
  

  

Abstract—In this paper the damping and stability properties 

of Doubly-Fed Induction Generator (DFIG) wind systems are 

studied. First the complete 5th order nonlinear system of a 

DFIG in the synchronously rotating dq reference frame is 

introduced. Assuming operation under the grid voltage 

oriented control mode, it is possible to control reactive and 

active power separately through the d and q controlled voltage 

inputs, respectively. After that, a simple cascaded controller 

design is adopted for each input, comprising of proportional 

inner-loop and proportional-integral outer-loop controllers. A 

passivity analysis is conducted for both the open- and closed-

loop systems with the dynamics of the proportional inner-loop 

controllers taken into account. The analysis shows that the 

damping of the system can be modulated by the inner-loop 

controllers while it provides an appropriate storage function 

for the nonlinear stability analysis. This constitutes the main 

contribution of the paper since it is the first time that stability 

and convergence to the equilibrium is proven for the complete 

machine model in the face of unknown torque inputs, without 

needing any estimation or adaptive mechanism. Finally, the 

analysis and the performance of the closed-loop DFIG wind 

system are verified through extensive simulation results. 

 

Index Terms—Nonlinear stability, passivity, variable-speed 

wind systems, induction machine. 

I. INTRODUCTION 

he Doubly-fed induction generator (DFIG) based wind 

system is a widely used option of the variable speed 

concept, for up to 3MW individual generator ratings [1]. It 

provides a possibility of variable speed regulation of about 

±30% around the synchronous speed. A wound rotor 

induction machine (generator) is utilized with its stator 

directly connected to the grid, while the rotor is connected to 

the grid through a frequency converter comprising of two 

back-to-back ac/dc converters with a dc-link [2], as shown in 

Fig. 1. 

Variable speed regulation is essential for the optimal 

operation of a wind generator system. It achieves a 

continuous tracking of the rotating speed in a manner that: a) 

it adapts the turbine speed at a reference level as it is 

determined by the measured average wind speed value 

which corresponds to the maximum power extraction [3], b) 

it provides an improved power quality and network stability 
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[4]. Therefore, an effective, stable and fast control design 

acting on the induction generator rotor side is needed to 

fulfill this requirement. However, since the induction 

machine is a nonlinear system, this control design is not an 

easy task. 

Vector or Field Oriented Control (FOC) is the standard 

mode used for the control design of induction machines [5]. 

In this mode the system frame is aligned with the rotor or the 

stator flux (field orientation). Especially for DFIGs, the 

standard method used [5]-[7] is the stator-FOC one. This 

prerequires the system model to be represented in the 

synchronously rotating dq reference frame. The benefits of 

this dq reference model are that both the coupling stator and 

rotor coils as well as the steady state variables and inputs 

(currents, fluxes, speed and voltages) become constant. As a 

result, two controlled inputs are appeared corresponding to 

the d and q components of the rotor voltage on which 

usually PI controllers are implemented. The structure of two 

cascaded controllers is used at each input, with the inner-

loops regulating the d and q current components while exact 

cancelation networks for decoupled operation are utilized 

[3], [7]-[8]. The outer-loop PI controllers provide the 

reference current values and they are tuned to have a slower 

response than those of the inner-loop, a feature typical for 

cascaded controllers, known as time-scale separation 

assumption. 

Particularly, an outer-loop PI controller which regulates 

the generator’s rotational speed to the optimum 

corresponding to the maximum wind power extraction 

provides a reference current for the first inner-loop current 

controller. The other reference current is usually provided by 

an outer-loop PI controller that regulates the stator’s reactive 

power [6]-[7]. 

However, as it was proven in [9], the linearized DFIG 

system has two poorly damped poles with their oscillating 

frequency close to the power grid frequency. As a result, in 

order for the system to be stable when stator-FOC is 

adopted, a constraint for the d-axis component of the rotor 

current’s maximum value has to be set. On the other hand, it 

has been proven that an alternative orientation can be used, 

namely the grid-Voltage Oriented Control (VOC). When 

VOC is adopted, obviously the system frame is aligned on 

the grid voltage, with main advantages the improved 

damping of these poles and an easy implementation. 

