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Abstract: This paper presents some aspects of robust control structure of DFIG-based wind turbine: drivetrain control and doubly fed induction generator 
control. Models of horizontal axis wind turbines and the theoretical principles of robust control that provides high performances under model uncertainties is 
presented. For the drivetrain, a state-space model is used to determine the transfer functions. For the induction generator, a vector control structure with 
stator flux orientation has adopted. An H-infinity controller is proposed for the drivetrain presents and a fractional order proportional integral controller (FOPI) 
is proposed for control the generator currents. With these controllers, high performances is obtained compared to conventional proportional integral 
controllers (PI) in the presence of external disturbances, measurement noises and turbine parameter variations. This paper an H-infinity controller and 
fractional order controller design methods presents. Comparative results of simulations, realized in Matlab-Simulink, are presented and include the control of 
the drivetrain with H-infinity controller and PID controller and the vector control of DFIG with a FOPI controller and a conventional PI controller. 
Keywords: wind turbine, doubly fed induction generator, robust control, H∞ controller, fractional-order proportional integral controller 
 
 

1. INTRODUCTION 
In the conditions of decreasing fossil fuel supplies and climate change, electricity production based on the use 
of renewable resources has developed in recent years. The most popular renewable energy sources are: wind 
energy, solar energy, wave energy, geothermal energy [12], [17]. Electricity production from wind energy is 
constantly growing, currently accounting for about 20% of European electricity consumption. The increase in 
wind power generation has also been supported by increasing the power of wind turbines from 1.5 MW, 2 MW 
to 5MW [18] and by improving control strategies [4], [5], [20]. In variable speed wind turbines, doubly fed 
induction generators are frequently used due to low cost, high efficiency and low noise [2], [11], [12]. 
The principle of the doubly fed induction generator is that the stator windings are connected directly to the 
grid, and the rotor windings are connected to the constant frequency grid via two bidirectional power 
converters. The power converters handle only a part of the power supplied by the turbine (nearby 30%) [2], [11]. 
In this paper, a design method for an H-infinity controller [11], [14], [19] and fractional order controller is 
presented and analyzed. The two controllers are designed for the drivetrain (H-infinity control), respectively for 
current control (fractional order controller), highlighting the necessary conditions for determining their 
parameters. 
2. WIND TURBINE WITH DFIG MODEL 
The configuration of a horizontal axis wind turbine with a doubly fed induction generator is shown in Figure 1. 
The bidirectional, voltage and frequency, AC/DC/AC converter is used to achieve the bidirectional power flow 
between rotor and grid and is divided to two components: the rotor-side converter, denoted Crotor and the 
grid-side converter, denoted Cgrid. A large capacitor, C, is connected on the DC side and acts as a constant 
voltage source, while a coupling inductor L connects the Cgrid converter to the grid. The three-phase rotor 
windings are connected to the Crotor converter by slip rings and brushes, and the three-phase stator windings 
are connected directly to the grid. The speed control and the active and reactive power flow control between 
generator and grid are achieved by controlling the bidirectional converter. 

 
Figure 1. Wind turbine with doubly fed induction generator 

The control system generates the pitch angle command and Vr and Vgc control voltage signals for Crotor and 
Cgrid, in order to control wind turbine power, DC bus voltage and reactive power or voltage at the grid 
terminals. The wind power captured by the wind turbine is converted into electrical power by the induction 
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generator and transferred to the grid by stator and rotor windings. The aerodynamic torque generated by the 
wind turning the turbine blades, is expressed as follow: 

Ta =
1

2ωr
ρAV3Cp(λ, β) (1) 

where A = πR2 is the area swept by the turbine blades, R is the blade radius, Cp(λ, β) is the power coefficient 
depending on λ = Rωr/V the ratio of rotor speed (Rωr) and wind speed V, respectively. 
The power coefficient Cp(λ, β) is determined with expressions given in [18]. 
For modeling the drivetrain, the configuration shown in Figure 2 is considered. 

