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Abstract: This paper proposes a design method for a robust controller to improve the stability and system dynamic

behavior for variable speed wind energy conversion systems. By analyzing the mathematical model of a wind power

conversion system, control strategies for both a generator-side converter and a grid-side converter are given. For the

generator-side converter, the well-known maximum power point tracking method is employed, while for the grid-side

converter, a robust controller is presented based on passivity theory. The L2 -gain performance is analyzed using linear

matrix inequality. Moreover, in order to accelerate the dynamic response and reduce the DC link voltage fluctuations,

the optimum equilibrium points of the system are designed based on the analysis of the dynamic equations of the DC

link voltage. Finally, the proposed method is verified a by hardware-in-the-loop simulation.
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1. Introduction

Due to the advantages of the controllable power factor, bidirectional power flows, reduced current distortions,

and high reliability, 2-level back-to-back PWM converters have been widely applied in the wind power industry

[1–6]. In traditional applications, the DC link capacitors are used to decouple the generator-side converter and

grid-side converter so that the 2 converters can be driven independently. However, the traditional method does

not take the energy exchange on the DC link into consideration. If a high-value DC link capacitor is neglected,

the DC link voltage cannot be maintained in a reasonable operation range under instantaneous load power

variations. Moreover, a large capacitor not only increases the system cost but also raises the system failure

rates. To reduce the DC link capacitor, there have been many methods presented to suppress the large voltage

fluctuation [7–15]. In [7], Choi and Sul proposed an improved method to accelerate the transient response

using dq-axis cross-coupling. In [8], Liutanakul et al. applied the decoupling system matrix to analyze the

whole converter system. The authors of [9–12] proposed nonlinear feedforward power load compensation on

the grid-side converter to improve the response speed. The authors of [13–15] used the exact I/O feedback

linearization technique to decouple the converter system and realize the design of the system controller using a

linear PI controller and nonlinear sliding mode controller. Nevertheless, it needs to be determined whether there

are unstable zero-dynamics of the system using the exact I/O feedback linearization technique. Furthermore,
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this technique could not completely decouple the 2 side converters because of the existence of uncertain model

parameters.

For several decades, the passivity-based design has been a hot topic in the field of control theory. It has

proven to be a powerful tool for nonlinear systems [16–18]. Recently, applications of passivity theory in the

motor and converter control problem have been reported [19–24]. The authors of [19,20] used passivity theory

to design an induction motor torque and speed controller. The authors of [21,22] applied the passivity theory to

the control of a boost converter, and the authors of [23,24] analyzed the design principles of a passivity-based

controller in a 3-phase PWM rectifier with a resistive load. In [24], the current control mode and voltage control

mode were studied based on the Euler–Lagrange (EL) model. The cascade controller structure based on the

PI regulator of the DC link voltage and the passivity-based current controller was also proposed. However, in

these studies, the robustness of the current controller was not considered. Robust control is very important and

useful, and so it is being rapidly developed nowadays [25–28]. If the control parameters are not appropriate,

the current tracking performance is still affected by model uncertainties. One well-known technique for the

robustness is L2 -gain control, which has been studied by many authors, for example in [26–28]. The authors

of [26,27] used an adaptive L2 -gain controller for the power system, and Zhao and Hill [28] utilized L2 -gain

analysis for a switched system. In these studies, the aim of the design was to reduce the magnitude of effect of

the disturbance under the meaning of the L2 norm.

Motivated by the above discussion, this paper studies the L2 -gain control problem and DC link voltage

fluctuation suppression for a wind energy conversion system based on the passivity-based theory. The challenge

of the paper mainly lies in two areas: the first is how to design the proper controller for wind energy conversion

systems that contain uncertainties. The other is how to optimize the equilibriums by which the performance

of the closed-loop system can be improved. Compared to other current studies, this paper presents a brand

new approach. The contribution of the paper is that the passivity theory is first employed to analyze and

design the stabilization and L2 -gain control problem for wind energy conversion systems. The linear matrix

inequality (LMI) condition is derived to reduce the effects of parameter perturbation, and the optimization

of the equilibriums is addressed to improve the response of the system for reducing the DC link capacitor in

practice.

The remainder of the paper is organized as follows: Section 2 deals with the mathematical model. In

Section 3, the controller is designed for a wind energy conversion system. Section 4 is devoted to the validation

of the proposed method using hardware-in-the-loop (HIL) simulations. The last section is the conclusion.