In this paper, after obtaining in state-space the complete 

5
th

 order nonlinear DFIG system model, we adopt the VOC 

approach to propose a simplified cascaded control scheme at 

the rotor side dq voltage inputs. The cascaded controllers 
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consist of proportional inner-loop controllers, with no 

decoupling networks utilized, and standard PI outer-loop 

controllers. Then for the open-loop system, we discuss its 

damping properties by proving system passivity. 

Furthermore, taking into account inner-loop controllers, we 

prove that the system renders the passivity property by 

partially shaping its damping characteristics. Since passivity 

provides an easy way for obtaining Lyapunov-type storage 

functions, it gives a useful tool of studying system stability. 

In particular, since the system is fully damped, it is proven 

that global exponential stability of the closed-loop unforced 

system holds true and consequently that the input-to-state 

stability (ISS) of the original closed-loop system is ensured. 

As it has been recently proven in [10], ISS property of 

passive systems is essential for also proving convergence to 

the equilibrium. Thus, in the paper, we show that the DFIG 

system belongs to this category of passive systems and 

therefore it satisfies stability and convergence to the 

equilibrium. At this point we note that whenever global 

asymptotic stability has been proven, this is certainly based 

on the reduced-order current fed model of the machine, i.e. 

on the 3
rd

 order system with states the rotor fluxes and the 

rotating speed and controlled inputs the stator currents [11]-

[12]. In some research works where the 5
th

 order model is 

used, asymptotic stability is proven only under the use of 

load torque estimators or adaptation techniques [13]-[15]. 

The simulation results confirm the theoretical analysis 

indicating the effectiveness of the proposed cascaded control 

design approach. 

II. MODELING AND ANALYSIS OF THE DOUBLY-FED 

INDUCTION GENERATOR  

A. System Modeling in the dq Reference Frame 

The dynamic model of a DFIG with states and inputs in 

the dq synchronously rotating frame can be written as [16] 

( )

( )

ds ds s qs s ds

qs qs s ds s qs

dr dr s r qr r dr

qr qr s r dr r qr

U R I

U R I

V p R I

V p R I

λ ω λ

λ ω λ

λ ω ω λ

λ ω ω λ

= − +

= + +

= − − +

= + − +

                  (1) 

with 

ds s ds m dr dr r dr m ds

qs s qs m qr qr r qr m qs

L I L I L I L I

L I L I L I L I

λ λ

λ λ

= + = +

= + = +
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m

r r qs dr ds qr m
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L
J b p I I T

L
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Equations (1) and (3) represent the complete 

electromechanical dynamics of the DFIG system, while the 

active and reactive power expressions for the stator and rotor 

are as follows 

3 3
( ) ( )

2 2

3 3
( ) ( )

2 2

s ds ds qs qs s qs ds ds qs

r dr dr qr qr r qr dr dr qr

P U I U I Q U I U I

P V I V I Q V I V I

= + = −

= + = −

   (4) 

where d and q subscripts stand for the d- and q-axis 

components, r and s subscripts stand for rotor and stator, U  

stands for the constant grid voltage and V  for variable 

voltage, λ  stands for flux, R  stands for resistance, I  

stands for current, 
s

ω  stands for the utility frequency, p  

stands for the number of pole pairs, 
r

ω  stands for the 

rotational speed of the generator rotor, L  stands for 

inductance and 
m

L  is the mutual inductance, J  is the total 

moment of inertia at the rotor of the induction generator, b is 

the damping coefficient, 
m

T  is the mechanical torque at the 

rotor, while P  and Q  stand for active and reactive power. 

The dot over a symbol stands for the time derivative of the 

corresponding variable. 
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Fig. 1.  The DFIG wind system. 

 

B. State-Space Modeling of the DFIG 

Using (1)-(3) and selecting [ ]
T

ds qs dr qr r
x I I I I ω=  as the 

state vector, the complete 5
th

 order dynamic model is 

obtained, where 2( ) ( )
r s m r s

L L L L Lσ = −  denotes the leakage 

factor. 

