backlash, to investigate the drawbacks backlash imposes on the 
dynamics of wind energy conversion systems (WECSs) that 
contain backlash in a gearbox and to inquire possibilities of how to 
neutralise the effects of backlash and eliminate electrical pollution. 
This study was accomplished according this strategy:  

 Using the bond graph as a modelling methodology, the 
dynamics of WECSs that contain backlash in a gearbox, 
which can be considered as a well tool, adapted for the 
analysis of these systems, is investigated. This study 
illustrates the importance of using a simplified bond graph 
model properly, which accounts for the reduction in simulation 
time in comparison with the available software package. The 
model was developed and simulations were obtained using 
the 20 sim software package environment.  

 The linear quadratic (LQ) optimal control structure in the form 
of an RST controller for gearbox system’s backlash vibration 

suppression in WECSs for an input–output approach of the 

optimal control is implemented. This structure has two 
degrees of freedom: the digital filters R and S are designed in 
order to achieve the desired regulation performances and the 

digital filter T is designed afterwards in order to achieve the 
desired tracking performances. In this context, it is considered 
that the optimisation is achieved by means of a rotational 
speedtracking loop. The model was developed and 
simulations have been carried out using MATLAB/Simulink. 
    This article is organised as follows: let’s start with a brief 

introduction and then a modelling of the wind turbine system with 
backlash in section 2. In section 3, a bondgraph model of the wind 
turbine system is proposed, and the section 4 is devoted to depict 
the LQR-RST controller for the reduction of the backlash 
phenomenon. The results of the simulation are presented in 
section 5. At the end, section 6 includes a short conclusion. 

2. SYSTEM MODELING 

In this section, the dynamic simulation model is described for 
the proposed wind turbine energy conversion. The block diagram 
of the integrated overall system is shown in Fig. 1. This system is 
adopted from Tao et al. (2014). The wind turbine consists of a 
rotor mounted to a nacelle and a tower with two or more blades 
mechanically connected to an electric generator. The gearbox in 
the mechanical assembly transforms slower rotational speeds of 
the wind turbine to higher rotational speeds on the electric genera-
tor. The rotation of the electric generator’s shaft generates elec-
tricity whose output is maintained by a control system. Afterwards, 
each sub-model of the wind turbine system is presented and 
combined to obtain a complete model of the wind turbine. 

The subsystem emphasised in this paper is the influence of 
the backlash fault in the gearbox part in order to reduce their 
efficiency in speed/torque control, which affects the performance 
of the power quality. Therefore, a control system of a wind turbine 
is developed using the LQ-RST algorithm to optimise the wind 
turbine energy conversion process in the presence of vibrations 
caused by the backlash fault. Fig. 1 shows the basic components 
of the controlled system. 

 
Fig. 1. Block diagram of the controlled wind turbine
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2.1. Wind turbine aerodynamic modeling 

The aerodynamic part models the extraction of mechanical 
power from energy in the wind. This part represents the physical 
rotor blade of the real wind turbine system. The mechanical power 
is then either fed directly to the electrical part or fed through the 
mechanical part to the electrical block. The output power of the 
wind turbine 𝑃𝑤𝑡[𝑤] may be calculated from the following 
equation (Munteanu et al., 2018) : 

𝑃𝑤𝑡 =
1

2
𝜌. 𝜋. 𝑅2. 𝑣3. 𝐶𝑝(𝜆)                                                      (1) 

In Eq. (1),  ρ[Kg/m3] is air density, R[m] is the blade length 
of a wind turbine, and Cp(λ) is the power coefficient, versus tip 

speed ratio. The torque developed by the wind turbine may be 
expressed as follows: 

𝑇𝑤𝑡 = 𝑇𝑤𝑡(Ω𝑙 , 𝑣)|𝛽=𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                   (2) 

where Ω𝑙  is the low-speed shaft rotational speed and 𝛽 is the 
pitch angle. 

Then, it can be written as follows:  

𝑇𝑤𝑡 =
𝑃𝑤𝑡

Ω𝑙
                                                                                   (3) 

According to Eq. (1), one obtains the following equation: 

𝑇𝑤𝑡 =
1

2
𝜌. 𝜋. 𝑅3. 𝑣2 . 𝐶𝑇(𝜆)                                                    (4)   

where 𝐶𝑇 =
𝐶𝑃

𝜆
 is the torque coefficient, 𝑣 is wind speed, 

𝑇𝑤𝑡[𝑁.𝑚] is wind torque, 𝑇𝑒𝑚[𝑁.𝑚] is magnetic torque, 

Ω𝑙[𝑅𝑎𝑑/𝑠] is lowspeed, Ωℎ[𝑅𝑎𝑑/𝑠] is highspeed, 
 T𝑟𝑞_𝑟𝑒𝑓[𝑁.𝑚] is high-speed reference, 𝐼𝑠[𝐴] is stator current, 

𝑉𝑠[𝑉] is stator voltage and 𝑤𝑠[𝑅𝑎𝑑/𝑠] is stator frequency. 