 
Figure 2. Drivetrain configuration 

Applying the torque equilibrium laws, the transmission system is described by the following equations [17]: 

Jrω̇r = Tr − Ts = Ta − Ksδ − Bs �ωr −
ωg

Ng
�  ;  δ̇ = ωr −

ωg

Ng
 ;  

NgJgω̇g = Ts − TgNg = Ksδ + Bs �ωr −
ωg

Ng
� − TgNg 

(2) 

where  Jr, Jg are the moments of inertia of the rotor and generator; ωr,ωg are the rotor and generator speeds; 
Bs, Ks are the damping and stiffness coefficients of the drivetrain, δ is the drivetrain torsion and Ng is the 
gearbox ratio. 
The equation system (2) is nonlinear, as the torque Tr = Ta is acting on the rotor. 
For  ωr , δ, ωg are considered small variations around a static operating point, corresponding to a stationary 
behavior,  Δx = x − x0 . The state variables are introduced: 

x1 = Δωr = ωr − ωr0 ;  x2 = Δδ = δ − δ0 ;  x3 = Δωg = ωg − ωg0 (3) 
The variation of the torque Ta is given by the expression: 

ΔTa = Ta − Ta0 = ∂Ta
∂ωr
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(4) 

Taking into account relations (3) and (4) the following linear state space model of the drivetrain is obtained: 
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where x = [x1 x2 x3]T the state vector and u = [ΔV Δβ ΔTg]T the input vector, with  ΔV- the 
perturbation of the system and Δβ , ΔTg - the control variables. The output of the wind turbine: generator speed 
variation y1 = Δωg = x3 and the generator power variation y2 = ΔP = Tg0Δωg + ωg0ΔTg = Tg0x3 +
ωg0ΔTg . Also, let’s note A - state matrix, B - input matrix and C - output matrix. 
A characteristic equation for wind turbine drive system is obtained by calculating the determinant ∆(s)  of the 
matrix (sI − A): 

Δ(s) = s3 + s2 �−
ar
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Jt

Ng
2JrJg

� + s�−
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Ng
2JrJg

+
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The characteristic equation can be approximated with the following factorized form: 
Δ(s) = (s + a)(s2 + bs + c) = 0   

a = −ar
Jt

 , b = BsJt
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− ar
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+ ar
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Hβ(s) =
Δωg(s)
Δβ(s) =

br
NgJrJg

Bss + Ks
(s + a)(s2 + bs + c) (8) 

The pitch angle is controlled using a servo system with three types of control loop- position, velocity and torque. 
The pitch angle actuator is considered to be described by a 2nd order model [18]: 

Ha(s) =
ωa
2

s22ξaωas + ωa
2 (9) 

where ωa is the natural frequency and ξa is the damping factor for the pitch actuator subsystem. Thus, the 
process transfer function can be written: 

Hp(s) = Hβ(s)Ha(s) (10) 
A PID controller with the following transfer function can be used for speed control of generator system: 

Hc PID(s) = Kp +
Ki

s
+ Kds (11) 

where Kp , Ki, Kd  are the proportional, integral and derivative gains.  
3. REQUIREMENTS FOR 𝐇𝐇∞ DESIGN CONTROLLERS  
For the H∞ robust controller design, it was considered the model schematically shown in Figure 3. Here, the 
weighted process P consist in: the transfer matrix Hp(s) of the real process, the weighting functions 
W1(s), W2(s), W3(s) of tracking error e, control input u (include r-reference input), output y (response) and 
Hc controller of the system. By u1 and u2 were denoted the inputs of the weighted process P(s), and by y1 and 
y2 were denoted its outputs, where: u1 = [r n]T, u2 = u; y1 = [y11 y12 y13]T;  y2 = e. 

 
Figure 3. Weighted process control block diagram 

The weighted process P(s) can be written as a function of the nominal process Hp(s) and the weighting 
matrices W1(s), W2(s), and W3(s): 

P(s) =
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The closed loop transfer function or the cost function defines the transfer from inputs u1 to outputs y1 and is 
expressed as a linear fractional transformation  Fl(P, Hc): 

Ty1u1(s) = Fl(P, Hc) = P11 + P2Hc(I − P22Hc)−1P21 (13) 
Taking into account the sensitivity functions S(s), T(s) and R(s) defined by: 

S(s) = �I + Hc(s)Hp(s) �−1 
T(s) = Hc(s)Hp(s) S(s);   R(s) = Hp(s) S(s) 

(14) 

The cost function of the weighted process control system can be written as: 

Ty1u1(s) = �
W1(s)S(s)
W2(s)R(s)
W3(s)T(s)

� (15) 

The H∞  controller synthesis problem can be formulated as follows: knowing the weighted process P(s) find a 
controller described by the transfer matrix Hc(s) that realizes the control law: 

U2(s) = −Hc(s)Y2(s) (16) 
such that the norm H∞ of the cost function Ty1u1 is minimized min�Ty1u1�∞.  
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‖H‖∞ = sup
ω∈ℜ

σ�(H(jω)) (17) 

where σ� is the maximum singular value. The singular values are a measure of gain for an H system.  
The weighting functions W1(s), W2(s) and W3(s) are defined by [20]: 