In this model, show in the next, 
dr

V  and 
qr

V  are the 

control inputs fed by the voltage source converter at the 

rotor side, while 
ds

U , 
qs

U  are the uncontrolled inputs 

representing the d and q components of the grid voltage and 

m
T  is considered to be the unknown load disturbance input. 
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III. INDUCTION MACHINE CONTROLLER TASKS  

A. Voltage-Oriented Control Preliminaries 

In the case studied, where the VOC technique is applied, 

the reference frame is chosen to align with the q-axis 

component of the stator voltage, which means that 
ds

U =0. 

Using the first two differential equations of (1) at steady 

state and for the adopted VOC, the following hold true: 

0 s qs s ds

qs s ds s qs

R I

U R I

ω λ

ω λ

= − +

= +
               (6) 

or equivalently 

s

qs ds

s

s qs qs

ds

s

R
I

R I U

λ
ω

λ
ω

=

−
=

                (7) 

For induction generators of MW ratings, the stator 

resistance is valued at the range of mΩ and 

100 / sec
s

radω π= . As a result, the q-axis stator flux 

component has a very small value at steady state, while for 

the d-axis stator flux component it holds that 

 
qs

ds

s

U
λ

ω
≅ −                   (8) 

 

This approximation reduces the electromagnetic torque 

expression (3) to 

3

2

m

e ds qr

s

L
T p I

L
λ= −                 (9) 

It is obvious that for an almost constant value of 
ds

λ , as 

given by (8), the electromagnetic torque depends only on the 

q-axis component 
qr

I  of the rotor current. 

B. Active and Reactive Power Regulation 

The mechanical power captured from the wind by the 

turbine is given by [17] 

( )2 31
,

2
m p windP R C vρπ λ β=            (10) 

where ρ is the air density, R is the radius of the turbine 

blades, vwind  is the wind speed, Cp is the power coefficient of 

the wind turbine, β is the blade pitch angle and λ is the tip-

speed ratio. 

Ιn order to achieve maximum active power extraction, the 

maximum value of Cp should be achieved for some constant 

λ=λopt. This can be achieved through the optimal rotational 

speed of the generator, provided by [3] 

,

opt g

r opt wind

n
v

R

λ
ω =               (11) 

where ng is the gear ratio due to the existence of a gearbox. 

Thus, the wind speed vwind determines through (11) the 

rotor generator speed that corresponds to the maximum wind 

power extraction. As a result, one of the rotor side controller 

tasks is to adapt the generator speed ωr to a reference 

,

ref

r r opt
ω ω= . Taking into account (9), one can see that for 

any wind speed vwind the inner-loop current Iqr controller 

enforces Te to follow Tm by regulating Iqr to a suitable 
ref

qr
I ; 

this reference value obviously comes from an outer-loop PI 

controller which regulates 
r

ω  to ref

r
ω  corresponding to the 

maximum Tm. 

In the same way, it can be easily shown that reactive 

stator power can be regulated through the Idr inner current 

control loop, since Qs is dependent from Idr. Indeed, 

combining the λds expression from (2) and the Qs expression 

from (4), while the proposed VOC holds true, the following 

expression is easily reached: 

2

3

s

ds s m dr

qs

Q
L L I

U
λ = +              (12) 

It is clear from (12) that the stator reactive power can be 

regulated through Idr. A common way to determine ref

dr
I  is 

by enforcing Qs to a desired reference value through an outer 

loop PI controller. 

Therefore, an effective active and reactive power 

regulation can be eventually achieved by VOC, provided 

that system stability and convergence to the equilibrium is 

guaranteed. In the following section, this stability analysis is 

obtained via a passivity analysis and controller design. 
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IV. CONTROL DESIGN AND ANALYSIS  

A. The Proposed Control Scheme 

A cascaded control scheme with proportional inner-loop 

and conventional PI outer-loop controllers is proposed as 

follows. 