2.2. Drive train modeling 

The mechanical part forms the connection between the aero-

dynamic part and the electrical part through torques 𝑇𝑤𝑡 and 𝑇𝑒𝑚  

and speeds Ω𝑙  and Ωℎ  by the ratio N. The main component of the 
mechanical part is the gearbox. In this work, we consider coupling 
speed as a flexible speed; it means that the drive system of the 
wind turbine will be a three-mass system , as shown in Fig. 2. 

 
Fig. 2. Three-mass model of a wind turbine drive train 

The motion equation is then given as follows: 

𝑇𝑒𝑚 = 𝐽𝑔Ω̇ℎ + 𝑇𝑖𝑛𝑡                                                                    (5) 

In Eq. (5), 𝑇𝑖𝑛𝑡 and 𝐽𝑔 are the internal torque and the high-

speed shaft inertia[𝑘𝑔𝑚2], respectively. With:  

 𝑇𝑖𝑛𝑡 = 𝐾𝑠𝜃𝑑 + 𝑏𝑠Ω𝑑                                                                 (6) 

  𝜃𝑑 = 𝑁𝜃𝑙 − 𝜃ℎ                                                                         (7) 

and: 

  �̇�𝑑 = 𝑁Ω𝑙 − Ωℎ                                                                       (8)     

According to Eqs. (5) and (6), one obtains the following: 

 𝑇𝑒𝑚 = 𝐽𝑔Ω̇ℎ + 𝐾𝑠𝜃𝑑 + 𝑏𝑠Ω𝑑                                                   (9) 

where 𝑘𝑠 is the shaft elasticity [𝑁𝑚 /𝑟𝑎𝑑], 𝑏𝑠 is the inner 

damping coefficient of the shaft [𝑘𝑔𝑚2/s] and 𝜃𝑑  represents the 
difference in the angle of high-speed shaft 𝜃ℎ and the low-speed 

shaft 𝜃𝑙. 

 𝑇𝑤𝑡 = 𝐽𝑤𝑡Ω̇𝑙 + 𝑁𝑇𝑖𝑛𝑡                                                              (10) 

where 𝐽𝑤𝑡  is shaft inertia with low speed. 

2.3. Electrical generator modeling 

The electrical part based on induction generators represents 
the components responsible for converting the mechanical power 
to electrical power that can be fed into the power grid. In WECSs, 
the generator interacts with the drivetrain; hence, to this set of 
equations, the high-speed shaft Ωℎ  motion is usually added in the 
following form: 

𝐽𝑇
𝑑Ωℎ

𝑑𝑡
= 𝑇𝑚 − 𝑇𝑒𝑚                                                                  (11)                                                                              

where 𝑇𝑚 is mechanical torque and 𝐽𝑇 is the equivalent inertia 
rendered to the high-speed shaft. The generator model is 
described as follows (Naik and Gupta, 2017): 

{
  
 

  
 𝑣𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 +

𝑑𝜆𝑑𝑠

𝑑𝑡
− 𝜔𝑠𝜆𝑞𝑠                     

𝑣𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 +
𝑑𝜆𝑞𝑠

𝑑𝑡
− 𝜔𝑠𝜆𝑑𝑠                       

𝑣𝑑𝑟 = 𝑅𝑟𝑖𝑑𝑟 +
𝑑𝜆𝑑𝑟

𝑑𝑡
− (𝜔𝑠−𝜔𝑟)𝜆𝑞𝑟 = 0

𝑣𝑞𝑟 = 𝑅𝑟𝑖𝑞𝑟 +
𝑑𝜆𝑞𝑟

𝑑𝑡
+ (𝜔𝑠−𝜔𝑟)𝜆𝑑𝑟 = 0

                          (12) 

where subscripts ′𝑠′ and ′𝑟′ refer to the stator and rotor side, 

respectively, and subscripts ′𝑑′ and ′𝑞′ refer to the 𝑑𝑞 −axis. 
The stator and rotor flux can be expressed as follows: 