W1(s) =
s
Ms

+ωb

s+ωbԐ1
   ;  W2(s) =

s+
ωb0
Mu

Ԑ2s+ωb0
  ;   W3(s) =

s+ωc0MT
Ԑ3s+ωc0

 (18) 

where ωb is the frequency bandwidth of the open system, and Ms is the peak of the sensitivity function S(s) ; 
ωbc is the bandwidth of the controller, ωb0 is the bandwidth of the closed loop, Mu is the peak of R(jω), MT is 
the peak of T(jω), and ε2 ,ε3 have small values. 
The performance of a closed loop system can be specified by: 

|S(jω)| ≤ ε ,∀ ω ≤ ωb ;   |S(jω)| ≤ Ms ,∀ ω > ωb (19) 
In the case of monovariable (SISO -Single Input Single Output) or multivariable (MIMO -Multiple Input Mutiple 
Output)  systems, the performance specifications are described by the relations: 

σi(S(jω)) ≤ σ��S(jω)� ≤ �W1
−1(jω)� ;   |S(jω)| ≤ �W1

−1(jω)� (20) 
Robust stability conditions can be expressed in the frequency domain using the weighting functions W2(s) 
and W3(s) and the sensitivity matrices R(s) and T(s): 

σ��R(jω)� ≤ �W2
−1(jω)� ;   σ��T(jω)� ≤ �W3

−1(jω)� (21) 
In the case of additive disturbances, W2(jω) acts as a filter on R(jω) and penalizes the command, u. In the case 
of multivariable disturbances W3(jω) weights the complementary sensitivity, T(jω), thus penalizing the system 
output. 
The calculation of the H∞ controller can be obtained by using the Riccati equations approach or the LMI (linear 
matrix inequalities) approach [11]. 
The H∞ control problem can be solved by mixed sensitivity method (mixsyn) using the expression: 

 
�Ty1u1�∞ = �[W1S, W2R, W3T]T�∞ ≤ γ (22) 

where γ = GAM is a positive number  γ > 0. 
On consider Hp(s), the process control system, weighted by the functions W1(s), W2(s), W3(s). If expression 
(22) of the cost function is used, the H∞  problem can be solved by the misxyn method of sensitivities [10], 
using the following Matlab command:  

 [K, CL, GAM, INFO] = mixsyn(Hp, W1, W2, W3) (23) 
which computes a controller K that minimizes the  H∞ norm of the weighted closed-loop transfer function 
Ty1u1(s). 
4. MATHEMATICAL MODELING AND VECTOR CONTROL OF DOUBLY FED INDUCTION GENERATOR  
For stator and rotor variables, the subscripts s (e.g. uds , φqs) –for stator and r (e.g. uqr , φdr) – for rotor were 
used. The notations used are as follow : ud , uq– for voltages, id, iq– for currents ,φd , φq – for magnetic fluxes , 
Rs, Rr   and Ls, Lr   - for stator and rotor resistances and inductances, Lm – mutual inductance, ωs– angular 
velocity at synchronism, ωr– angular velocity of the rotor,  Ωr– mechanical angular velocity of the rotor,  p –
number of pairs of poles;  ωr = pΩr . 
The equations describing the DFIG model, in (d − q) frame are as follows [8], [13], [16]: 

⎩
⎪⎪
⎨

⎪⎪
⎧ uds = Rsids + d

dt
φds − ωsφqs

uqs = Rsiqs + d
dt
φqs + ωsφds

udr = Rrids + d
dt
φdr − (ωs − ωr)φqr

uqr = Rriqs + d
dt
φqr + (ωs − ωr)φdr

;     

⎩
⎨

⎧
φds = Lsids + Lmidr
φqs = Lsiqs + Lmiqr
φdr = Lridr + Lmids
φqr = Lriqr + Lmiqs

 (24) 

The vector control strategy divides the DFIG model into two independent subsystems,  torque and flux, in order 
to achieve similar performance to DC motor speed control. Thus, if the stator flux φs  is chosen to be oriented 
along the direct axis (d) in the Park reference system [3], [6] : 

φds = φs,  φqs = 0 (25) 
If the stator resistance in each phase is neglected, assuming that the stator flux is constant, it can be written:   

uds = 0, uqs = us = ωsφs (26) 
Consequently, the electromagnetic torque and the active and reactive powers are determined by:  