1) d-axis cascaded controllers 

The following inner-loop current controller is proposed 

for the rotor input Vdr 

( )ref

dr Pd dr drV k I I= −              (13) 

where the reference input ref

dr
I  is provided by an outer-loop 

PI controller, as follows 

( ) ( )
0

t
ref ref ref

dr PQ s s IQ s s
I k Q Q k Q Q dτ= − + −∫     (14) 

The proportional and integral gains kPd, kPQ and kIQ are 

positive scalars. 

2) q-axis cascaded controllers 

For Vqr the following inner-loop proportional controller is 

proposed  

( )ref

qr Pq qr qrV k I I= −              (15) 

where now the reference input 
ref

qr
I  is provided by an outer-

loop PI controller, as follows 

( )
0

t
ref ref

qr P r I r r
I k k dω ωω ω ω τ= − + −∫        (16) 

All the proportional and integral gains kPq, kPω and kIω are 

positive scalars and ref

r
ω  is provided by (11). 

Both the outer-loop PI controllers should be much slower 

than the inner-loop controllers. 

Now, to proceed with the dynamic and stability analysis 

of the aforementioned system, we start by investigating its 

damping characteristics. Therefore, since passivity is 

strongly related to the system damping, we first analyze the 

closed-loop passivity property. 

B. Closed-loop System Passivity 

In order to use Theorem 1 of Appendix, consider for 

system (5) the following (Lyapunov type) storage function 

2 2

2 2 2

3 3
( ) ( )

4 2

3 1
( )

4 2

s ds qs m ds dr qs qr

r dr qr r

V L I I L I I I I

L I I Jω

= + + + +

+ + +

     (17) 

which is positive definite since ,
s r m

L L L>  holds true and 

and 

2 2 23 3 1
( ) ( )

4 4 2
m ds dr m qs qr rV L I I L I I Jω> + + + +  

Taking into account in (5) the proportional inner-loop 

controllers (13) and (15), the storage function derivative is 

calculated as Then the time derivative of V is calculated as 

 

( ) ( )2 2 2 2

2

3

2

3
( )

2

(18)

s ds s qs r Pd dr r Pq qr

ref ref

r ds ds qs qs Pd dr dr Pq qr qr

r m

V R I R I R k I R k I

b I U I U k I I k I I

T

ω

ω

⎡ ⎤= − + + + + + −⎣ ⎦
− + + + + −

−

 

where the first five terms of V derivative indicate the closed-

loop system damping characteristics corresponding to the 

power dissipated at the electrical and mechanical parts 

describing a fully damped system and increased by kPd and 

kPq at the rotor-side dynamics. The latter expression implies 

the following inequality 

3
( )

2

ref ref

ds ds qs qs Pd dr dr Pq qr qr

T

r m

V I U I U k I I k I I

T y uω

≤ + + + −

− =

   (19) 

where Ty G x= , {3 / 2, 3 / 2, 3 / 2, 3 / 2,1}
Pd Pq

G diag k k= , 

[ ]
T

ds qs dr qr r
x I I I I ω=  and [ ]

ref ref T

ds qs dr qr m
u U U I I T= − .  

Inequality (19) clearly indicates that the closed-loop 

system is passive for output Ty G x=  [18]. 

It is noted that the passivity property also holds true for 

the open-loop system with storage function the same used 

for the closed-loop system. 

C. Closed-loop System Stability Analysis 

At this point, we are ready to exploit the closed-loop 

passivity property on proving stability. Hence, we start by 

investigating the nonautonomous closed-loop unforced 

system, i.e. the closed-loop system with 0u = . For the 

unforced system, we obtain from (18) the following negative 

definite expression of the storage function time derivative  

( ) ( )2 2 2 2 23

2
s ds s qs r Pd dr r Pq qr rV R I R I R k I R k I bω⎡ ⎤= − + + + + + −⎣ ⎦  

Now, recalling [18, Theorem 4.10, p. 154] for the dynamic 

closed-loop system, one can easily observe that all 

assumptions required hold true, since both V and -V are in 

quadratic form and positive definite. Therefore, the origin 

0x =  is globally exponentially stable. 