{
 

 
𝜆𝑑𝑠 = 𝐿𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑖𝑑𝑟
𝜆𝑞𝑠 = 𝐿𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑖𝑞𝑟
𝜆𝑑𝑟 = 𝐿𝑟𝑖𝑑𝑟 + 𝐿𝑚𝑖𝑑𝑠
𝜆𝑞𝑟 = 𝐿𝑟𝑖𝑞𝑟 + 𝐿𝑚𝑖𝑞𝑠

                                                          (13) 

where 𝑇𝑒𝑚  can be calculated as follows: 

𝑇𝑒𝑚 = 𝜆𝑞𝑠𝑖𝑑𝑠 − 𝜆𝑑𝑠𝑖𝑞𝑠                                                           (14)  

2.4. Backlash model  

Backlash can be modeled in many ways. Depending on the 
needed level of accuracy of the model, different choices can be 
made (Adlene and  Abderrazak, 2018). The definition of backlash 
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relevant for this paper is defined as ‘the play between two physical 
parts which are supposed to move together and there is an 
amount of space between the parts’. For electromechanical sys-
tems, the growth of wear after a long operating period can engen-
der a non-neglected backlash. 

The modeling of this part consists of the following backlash 
model see (Fig. 1) (Figiel, 2019): 

�̇�𝑏 =

{
  
 

  
 𝑀𝑎𝑥 (0, �̇�𝑑 +

𝑘𝑠

𝑏𝑠
(𝜃𝑑 − 𝜃𝑏)) , 𝑖𝑓  𝜃𝑏 = −𝛼

�̇�𝑑 +
𝑘𝑠

𝑏𝑠
(𝜃𝑑 − 𝜃𝑏), 𝑖𝑓 | &𝜃𝑏| < 𝛼      

𝑀𝑖𝑛 (0, �̇�𝑑 +
𝑘𝑠

𝑏𝑠
(𝜃𝑑 − 𝜃𝑏)) , 𝑖𝑓  𝜃𝑏 = 𝛼

           (15) 

where 𝜃𝑏 represents the backlash angle,  𝜃𝑏 ≤ |𝛼|. 

2.5. Bondgraph model of the wind turbine system 

Bond graph is a graphical approach to modeling in which 
component energy ports are connected by bonds that specify the 
transfer of energy between system components. This formalism 
facilitates the construction of models that represent the dynamics 
of multi-domain systems.  

The bond graph (BG) contains dissipative, accumulative and 
conversion elements and junctions. The elements are intercon-
nected by bonds, which carry the exchange variables (general 
flow and effort) and allow an easy visualisation of the physical 
system topology and power flow. In addition, to use the BG tool 
for modeling purposes, its causal and structural properties are 
also used to study some control problems such as observability, 
controllability and input–output decoupling. 

In this research work, we are interested to present the bond 
graph modeling of the energy conversion chain. Our goal is first to 
create a direct model (simulation) with wind speed as the input 
and rotor speed, electromagnetic torque and the power as outputs 
by maintaining the power coefficient at the optimum value. 

2.5.1. Block diagram of the aerodynamic model part 

The diagram model of the aerodynamic part in 20sim software 
is illustrated in Fig. 3. The wind speed can be considered as the 
averaged incident wind speed on the swept area by the blades. 

 
Fig. 3. 20-sim implementation of the aerodynamic model part 

2.5.2. Bond-graph model of the drivetrain part 

The bond graph implementation of the drivetrain part is shown 
in Fig. 4. The bond graph model consists of four 1-junctions and 

one 0-junction. The 1-junction connected to the rotor inertia de-
scribes the rotor rotational speed. Since there are dynamics in 
between the rotor inertia and the generator inertia, they do not 
have the same speed: this is the reason for the 0-junction. 

 
Fig. 4. Bond graph of the drivetrain 

2.5.3. Bond Graph model of the electrical part 

The bond graph of an induction generator using 20-sim 
software library is showing in Fig. 5. 

 

Fig. 5. Induction generator bond graph model 

3. CONTROL DESIGN 

To illustrate the performance of LQ control in order to elimi-
nate the vibration problem caused by the backlash phenomenon 
in the wind turbine system, an LQ optimal control structure in the 
form of an RS controller based on the input–output approach is 
proposed. As mentioned in introduction, the optimisation is 
achieved by means of a rotational speed tracking loop based on 
the minimisation of the tip speed error, 𝜆𝑜𝑝𝑡 − 𝜆(𝑡). 