2. Mathematical model of the wind energy conversion system

The topology of a full-scale power converter based on a squirrel cage induction generator (SCIG) is shown in

Figure 1. This type of wind turbine consists of blades, a gear box, a SCIG, a back-to-back PWM converter,

and a grid-connected line filter. Among them, the PWM converter plays a critical role; it is used to achieve

the mode of variable speed constant frequency for the wind turbine. The converter consists of 2 parts: the

generator-side converter and the grid-side converter. In this section, the mathematical models of each converter

will be given.

2.1. Model of the generator-side converter

Under the rotary direct and quadrature (dq)-axis reference frame (by coordinate transformation based on an

invariable norm), a 5-order mathematic model of the SCIG can be written as follows:
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Figure 1. The topology of the full scale power converter based on a SCIG with turbines.
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Tr
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=
nP
Jm

Te −
np
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where usd , usq , isd , and isq are stator voltages and currents in the dq-axis reference frame, respectively; Rs

and Rr are the stator and rotor resistances, respectively; Ls , Lr , and Lm stand for stator inductance, rotor

inductance, and mutual inductance, respectively; ψrdq is the rotor flux in the dq-axis reference frame; Te and

TL are the electromagnetic torque and load torque of the SCIG, respectively;Jm is the moment of inertia of

the SCIG; np is the generator pole pairs; ωx and ωr are the synchronous electrical angular velocity and rotor

electrical angular velocity of the SCIG, respectively; Tr is the rotor time constant (Tr = Lr / Rr); and σ is

the leakage coefficient (σ = 1 – L2
m / (LsLr)). These parameters can be obtained by parameter identification

[29].

2.2. Model of the grid-side converter

Under the rotary dq-axis reference frame, the mathematical model of the grid-side converter is given as follows:

 digd
dt

digq
dt

dVdc

dt

 =

 −Rg

Lg
ωg −Sgd

Lg

−ωg −Rg

Lg
−Sgq

Lg
3Sgd

2C
3Sgq

2C − 1
CRL


 igd
igq
Vdc

+

 ud

Lg
uq

Lg

0

 , (6)

where udq and igdq are grid voltages and currents in the dq-axis reference frame, respectively; Vdc is the DC

link voltage;Lg and Rg stand for the inductance and equivalent resistance of the line filter, respectively; C is
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the DC link capacitor; ωg is the grid voltage synchronous rotating angular velocity; Sgdq are switching functions

in the dq-axis reference frame; and RL is the equivalent load resistance on the DC link.

Eq. (6) can be rewritten in EL model form [24]:

Mcẋ+ (Jc +Rc)x = Fc, (7)

where

x = [ igd igq Vdc ]T ,Mc = diag(Lg, Lg,
2

3
C), Rc = diag(Rg, Rg,

2

3RL
),

Fc = [ ud uq 0 ]T , Jc =

 0 −ωgLg Sgd

ωgLg 0 Sgq

−Sgd −Sgq 0

 .
Obviously, Mc is a symmetric and positive-definite matrix. Jc is an antisymmetric matrix (Jc = −JT

c ) that

represents the internal energies transfer of system. Rc is a symmetric and positive-semidefinite matrix that

reflects the dissipative behaviors of the system. Fc represents the energy exchange between the internal and

external energies.

3. Optimal controller design

Based on the analysis of the mathematical models of the converter systems for both sides, the control strategies

for the generator-side converter and the grid-side converter are given in this section.

3.1. Control strategy of the generator-side converter

The control objectives of the generator-side converter are to realize maximum power point tracking (MPPT)

and support the proper reactive current for SCIG operations. In this paper, the MPPT control is achieved

by using a lookup table of the rotor velocity of a SCIG using real-time detection. According to the real-time

value of the rotor velocity, the corresponding electromagnetic torque (T ∗
e ) that needs to be supported can be

obtained. We can then calculate the given value of the torque current (i∗sq) with the following equation:

i∗sq =
2LrT

∗
e

3npLmψr
, (8)

where ψr is the rotor flux estimation, which can be calculated from Eq. (3), i.e.

ψr =
Lmisd
1 + sTr

, (9)

where s is the differential operator.

The given value of excitation current (i∗sd) can be obtained as follows:

i∗sd =
ψ∗
r

Lm
=

usm
ωeLm

, (10)

where usm is the amplitude of the rated line voltage and ωe is the rated frequency of the SCIG.

