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ABSTRACT This paper proposes a robust control strategy for the uncertainties of permanent magnet syn-
chronous generator-based wind energy conversion system, based on state feedback. Meanwhile, the detailed
design and analysis process of this robust controller also have been presented. Compared with the conven-
tional control, the newmethodwith a better robustness can not onlymake thewhole closed-loop system stable
but also reduce the major harmonics and total harmonic distortion of currents and ripples of torque. And then,
we set up a detailed 2 MW simulation test platform based on MATLAB/SIMULINK/SimPowerSysterms.
The simulation results verify the effectiveness and correctness of the algorithm.

INDEX TERMS Robust control strategy, state feedback, PMSG, WECS, robustness, THD.

I. INTRODUCTION
With the global climate problem increasingly prominent and
non-renewable energy sources being largely consumed, the
exploration and utilization of renewable energy sources have
been paid to a high attention. As the fastest growing renew-
able energy sources in the recent years [1], wind generation
is most prevalent in coastal regions spanning temperate and
boreal climates. Countries such as China, USA, Denmark
and Canada possess significant wind power potential due to
their high average wind velocities [2]. Hence, the research
and development about wind power have much practical
value nowadays. Compared with the constant-speed constant-
frequency WECS, the greatest advantages of variable-speed
constant-frequency WECS is able to get access to the
maximum energy conversion. Mainstream generator mod-
els of variable-speed constant-frequency WECS include
doubly-fed induction generator (DFIG) and permanent mag-
net synchronous generator (PMSG). Compared with DFIG,
PMSG has many superior characteristics such as more effi-
cient performance, higher reliability and wider speed control
range, and is gradually becoming the first choice [3]. There-
fore, we selected the WECS based on PMSG for a research
in this paper.

There exist many uncertainties in practical systems. For the
PMSG or permanent-magnet synchronous motor (PMSM),
the uncertainties consist of the parameter perturbations,

the unmodeled converter dynamics and the load torque enter
system via different channels from the control inputs [4]–[7].
Reference [4] introduced a robust control scheme for the
uncertainties of PMSM with a adaptive disturbance observer
and the controller obtained a good control performance.
Reference [5] once proposed a robust nonlinear predictive
controller for the PMSMuncertainties. The high performance
with respect to speed tracking and current control has been
demonstrated. Reference [6] studied the predictive func-
tional control (PFC) and extended state observer (ESO) for
the uncertainties of PMSM and verified the effectiveness
of PFC + ESO method. For the PMSG-based WECS, Ref-
erence [7] presented a novel decoupled PI current control
method. The technique can successfully achieve the nominal
performance recovery under the model uncertainty as well
as improved the transient performances. References [8]–[12]
applied sliding mode control (SMC) to WECS and achieved
a good control effect. Reference [8] proposed a direct power
control (DPC) based on SMC for the grid-connected WECS
with driven doubly fed induction generators (DFIG). The
controller is able to directly regulate the instantaneous reac-
tive and active powers in stator stationary reference frame
without the requirement of either synchronous coordinate
transformation or phase angle tracking of grid voltage and
can still achieve a good control performance, when the grid
voltage is unbalanced. For the WECS based on PMSG,
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FIGURE 1. Configuration of a WECS.

reference [9] improved the control performance and effi-
ciency of SMC by enhancing the exponential reaching law.
Reference [10] explored an adaptive second-order SMC
strategy to maximize the energy production of WECS
simultaneously reducing the mechanical stress on the drive
chain. This method can successfully deals with the ran-
dom wind, intrinsic nonlinear behavior of WECS, and
the presence of model uncertainties and external pertur-
bations acting on the system. Reference [11] developed
a SMC approach for systems with mismatched uncertain-
ties via a nonlinear disturbance observer (DOB). the strat-
egy also exhibited a good control performance. The inte-
gral sliding-model control (I-SMC) is mentioned in [12].
Compared with the SMC, the I-SMC can get a better
steady-state precision and more practical application. With
the introduction of these new methods, the research on
WECS control strategies will be more in-depth. Therefore,
this paper also aims at studying the new control strategy for
WECS.

In general, wind power system control technology consists
of outer control and inner control. This paper mainly consid-
ers the inner loop current control of WECS. The structure of
this paper as follow:
• Firstly, the structure and models of WECS is briefly
introduced and the state space model considering system
uncertainties is established.

• Then, the control objectives are also be given. In this
part, the suppression of flexible drive chain torsional

vibration is considered. And the conventional method
of torsional vibration suppression [13]–[21] is used
here.

• After that, a robust controller for the uncertain-
ties has been proposed based on the state space
model. The detailed design and analysis process were
described.

• Finally, a detailed simulation test platform based
on MATLAB/SIMULINK/SimPowerSysterms is estab-
lished to verify the effectiveness of the proposed
scheme.