Tem = −pωs
Lm
Ls

iqr ⇒ iqr = −
Ls

pωsLm
Tem (27) 
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Ps = −us
Lm
Ls

iqr,   Qs = us2

ωsLs
− us

Lm
Ls

idr ⇒ idr = �Qs −
us2

ωsLs
� � Ls

usLm
� 

Also, the equations for rotor voltages can be expressed as: 

udr = Rridr + σ
didr
dt

− saσωsiqr 

uqr = Rriqr + σ diqr
dt

+ saσωsidr + sa
usLm
Ls

 ;  σ = LsLr−Lm2

Ls
 ;  sa = �ωs−ωg�

ωs
 

(28) 

Applying Laplace transform to equations (28) it can be obtain: 
udr(s) = (Rr + sσ)idr(s) − saσωsirq(s) 

uqr(s) = (Rr + sσ)irq(s) − saσωsird(s) + sa
usLm

Ls
 

(29) 

In the case of the vector control strategy, the system performance depends on the generator parameters, and 
in particular on the rotor resistance. When the parameters of the control system change due to temperature 
variation or saturation, the system performance degrades. 
To solve this problem, convetional proportional-integral PI controllers are replaced by FOPI controllers [6]. A 
fractional order controller  increases robustness and improves system performance wih the additional 
parameter λ, which represents the fractional order of the integrating action. The use of this controller leads to 
good dynamic performance and robustness of the DFIG under both normal and critical conditions.  
The transfer functions of the two controllers, PI and FOPI can be written as follows [2], [9], [15]: 

HPI(s) = Kp �1 +
Ki

s
� ;  HFOPI(s) = Kp(1 +

Ki

sλ
) (30) 

where  Kp , Ki and  λ are real numbers, λ ∈ [0,1]. 
Based on equations (24) and (25) - (30), the proposed DFIG control scheme based on two fractional-order 
controllers HFOPI, shown in Figure 4, is realized. In this scheme, two current control loops appear, idr and iqr . 
The loops are interconnected by blocks  saωsσ. 

 
Figure 4. DFIG generator control scheme 

The active Ps and reactive  Qs power control of the DFIG generator is achieved by controlling two monovariable 
first-order linear subsystems with two PI or FOPI controllers. 
Typically, DFIG is controlled using the vector control strategy, with either flux or voltage orientation. By this 
method, the nonlinear MIMO system of the DFIG is divided into two linear SISO systems, separately representing 
the rotor currents [2], [3], [6]. By controlling  two components of rotor it is possible to independently control the 
active and reactive power of the generator. In order to compensate for the variations of the generator 
parameters in  two single variable systems, conventional proportional integral  PI controllers are replaced by 
FOPI controllers. 
 Fractional order FOPI controller design for current loop of DFIG generator  
Consider the current loops uncoupled. In this case, the current loop  iqr is shown in Figure 5. 
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𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 

− + 

+ − 

+ 

− 

+ 

𝐻𝐻𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹  
+ 
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+ 

𝑠𝑠𝑎𝑎
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+ 
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Figure 5. Loop for current control iqr 

The process has the transfer function: 

H(s) =
K

1 + Ts
=

1
σs + Rr

=
1

Rr
�

σ
Rr� s + 1

 ;  K =
1

Rr
;   T =

σ
Rr

 (31) 

It is proposed to implemnet a FOPI controller. The parameters of the generator are considered to have the 
following values : Ls = 0.0137 H ; Lr = 0.0136 H ;  Lm = 0.0135 H; Rr = 0.021 Ω. 
Determine the parameters K and T, as follows: 

σ = Lr −
Lm2

Ls
= 0.0003;  K = 1

Rr
= 47.619 ; T = σ

Rr
≅ 0.0143                 (32) 

In the following we consider the transfer functions of the process H(s), the fractional order controller HFOPI(s) 
and the open loop system  Hd(s): 

H(s) =
K

1 + Ts
=

47.619
1 + 0.0143s

; H FOPI(s) = Kp �1 +
Ki

sλ
� ;  λ ∈ (0,1) 

Hd(s) = HFOPIH(s) 
(33) 

The open loop transfer function for an integer-order PI controller is expressed as:  

Hd(s) = Kp �1 +
Ki

s
�

K
Ts + 1

 (34) 

 FOPI controller design requirements  
In order to ensure the stability and robustness of the system, restrictions are imposed on the controller design, 
namely [15], [19]: 

a) Phase margin specification: 
arg[Hd(jωc)] = arg[HFOPI(jωc)H(jωc)] = −π + φm (35) 

where Hd(jω) is the transfer function of the open loop system, and  ωc is the cut-off frequency. 
b) Restriction on magnitude at cut-off frequency: 

|Hd(jωc)|dB = |HFOPI(jωc)H(jωc)|dB = 0 (36) 
c) Robustness to variation in the gain, that is the derivative of the phase of the open-loop system with 

respect to the frequency is forced to be zero at the gain crossover frequency, thus: 
d�argHd(jωc)�

dω
�
ω=ωc

= 0 (37) 