Based on the field-oriented vector control strategy, the torque current and excitation current are de-

coupled. Hence, we can use two independent current proportional plus integral (PI) regulators to realize the
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currents’ tracking. After that, the control voltages for the generator-side converter at work are given as follows:

usd = kp1(i
∗
sd − isd) + ki1

∫ t

0

(i∗sd − isd)dt, (11)

usq = kp1(i
∗
sq − isq) + ki1

∫ t

0

(i∗sq − isq)dt, (12)

where kp1 and ki1 are the control parameters of the current PI controllers that can be tuned by using the

‘optimum symmetrical’ [30].

According to the discussions above, the block diagram of the control scheme of the generator-side converter

is shown in Figure 2.

Figure 2. The block diagram of the control scheme of the generator-side converter.

In Figure 2, the angle θr of the rotor flux can be calculated as:

θr =

∫ t

0

ω1dt =

∫ t

0

(ωr + ωs)dt, (13)

where ωs is the slip frequency, which is defined as ωs = ω1 − ωr . We can obtain ωs from Eq. (4) as follows:

ωs =
Lmisq
Trψr

. (14)

3.2. The design of a robust controller for a grid-side converter

The control objectives of a grid-side converter are to maintain the DC link voltage at a constant value and ensure

unit power factor operation. In this section, a robust controller based on the passivity theory is proposed. By

using the cascaded controller structure [24], an outer DC link voltage PI controller is cascaded to an inner

passivity-based current controller. For improving the robustness of the closed-loop control system, which has

the properties of L2 disturbance attenuation, the following control law will be used.
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Considering that parameter uncertainties exist in the system, the, EL, model, from, Eq., (7), can, be,

expressed, as:

(Mc +∆Mc)ẋ+ (Jc +∆Jc)x+ (Rc +∆Rc)x = Fc. (15)

Using the bounded vector w(x) instead of the disturbances, the system model can be transformed into the

following expression:

Mcẋ+ Jcx+Rcx = Fc + w(x), (16)

where w(x) = ∆Mcẋ+∆Jcx+∆Rcx.

Let x∗i , i = 1, 2, 3 denote the desired equilibrium states of the closed-loop system. For the error state

vector e(ei = xi − x∗i ), the error dynamic equation is then expressed as:

Mcė+ Jce+Rce = Fc + w −Mcẋ
∗ − Jcx

∗ −Rcx
∗. (17)

Let z= Qe, where Q is a nonsingular matrix. Then ∥z∥2 = zT z is used to evaluate the performance of errors.

Definition 1 If there is a positive real number γ such that if e(0) = 0, and for all T > 0

∫ T

0

∥z∥2 dt ≤ γ2
∫ T

0

∥w∥2dt (18)

holds, then the system is L2 disturbance attenuation with gain ω .

Remark 1 An alternative definition for the L2 disturbance attenuation is as follows. If there is a positive

definite function V (e), which is continuous and differentiable, such that:

V̇ (e) ≤ γ2 ∥w∥2 − ∥z∥2 , (19)

then taking the integration of Eq. (19) yields:

∫ T

0

∥z∥2dt ≤ γ2
∫ T

0

∥w∥2dt+ V (0). (20)

Obviously, Eq. (20) is equivalent to Eq. (19). In the definition, we do not need the requirement of e(0) = 0.

We will now give the main theorem of this paper.

Theorem 1 Consider the system described by Eq. (17), if the controller is designed as

Fc =Mcẋ
∗ + Jc(x

∗ + e) +Rcx
∗ −Rae, (21)

where Ra satisfies [
−Ra −Rc +

1
2Q

TQ 1
2I

1
2I −γ2

2 I

]
< 0, (22)

then the system satisfies the following:

(a) When w= 0, the system is asymptotically stable at the expected equilibrium point.

(b) When w ̸= 0, the system satisfies the L2− gain condition in Eq. (20).
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Proof For the system in Eq. (16), choosing the energy function H= (1 / 2)eTMce , we have:

Ḣ − 1
2γ

2 ∥w∥2 +1
2 ∥z∥

2

= eTMcė− 1
2γ

2 ∥w∥2 + 1
2 ∥z∥

2

= eT (Fc + w −Mcẋ
∗ − Jc(x

∗ + e)−Rc(x
∗ + e))− 1

2γ
2 ∥w∥2 +1

2 ∥z∥
2
. (23)

Substituting Eq. (21) into Eq. (23), we have:

Ḣ − 1

2
γ2 ∥w∥2 +1

2
∥z∥2 =

[
e
w

]T [
−Ra −Rc +

1
2Q

TQ 1
2I

1
2I −γ2

2 I

] [
e
w

]
. (24)

In view of Eq. (22), the following holds:

Ḣ ≤ 1

2
γ2 ∥w∥2 − 1

2
∥z∥2 . (25)

Integrating Eq. (25) from 0 to infinity, we have:

H(∞)−H(0) ≤ 1

2

∫ ∞

0

γ2 ∥w∥2dt− 1

2

∫ ∞

0

∥z∥2dt. (26)

From the above results, we have the following conclusions:

(a) When w= 0, H(∞) − H(0) ≤ − 1
2

∫∞
0

∥z∥2dt ≤ 0 holds. It is concluded that the error system is

asymptotically stable at the expected equilibrium points.

(b) When w ̸= 0, considering H ≥ 0, we have
∫ T

0
∥z∥2dt ≤

∫ T

0
γ2 ∥w∥2dt+H(0); that is, the L2 -gain is

satisfied. Thus, we have completed the proof.

For a grid-side converter, using grid voltage vector-oriented technology, we have ud = um , uq = 0. Hence,

according to Eq. (21), the switching functions Sgd and Sgq can be obtained as follows:

Sgd = (ud + ωgLgigq −Rgi
∗
gd +Ra1(igd − i∗gd))/Vdc, (27)

Sgq = (−ωgLgigd +Ra2(igq − i∗gq))/Vdc, (28)

where Ra1 and Ra2 are diagonal elements of Ra .

To achieve the control objectives of the grid-side converter, the equilibrium points of the system states

are set in the following forms:

i∗gq = 0, (29)

V ∗
dc = Vdc set. (30)

Then, assuming that the copper loss of the generator is negligible, substituting the control laws of Eqs. (27)

and (28) into Eq. (6) yields:

V̇dc = 3(udi
∗
gd −Rgi

∗2
gd +Ra1(igd − i∗gd)i

∗
gd +Ra2(igq − i∗gq)i

∗
gq − 2P ∗

m/3)/(2VdcC)

= 3(udi
∗
gd −Rgi

∗2
gd +Ra1(igd − i∗gd)i

∗
gd +Ra2(igq − i∗gq)i

∗
gq − (2/3)T ∗

e ωr/np)/(2VdcC). (31)
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As tracking in the states is achieved, i.e. igd → i∗gd and igq → i∗gq = 0, the equilibrium point of the d-axis

current of the grid-side converter can be calculated as follows:

i∗gd = (Rgi
∗2
gd + (2/3)T ∗

e ωr/np)/ud. (32)

In Eq. (32), due to Rgi
∗2
gd ≪ (2/3)T ∗

e ωr/np , we get:

i∗gd = (2/3)T ∗
e ωr/(npud). (33)

To accelerate the dynamic response speed of the grid-side converter, we add the result of Eq. (33) to the output

of the DC link voltage PI controller as feedforward compensation. Afterwards, the dynamic equilibrium point

of the d-axis current can be designed as:

i∗gd = kp2(V
∗
dc − Vdc) + ki2

∫ t

0

(V ∗
dc − Vdc)dt+

2T ∗
e ωr

3udnp
, (34)

where kp2 and ki2 are the control parameters of the DC link voltage PI controllers.

In conclusion, the block diagram of the robust control scheme of the grid-side converter is given in

Figure 3.

Figure 3. The block diagram of the robust control scheme of the grid-side converter.

4. System performance verification using HIL simulation

In this paper, the proposed control method is verified using RT-LAB, which is an integrated real-time simulation

platform for rapid and automatic implementation in real-time on a standard PC platform, used for rapid control

prototyping and HIL simulation [31,32]. RT-LAB uses Simulink as a front end for editing and viewing graphic

models. Hence, we use it to simulate the hardware configuration of a 2.5 MW full-scale power converter based

on the SCIG. The system parameters of HIL simulation are given in the Table, and the control algorithms are

realized using a digital controller based on the TMS320F6747 DSP. The HIL simulation results contain 2 parts:

the assessment of the dynamic response characteristics of the proposed control method in comparison to the

traditional PI controller, and the system performance under model uncertainties.
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Table. Parameters of HIL simulation.