3.1. Linear quadratic control of LQ formulation 

The LQ control is based on the minimisation of the quadratic 
criterion which consists in weighting the variances of the control 

signal 𝑢(𝑘) and of 𝑒(𝑘 + 1)2 the tracking error (Mokhtari and 
Marie, 2012). Let us consider in this study the tracking of a 
variable rotational speed reference. The identification of the wind 
turbine system with backlash gave us a transfer function as the 
following autoregressive–moving-average (ARMA) models  form:  
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FTBO = 𝐺(𝑧−1) =
𝑌(𝑧−1)

𝑈(𝑧−1)
= 𝑧−𝑑 ∙

𝐵(𝑧−1)

𝐴(𝑧−1)
                           (15)                     

where: 𝐺(𝑧−1)  is the open-loop transfer function with backlash, 

𝑑 is delay time, and   𝐵(𝑧−1) and 𝐴(𝑧−1) are the numerator and 
denominator of the system, respectively, with the following 
equations: 

 𝐴(𝑧−1)  = 1 + 𝑎1𝑧
−1 + …………𝑎𝑛𝑎𝑧

−𝑛𝑎                      (16)                                                  

 𝐵′(𝑧−1) = 𝑏1𝑧
−1 + ……………𝑏𝑛𝑏𝑧

−𝑛𝑏                          (17)                                                                                                                                                                                            

By the Z inverse transformation of Eq. (15), we obtain the 
following: 

𝐴(𝑧−1) ∙ 𝑦(𝑘) = 𝐵(𝑧−1) ∙ 𝑢(𝑘)                                       (18)    

𝑦(𝑘) = −𝑎1𝑦(𝑘 − 1) −⋯− 𝑎𝑛𝑎𝑦(𝑘 − 𝑛𝑎)                          

                  +𝑏1𝑢(𝑘 − 1) +⋯+ 𝑏𝑛𝑏𝑢(𝑘 − 𝑛𝑏 − 𝑑)          (19) 

Eq. (19) can write as follows: 
 

𝑦(𝑘) = −∑ 𝑎𝑖𝑦(𝑘 − 𝑖) +
𝑛𝑎
𝑖=1 ∑ 𝑏𝑗𝑢(𝑘 − 𝑗 − 𝑑)

𝑛𝑏
𝑗=1       (20) 

 

where 𝑦: is the system output (high speed: Ωℎ) and 𝑢 is the 

system control (electromagnetic torque: 𝑇𝑒𝑚), then we can rewrite 
Eq. (20) as follows: 

Ω𝒉(𝑘) = −∑ 𝑎𝑖Ω𝒉(𝑘 − 𝑖) +
𝑛𝑎
𝑖=1 ∑ 𝑏𝑗𝑻𝒆𝒎(𝑘 − 𝑖 − 𝑑)

𝑛𝑏
𝑖=1  (21) 

The simplest expression of the performance criterion given in 
(Mokhtari and Maria, 2012) is written as follows: 

𝐽 = [𝑒(𝑘 + 1)]2 + 𝛽 ∙ 𝛥𝑢(𝑘)2                                             (22)                                                                                                                         

where: 𝐽 is the performance criterion, 𝛥𝑢(𝑘) is the increment of 

the system control, 𝛽 is the weighting coefficient and [𝑒(𝑘 +
1)]2 is the future error. 

With 𝑒(𝑘 + 1) = [𝑦𝑟𝑒𝑓(𝑘 + 1) − 𝑦𝑝𝑟(𝑘 + 1)]                 (23)                                                                                                       

Then,  

𝐽 = [𝑦𝑟𝑒𝑓(𝑘 + 1) − 𝑦𝑝𝑟(𝑘 + 1)]
2
+ 𝛽 ∙ 𝛥𝑢(𝑘)2               (24)   

and 𝑦𝑟𝑒𝑓(𝑘 + 1)  is the reference speed (𝒚𝒐𝒑𝒕). 𝑦𝑝𝑟(𝑘 + 1)  is 

the prediction speed. 
To calculate 𝑦𝑝𝑟(𝑘 + 1), we give 𝑑 = 0 and we use Eq. (19) 

as follows: 

𝑦(𝑘) = −[𝑎1𝑦(𝑘 − 1) + ⋯+𝑎𝑛𝑎𝑦(𝑘 − 𝑛𝑎)] +
                  𝑏1𝑢(𝑘 − 1) + ⋯+ 𝑏𝑛𝑏𝑢(𝑘 − 𝑛𝑏)   