5. DESIGN AND SIMULATION RESULTS IN MATLAB 
For the controller design, a wind turbine with a power of  1.5 MW was considered with parameters: the 
moment of inertia of the turbine rotor  Jr = 3.605e + 06 kgm2, the moment of inertia of the generator Jg =
93.628 kgm2, stiffness coefficient of the drivetrain Ks = 3.03e + 08 Nm/rad, damping coefficient of the 
drivetrain Bs = 1.72e + 05 Nm/s and gearbox ratio Ng = 95. 

The resulting process transfer function : Hp(s) = 0.0077s+13.56
s5+17.20s4+165.79s3+1004.5s2+4713.2s+9022.3

 . 
The linearized turbine model was considered around the operating point corresponding to the nominal wind 
speed Vw0 = 10m/s. The coefficients ar = −1.496e + 07, br = 22.423, cr = 12.625e + 04 were 
determined. 
For the sensitivity functions S and T, the frequencies ω0 = 15 rad/s , ωb = 30 rad/s and modulus M = 1.9  
were considered. 
For the synthesis of the H∞ controllers the mixsyn function was used. For the specifications design the 
functions W1(s) and W3(s) are determinate which penalize the error e and the output y. 
Figure 6 shows the singular values for W1

−1(jω) and W3
−1(jω). The singular value of the cost function Tu1y1(jω) 

obtained with H∞ controller is shown in Figure 7. In Figure 8 are illustrated the singular value for both, sensitivity 
function S and  GAM

W1
� . It can be observed that the inequality σ(���s) ≤ GAM

|W1(jω)| is satisfied. 

−
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𝐿𝐿𝑠𝑠
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Figure 6. Singular values for  W1

−1(jω) and W3
−1(jω) 

 
Figure 7. Singular value of the cost function Tu1y1 

 
Figure 8. The singular value of the sensitivity function S and  GAM

W1
�  

 
Figure 9. Step responses of the control loop for PID and H∞ controller 

For the PID controller, the proportional gain Kp = 8.56e + 03, the integral gain Ki = 2.21e + 04 and the 
derivative gain Kd = 191 were determined with the PIDtune function from Matlab program. 
Figure 9 shows the closed loop responses for a PID controller and H∞, respectively. Comparing these responses 
with the step response obtained with an H∞ controller shows the superiority of this controller. An aperiodic 
response and a very short response time are obtained. 
Using relations (31), (32) and the values of the determined parameters, the Simulink model of FOPI controller is 
illustrated in Figure 10. 
The step responses of the current loops are displayed for a simulation time of 0.15 seconds. The gain of process 
is considered to be K = 1

Rr
, 0.5
Rr

  and 2Rr . The results obtained are illustrated in Figure 11. 

 
Figure 10. Simulink model of FOPI controller 

 
Figure 11. Step responses- current loops with 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 controller 

 
Figure 12. Simulink model using an integer order PI controller 

 
Figure 13. Step responses- current loops with  PI controller 

Figure 12 shows the Simulink model for a conventional PI controller. The simulations were performed for 0.15 
seconds and for a gain of process K = 1

Rr
, 0.5
Rr

  and  2Rr . The step response of the system can be seen in Figure 

13. 
6. CONCLUSIONS 
In this paper a H∞ controller for drivetrain control and a FOPI controller for controlling the currents of the doubly 
fed induction generator were designed. The design and application details of H∞ and FOPI controllers are 
discussed.  
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For the H∞ synthesis method, the transfer function of the process was determined and weighting functions 
were introduced to satisfy the design specifications. Therefore, for the H∞ synthesis the mixsyn function  in 
Matlab program was used.  
For the generator control, the vector control strategy  was applied, which provides decoupling between torque 
and flux.  
For comparison,  two conventional controllers were designed, namely a PID controller for the drivetrain and a 
PI controller for control the current loops of DFIG generator. 
Simulation results shows that by using the two proposed controllers,  higher performance is achieved 
compared to conventional controllers. 
Note: This paper was presented at XXth National Conference on Electric Drives – CNAE 2021/2022, organized by the Romanian Electric Drive Association and 
the Faculty of Electrotechnics and Electroenergetics –University Politechnica Timisoara, in Timisoara (ROMANIA), between May 12–14, 2022 (initially 
scheduled for October 14–16, 2021). 
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