Quantity Value
Rated power pe/kW 2500
Rated line voltage Ue/V 690
Rated frequency fG/Hz 50
Filter inductance Lg / µH 132
Equivalent resistance of line filterRg / mΩ 2
DC link capacitor C/mF 59.4
Rated voltage of DC link V ∗

dc / V 1100

Stator self-inductance of generator L
′

s / mH 0.03694
Stator resistance of generator Rs / mΩ 0.8487

Rotor self-inductance of generator L
′

r / mH 0.03331
Rotor resistance of generator Rr / mΩ 0.6928
Mutual inductance of generator Lm / mH 1.187
Moment of inertia of generator J/ (kg m2) 2400
Pole pairs of generator np 3
Rated torque of generator Te / N m 24670
Converter switching frequency fs / kHz 3
Calculation time in HIL simulations tHIL / µs 20

4.1. Dynamic response characteristics

The dynamic response characteristics are investigated under varying load conditions (no-load to full-load) with

a rated speed of 104.7 rad/s. For stabilizing the speed of the SCIG, an outer speed PI controller is added into

the generator control. Before 2 s, the wind energy conversion system works in no-load operation. At 2 s, the

load variation happens, and the system dynamic performance is shown in Figures 4–7.
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Figure 4. The fluctuation of the DC link voltage under

load variation.

Figure 5. Dynamic responses of grid currents.

Figure 4 shows the dynamic responses of the DC link voltage with both the proposed passivity-based

controller and the traditional PI controller. It can be observed that when the traditional PI controller is applied,

a large voltage fluctuation appears on the DC link. The maximum value of the DC link voltage is up to 1220 V.

On the contrary, the DC link voltage is insensitive to load variation using the method proposed in this paper.

This is because the response speed is restricted by the integrator of the PI controller of the DC link voltage in
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Figure 7. Dynamic response of the electromagnetic

torque of the SCIG.
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the traditional method while the effectiveness of the integrator is removed by optimizing the equilibrium points

of the control system. Hence, the response speed is improved under load variation.

Figure 5 shows the dq-axis currents of the grid-side converter. We can see that both the active currentigd

and the reactive currentigq behave with good dynamics and steady characteristics. Moreover, the reactive

current igq fluctuates around 0. The unity power factor operation is then achieved.

The dynamic response of the rotor angular velocity and the electromagnetic torque of the SCIG are shown

in Figures 6 and 7, respectively. It is obvious that the rotor angular velocity of the SCIG increases due to the

sudden change of input torque from no-load to full-load. The electromagnetic torque can track the input load

torque within about 2.5 s.

The HIL simulation results show that the proposed robust control method has good performance under

load variations and steady state operations.

4.2. Robust performance of the system with parameter variation

In this section, the robust performance of the control system is checked. In the HIL simulation, the filter

inductance of the grid-side converter is set to 100% larger than the value given in the Table. The equivalent

resistance of the line filter is set to 100% larger than that used in controller design. In the meantime, the DC

link capacitance is set to half of that used before. According to the solution of LMI in Eq. (22), the control

system could have the properties of L2 disturbance attenuation by selecting Ra1 > 0.496 and Ra2 > 0.496.

To verify the validity of the proposed robust controller, we use Ra1 = Ra2 = 0.2 and Ra1 = Ra2 = 1 in the

HIL simulations. With the same setup of working environments as in the last section, the simulation results are

shown in Figures 8 and 9.

The dynamic characteristics of the DC link voltage under load variation are shown in Figure 8, and the

dq-axis actual currents of the grid-side converter are given in Figure 9. It is observed that the DC link voltage

can also be maintained at the given value with a different setting of Ra , and the active currents are generally the

same. However, the reactive currents are different with a different control law. It can be seen that the reactive

current igq could not converge to 0 with parameter variation. Hence, the power factor is reduced. It should

be noted that the power factor can be corrected if the controller satisfies the L2 -gain conditions. Meanwhile,

it is implied that the active current is not influenced by parameter uncertainty because of the use of the outer

DC link voltage PI loop. This conclusion is similar to the results in [24]. To sum up, by properly designing

the control parameters, the control performance of a system with uncertain parameters can be guaranteed.

Additionally, the DC link capacitor can also be reduced by the proposed method.

5. Conclusions

By analyzing the mathematical model of a full-scale power converter based on the SCIG, a passivity-based

robust controller for a wind energy conversion system is first designed. Under the designed control law, the

stability of the error system can be guaranteed, and the L2 disturbance attenuation can also be obtained

according to the LMI constraints. In view of these results, the optimum equilibrium points of the system states

are designed in order to improve the dynamic performance of the control system. Finally, the proposed control

method is verified by HIL simulations.
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