          = −(𝑎1𝑧
−1 +⋯+ 𝑎𝑛𝑎𝑧

−𝑛𝑎) ∙ 𝑦(𝑘) + (𝑏1𝑧
−1 + …+

𝑏𝑛𝑏𝑧
−𝑛𝑏) ∙ 𝑢(𝑘)  

          = [1 − 𝐴(𝑧−1)] ∙ 𝑦(𝑘) + 𝐵(𝑧−1) ∙ 𝑢(𝑘)                                                                           

          =  𝑍−1𝐴∗(𝑧−1) ∙ 𝑦(𝑘) + 𝑍−1[𝑍−1𝐵∗(𝑧−1) ∙ 𝑦(𝑘) +
                   𝑏1]. 𝑢(𝑘)     

          =  𝐴∗(𝑧−1) ∙ 𝑦(𝑘 − 1) + 𝐵∗(𝑧−1) ∙ 𝑢(𝑘 − 2) +
                𝑏1 ∙ 𝑢(𝑘 − 1)                                                            (25) 

 with  

𝐴∗(𝑧−1) = −[𝑎1 + 𝑎2𝑍
−1 +⋯+𝑎𝑛𝑎𝑍

−𝑛𝑎+1                    (26)                                                                    

𝐵∗(𝑧−1) = 𝑏2 + 𝑎3𝑍
−1 +⋯+ 𝑎𝑛𝑏𝑍

−𝑛𝑏+2                        (27)                                                                 

To obtain the prediction equation, replace k by k + 1 in the Eq. 

(25). 

𝑦𝑝𝑟(𝑘 + 1) = 𝐴∗(𝑧−1) ∙ 𝑦(𝑘)+ 𝐵∗(𝑧−1) ∙ 𝑢(𝑘 − 1)        (28)                                                                                                   

+𝑏1 ∙ 𝑢(𝑘)  
The derivative of Eq. (28) highlights the control variation 

𝛥𝑢(𝑘), which gives the output predicted as follows: 

𝑦𝑝𝑟(𝑘 + 1) = [1 + 𝐴∗(𝑧−1)] ∙ 𝑦(𝑘) − 𝐴∗(𝑧−1) ∙

𝑦(𝑘 − 1) +  𝐵∗(𝑧−1) ∙ 𝑢(𝑘 − 1) + 𝑏1 ∙ 𝛥𝑢(𝑘)                  (29) 

By replacing Eq. (29) in criterion 𝐽 (24) we obtain the following: 

𝐽 = {𝑦𝑟𝑒𝑓(𝑘 + 1) − [1 + 𝐴
∗(𝑧−1)]𝑦 + 𝐴∗(𝑧−1)𝑦(𝑘 − 1) −

       𝐵∗(𝑧−1)𝑢(𝑘 − 1) − 𝑏1𝛥𝑢(𝑘)}
2
+ 𝛽𝛥𝑢(𝑘)2               (30) 

To calculate the optimal variation of an order, it is enough to 

minimise the criterion 𝐽 via this equation: 

𝛿(𝐽)

𝛿(𝛥𝑈)
= 0                                                                                  (31) 

Then  

𝛥𝑢(𝑘) = 𝜂 (
𝑦𝑟𝑒𝑓(𝑘 + 1) − [1 + 𝐴

∗(𝑧−1)]𝑦(𝑘) +

+𝐴∗(𝑧−1) ∙ 𝑦(𝑘 − 1) − 𝐵∗(𝑧−1)∆𝑢(𝑘 − 1)
)     

(32) 
where: 

 𝜂 =
𝑏1

𝑏1
2+𝛽

                                                                                  (33) 

The control input value 𝑢(𝑘) to be applied at the current time 
is follows:  

      𝑢(𝑘) = 𝑢(𝑘 − 1) + ∆𝑢(𝑘)                                             (34) 

3.2. The RST controller  

The RST controller block implements a generalised 
predictive controller using a reference signal tracking polynomial 
representation. This type of control is based on the synthesis of a 
digital controller with two degreesoffreedom. We can simplify Eq. 
(32) to give the LQ optimal control law as an RST controller 
illustrated in Fig. 6, and the transfer functions are given as follows:  

𝑅(𝑧−1) = 𝜂{1 + 𝑎1 + (𝑎2 − 𝑎1)𝑧
−1 +⋯+ (𝑎𝑛𝑎 −

𝑎𝑛𝑎−1)𝑧
−𝑛𝑎+1 − 𝑎𝑛𝑎𝑧

−𝑛𝑎}           (35) 