Coming back to the original closed-loop system with 

input 0u ≠ , [18, Lemma 4.6, pp. 176-177] holds true (since 

g(x) is constant and f(x) satisfies the Lipschitz conditions) 

indicating that the closed-loop system is input-to-state stable 

(ISS). 

Therefore, the original closed-loop system is passive with 

a bounded solution. As a result, all the pre-required 

conditions mentioned in [10], namely Assumptions 1, 2 and 

Theorem 4 of [10], are satisfied. Hence, the closed-loop 

system is stable and converges to the equilibrium. 

This analysis guarantees that the proposed cascaded 

control scheme can be utilized, while the passivity property 

is preserved and all conditions to ensure closed-loop stability 

are satisfied. Also, since the proof is independent from any 

field or voltage orientation, the adopted VOC in this paper 

can be effectively applied in steady state. 
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V. SIMULATION RESULTS 

In this section, the effectiveness of the proposed controller 

design and analysis is verified through extensive simulation 

results. The response of the DFIG system is simulated for 

the case of step changes in the wind speed, as shown in Fig. 

2, and the reactive power reference. All the parameters of 

the simulated system are provided in Table I. The control 

parameters are selected to be kPd=1, kPq=5, kPω=30, kIω=10, 

kPQ=0.0001 and kIQ=0.01. 

Figure 2 also presents the generator’s rotor angular speed 

versus its reference, where it clear that ωr tracks its reference 

well and has a rather small settling time of about 15sec. In 

Fig. 3 the responses of the d- and q-axis components of the 

stator current are presented. It is clear that Ids response is 

associated with the reactive power reference, as expected 

from the expression of Qs in (4) for the adopted VOC. On 

the other hand, Iqs response follows the form of ωr and is 

associated with the active power reference, as expected from 

the expression of Ps in (4) for the adopted VOC. 

Figure 4 provides the responses of the d- and q-axis rotor 

current components. As expected, the response of Idr is 

associated with that of Qs, while Iqr quickly reaches its 

steady state value and follows the mechanical torque 

changes caused by the wind step changes. 

 
TABLE I 

2MW DFIG WIND SYSTEM PARAMETERS 

Symbol Quantity Value 

sR  stator resistance 0.01 Ω 

rR  rotor resistance 0.00842 Ω 

sL  stator inductance 0.005305 H 

rL  rotor inductance 0.0053137 H 

mL  mutual inductance 0.0051839 H 

p  pole pairs 3 

R  blade radius 35 m 

b  
rotor friction 
coefficient 

0.00015 N*m*sec/rad 

J  rotor inertia 765.6 kg*m2 

gn  gearbox ratio 62.5 

β  pitch angle 0o 

ρ  air density 1.2 kg/m3 

optλ  optimal tip-speed-ratio 6.325 

sω  grid angular frequency 2π50 rad/sec 

2 2

ds qsU U+  grid voltage 700 V (rms) 
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Fig. 2. Wind speed profile and rotor angular speed with its reference. 
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Fig. 3. Stator current component responses. 
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Fig. 4. Rotor current component responses.  
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Fig. 5. Active and reactive power responses. 
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Fig. 6. Rotor voltage control input responses. 

 

Figure 5 represents the stator’s and total DFIG active 

power, while also the response of the stator’s reactive power 

versus its reference is provided. Both active power responses 

reach their steady state values in less than 20sec, while the 

reactive power rapidly tracks its reference. 

Finally, Fig. 6 provides the responses of Vdr and Vqr, 

which are the control inputs. Both voltages exhibit 

satisfactory transient performance and converge to 

admissible values. 

VI. CONCLUSION 

A simple cascaded control scheme for DFIGs under VOC 

has been proposed, comprising of proportional inner-loop d 

and q current controllers and conventional PI outer-loop 

speed and reactive power controllers. A novel nonlinear 

analysis has been conducted to prove stability and 

convergence to the equilibrium. Finally, the effectiveness of 

the proposed control scheme is verified through extensive 

simulation results. 
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