𝑆(𝑧−1) = [1 + 𝜂 (
𝑏2𝑧

−1 + 𝑏3𝑧
−2 +⋯

+𝑏𝑛𝑏𝑧
−𝑛𝑏+1 )] ∙ (1 − 𝑧−1)      (36) 

𝑇(𝑧−1) = 𝜂                                                                              (37) 

 

Fig. 6. LQ optimal control structure based on the RST form 
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4. RESULTS AND SIMULATION 

In this section, the adaptive capability and robustness of the 
proposed LQ-RST algorithm to optimise the wind turbine energy 
conversion process in the presence of a vibration caused by the 
backlash fault is demonstrated. The overall model of the wind 
system was simulated in 20sim software and 
MATLAB/Simulink/Sim Power Systems environment. The bond 
graph software 20 sim is object-oriented hierarchical modelling 
software. It allows users to create models using the bond graph, 
blockdiagram and equation models. Considering the block dia-
gram illustrated in (Fig. 1), the model includes the wind turbine, 
induction generator, block of backlash fault and control blocks. 
The system parameters are presented in Table 1. Several scenar-
ios with changes of backlash magnitude are considered in this 
study in order to examine the performance of the control system 
based on the LQ optimal control structure in the form of an RST 
controller. The asynchronous generator is assumed to have its 
own speed controller as well as vector controller.  

 

Fig. 7. Bond graph model of the wind turbine system  

Tab. 1. Model parameters 

Parameter name Symbol Value 

Frequency - 50Hz 

Nominal power Pn 6Kw 

Multiplier ratio I 6.25 

Air density Ρ 1.25 kg/m3 

Damping coefficient Bs 2 Kgm2/s 

Number of pairs P 2 

Stator  resistance Rs 1.265 Ω 

Rotor  resistance Rr  1.43 mΩ 

Stiffness Ks 75 N/m/Rad 

Generator shaft  inertia Jg 0.01 kg/m2 

Inertia of wind turbine Jwt 3 kg/m2 

Blade length R 2.5 m 

Mutual  winding  inductance Lm 0.1397 H 

Stator  inductance Ls 0.1452 H 

Rotor  inductance Lr 0.1452 H 

Max elect-magnetic  torque Tem_max 50 N/m 

Stator voltage Vs 220 V 

Stator frequency 𝜔𝑠 100 π Rad/s 

The following results are obtained by choosing the following 
values: 

 R, S and T parameters of the control law are written as 
follows: 

{
𝑅 = −0.1235 + 0.127𝑧−1 − 0.05002𝑧−2 +  0.004843𝑧−3

 𝑆 = 1 − 1.033𝑧−1 +  0.04788𝑧−2  − 0.01519𝑧−3                
 𝑇 = −0.041755                                                                               

 

 Backlash magnitude: 𝜃𝑏 = 0 𝑟𝑎𝑑, 𝜃𝑏 = 0.02𝑟𝑎𝑑,  and 

𝜃𝑏 = 0.04𝑟𝑎𝑑. 
In order to assess the proposed control scheme, the simula-

tion was executed according these scenarios: 

4.1. Healthy system    

This section presents the simulation results without a backlash 
fault in the wind turbine system. The simulation has been done 
using a bond graph and MATLAB/Simulink.  

Case 01: Step responses for no controlled system  

The results of a simulation are obtained with a constant wind 
velocity having an average speed of 7 m/s. The simulation model 
based on Fig. 7 presents the bond graph model of the wind tur-
bine system and was constructed in 20-sim software.  

 
 
 
 
 
 
 

 
 

  
                                                

 
 
 
 
 
 
 
                                         
 
 
 
 
 
 
 
 
 

Fig. 8. Healthy system response with no controller (a) wind torque;  
(b) low speed; (c) high speed; (d) electromagnetic torque;  
(e) internal torque; (f)  power coefficient 
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Fig. 8 depicts the system responses illustrated in Fig. 7 with 
zero backlash: (a) wind torque, (b) low speed, (c) high speed, (d) 
electromagnetic torque, (e) internal torque and (f) power coeffi-
cient. With regard to the instantaneous electromagnetic and inter-
nal torque (Fig. 8. d, e), we can indicate the presence of oscilla-
tions for a very short time at start up. (Fig. 8b and c) show the 
curve velocities of the multi-mass model. They have strong oscil-
lations in the transient regime during 2s, and it then conversed to 
its nominal speed at 157rad/s. 

Case 02: Responses to the variable profile wind speed for the 
controlled system 

To validate the proposed control system, a wind turbine sys-
tem based on an induction generator is first tested in ideal condi-
tions and driven to 140 rad/s in MATLAB/Simulink. Different step 
inputs of rotary speed for reference tracking were applied, and the 
dynamic responses for the LQ-RST controller are illustrated in Fig. 
9.  

a)                                                   b) 
 
 
 
 
 
 
 
 

 c)                                                   d) 
 
           

 
 
 
 
 

 
 e)                                                       
 
 
 

 
 
 
 

                             
 

Fig. 9. Healthy system response with a controller. (a) speed reference; 
(b) low speed; (c) high speed; (d) electromagnetic torque; (e) in-
ternal torque; (f)  power coefficient 

Fig. 9a acts as a reference input for validation purposes and 
demonstrates the effectiveness of the proposed LQ-RST control 
algorithm even in the presence of a variable profile wind input. 
Fig. 9b–f show the performance of the proposed control; all fig-
ures show a better performance of the control law; the high veloci-
ty follows the reference given by the control and allows us to 
reduce the torque ripples. The command speed is increased 
linearly from 0 rad/s to 140 rad/s at  t = 5s. It is kept constant at 

140 rad/s until t = 15s, and decreased linearly to 120 rad/s at 

t = 20s. Then, command speed is kept constant at 120 rad/s till 

t = 30s. It can be seen from Fig. 9 b–f that the proposed method 
of control is able to track quickly the profile of the reference wind 
velocity. Nevertheless, it shows small oscillations at the time when 
the variation of the reference wind speed is applied. 

4.2. Faulty system 

     In order to test the performance of the proposed controller (LQ-
RST), the value of the backlash magnitude is doubled from 
0.02 rad to 0.04 rad with different references tracking. Therefore, 
the controller should provide good control whatever the variation 
of the mechanical parameters is. 

Case 01: Sinus responses 

Fig. 10 a presents a sinusoidal input signal. The response of 
the system without backlash can be seen in Fig. 10 b. Simulations 
depicted in Fig. 11 a and b and Fig. 12 a and b illustrate the case 

with backlash (𝜃𝑏 = 0.02𝑟𝑎𝑑 and 𝜃𝑏 = 0.04𝑟𝑎𝑑 respectively). 
All the waveforms of these figures present oscillations and 
nonlinearities caused by the backlash phenomenon. In these 
figures it is well seen that the system with backlash can efficiently 
affect the power quality. 

 
 
   

 
 
 
 
 
 
 

 

Fig. 10. Healthy response of no controller; (a) sinusoidal excitation;  
 (b) internal torque 

𝜽𝒃 = 𝟎. 𝟎𝟐𝒓𝒂𝒅:  To show the influence of the backlash fault on 

the system behaviour, we have begun with 𝜃𝑏 = 0.02𝑟𝑎𝑑. Fig. 
11a and b respectively show the simulated time responses corre-

sponding to backlash angle (𝜃𝑏), backlash angular speed (�̇�𝑏) 

and internal torque 𝑇𝑖𝑛𝑡  (see Eq. (6) and Eq. (15)). It is readily 
seen from these figures that these estimated variables present a 
cyclic sudden variation caused by the backlash phenomenon. 

a)                                                    b) 
 

 
 

 
 
 
 
 
 

 
Fig. 11. (a) Backlash angle and backlash position; (b) internal torque 
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𝜽𝒃 = 𝟎. 𝟎𝟒𝒓𝒂𝒅: However, in order to clearly show this influ-
ence, we have to amplify this phenomenon and introduce a fault 
at level 0.04 rad. Fig. 12a and b show the behavioral response of 

(𝜃𝑏), (�̇�𝑏)  and internal torque 𝑇𝑖𝑛𝑡  and the effect of this phenom-
enon on the dynamic response of the system. From the figures, 
we can conclude that the backlash has an important effect and 
high sensitivity on the mode operating WECSs.  

a)                                                 b) 
 

 
 
 
 
 
 

Fig. 12. (a) Backlash angle and backlash position; (b) internal torque 

Case 02: Responses to the variable profile wind speed for the 
controlled system 

     Several scenarios with changes of magnitude of backlash are 
considered in this study in order to examine the performance of 
the proposed LQ-RST control algorithm. Measurements were 

repeated for the case with backlash (𝜃𝑏 = 0.02𝑟𝑎𝑑 and 
𝜃𝑏 = 0.04𝑟𝑎𝑑 respectively). 

a)                                                    b) 
 
 
 
 
 

 
 
 
 

 
c)                                                    d) 

 
 

 
 
 
 
 
 
 
 

Fig. 13. Faulty system response with a controller: (a) high speed without 
and with backlash; (b) internal torque without and with backlash; 
(c) high speed error; (d) internal torque error. 

𝜽𝒃 = 𝟎. 𝟎𝟐𝒓𝒂𝒅 : First, robustness tests are made with magni-
tude of backlash fault at 0.02 rad. The results of these tests are 
shown in Fig. 13 a and b. By analysing these figures, we can see 
that the backlash fault does not affect the performance of the 
operating mode system with a controller scheme. Nevertheless, 
they show a small oscillation even in the presence of time-varying 
variations in the profile of wind speed. In addition to this, strategy 

‘LQ-RST’ proves to be the most significant in tracking the system 
states, for both lower and higher wind speeds, subjected to the 
variation of the wind speed. Fig. 13 c and d illustrate the residual 
errors between the healthy and the faulty system response. 

𝜽𝒃 = 𝟎. 𝟎𝟒𝒓𝒂𝒅 : Last, robustness tests are made with a dead 
zone of magnitude at 0.04 rad. Similar results (see Fig. 14 a, b) 
can be achieved for the LQ-RST controller. These later demon-
strate the effectiveness of the proposed control algorithm with 
evolution of the backlash fault. It is readily seen from Fig. 14 a and 
b and after zooming around at t =5 s on different responses of the 
system (such as high speed, low speed, internal torque, etc.) that, 
we can easily show the oscillation caused by the  disturbing 
torque. Larger variation is augmented and added to the dead 
zone, Fig. 14 a and b indicate that the LQ-RST controller is limited 
during this scenario. Fig. 14 c and d) illustrate the residual errors 
between the healthy and faulty system response. 

 
a)                                                    b) 
 
 
 
 

 
 
 
 
 

 
c)                                                   d) 
 

 
 
 
 
 
 
 

 

 

Fig. 14. Faulty system response with a controller; (a) high speed without 
and with backlash; (b) internal torque without and with backlash; 
(c) high speed error; (d) internal torque error. 

Case 03: Responses to sequence wind speed for the 
controlled system 

In this case, we have used a deterministic speed reference 
covering in steps the operating regimes corresponding to wind 
speeds from 6 m/s to 11 m/s with the same scenarios of case 2. 
Similar results (see Figs. 15 a–d, and Fig. 16 a–d) can be 
achieved for the LQ-RST controller. The efficiency of the LQ-RST 
controller is proved by means of numerical simulations applied on 
the wind turbine system with backlash. The LQ-RST Controller for 
the wind turbine system offers high robustness and fast dynamics. 
Changing the backlash magnitude approximately from 0.02 rad to 
0.04 rad does not affect performance considerably. 
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a)                                                    b) 
 
 
 
 
 
 
 
 
 
c)                                                    d) 
 
 
 
 
 
 
 
 
 
                    
 

Fig. 15. 𝜃𝑏 = 0.02rad: Faulty system response with a controller; (a) 

high speed without and with backlash; (b) internal torque  
without and with backlash; (c) high speed error; (d) internal.  

a)                                                    b) 
 
 
 
 
 
 
 
 
 
 
c)                                                   d) 
 
 
 
 
 
 
 
 
 
                               

Fig. 16.  𝜃𝑏 = 0.04rad: Faulty system response with a controller; (a) 

high speed without and with backlash; (b) internal torque without 
and with backlash; (c) high speed error; (d) internal torque error. 

5. CONCLUSION 

The purpose of this article was to control the high speed for a 
WECS with presence of backlash fault in the gearbox part. This is 
done by first making a BG model for a simplified WECS; the result 
of this simulation is then compared with that of the model pro-
duced with the MATLAB/ Simulink approach. The simulation 
results of the two approaches are almost the same with small 

differences, which is why we continued the simulation with 
MATLAB/Simulink. Many scenarios have been carried out in order 
to validate the proposed control diagram. The influence of the 
backlash on the internal torque is clear especially in the excitation 
by a sinusoidal signal which directly affects the speed of the sys-
tem and then the quality of energy; this is why we proposed the 
method of control based on the LQR-RST controller. The work 
presented demonstrates successful application of the LQR-RST 
controller to provide robust control under different faulty conditions 
of the gearbox. 
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