Simulation results implies that the robust control strategy
can also reduce the andmajor harmonics and THD of currents
and decrease the ripples of torque effectively. This illustrates
that the proposed control strategy has a good robustness for
the system uncertainties.

II. WIND POWER MATHEMATICAL MODEL
The simplified WECS based on PMSG is mainly consist
of a wind turbine, a flexible drive chain, a PMSG, a two
back-to-back voltage source converters (VSCs), and the con-
trol level by FIGURE 1. In the loop control level, the con-
trol of machine side converter (MSC) is to capture the
maximum wind energy and the control of grid side con-
verter (GSC) is to keep DC-link voltage Udc stable at 1800V
and regulate the reactive power. The maximum power point
tracking (MPPT) strategy of optimal torque control (OTC)
widely used in the practical engineering application is
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adopted here. Meanwhile, the damping compensation torque
TDamp is introduced to suppress the torsional vibration of
flexible drive chain.

A. DYNAMIC MODEL OF PMSG AND MSC
Considering the uncertainties of the system, the mathematical
model of PMSG [22], [23] is
Lsd

dIsd
dt
= −RsIsd + npωLsqIsq + Usd − εsd

Lsq
dIsq
dt
= −RsIsq − npωLsd Isd − npωψ + Usq − εsq

(1)

where Isd and Isq are the d-axis and q-axis stator currents
respectively. Usd and Usq are the stator d-axis and q-axis
components of the armature voltage.ψ represents the perma-
nent magnet chain. And the disturbance εsd and εsq represent
model uncertainty, such PWM offset, and external distur-
bances, and they are assumed to be bounded

|εsd | ≤ Dsd ; |εsd | ≤ Dsq (2)

The electromagnetic torque is given by

Tg = 1.5np
[
(Lsd − Lsq)Isd Isq + ψIsq

]
(3)

Dsd and Dsq are the boundaries of εsd and εsq.

B. DYNAMIC MODEL OF GSC
Considering the uncertainties of the system, the dynamic
model of grid side inverter is given by

Lc
dIgd
dt
= −RcIgd + ωgLcIgq − Egd + Ugd − εgd

Lc
dIgq
dt
= −RcIgq − ωgLcIgd − Egq + Ugq − εgq

(4)

where Igd and Igq are the d-axis and q-axis grid side cur-
rents respectively. Ugd and Ugq are control voltage. ωg is
the frequency of power grid. Egd and Egq express the d-axis
and q-axis components of power grid potential. If the power
grid potential is defined to the d-axis, hence Egq = 0. The
ωg and Egd can be gotten by a voltage phase-locked loop.
εgd and εgq are also the uncertainty, and meet∣∣εgd ∣∣ ≤ Dgd ; ∣∣εgd ∣∣ ≤ Dgq (5)

Dgd and Dgq are the boundaries of εgd and εgq. The active
power and reactive power of grid can be expressed as{

Pg = Egd Igd + EgqIgq = Egd Igd
Qg = Egd Igq − EgqIgd = Egd Igq

(6)

C. STATE SPACE MODEL
According to (1) and (4), we can get

Mẋ+ C1x+ C2x+ N = u− ε (7)

where

x =
[
Isd Isq Igd Igq

]T (8)

u =
[
Usd Usq Ugd Ugq

]T (9)

and

ε =
[
εsd εsq εgd εgq

]T (10)

The matrixM, C1 and C2 are the 4× 4 constant matrixs, and
they are given by

M = MT
= diag

(
Lsd ,Lsq,Lc,Lc

)
(11)

C1 = CT
1 = diag (Rs,Rs,Rc,Rc) (12)

C2 =

 0 −npωLsq 0 0
npωLsd 0 0 0

0 0 0 −ωgLc
0 0 ωgLc 0

 (13)

where Lsd and Lsq are the d-axis and q-axis stator induc-
tances. Rs is the stator resistance. np represents magnetic pole
logarithms. ω is the rotor speed. For the non-salient PMSG,
the stator inductances meet Lsd = Lsq = L. Therefore,

C2 = −CT
2 (14)

The vector N is defined as follows
N =

[
0 npωψ Egd Egq

]T (15)

III. CONTROLLER DESIGN
A. CONTROL OBJECTIVES
The main control objective of WECS is maximum power
point tracking (MPPT), when the wind speed below rated
wind speed. The optimal torque control (OTC) [24], [25] as
one of the MPPT methods, is widely used in the practical
engineering application. The optimal torque Topt is chosen as{

Topt = Koptω2

Kopt = 0.5πρR5CP_max

/
λ3opt

(16)

where ρ is the air density. R is the radius of wind wheel.
CP_max is defined as the maximum wind energy conversion
coefficient. λopt is the optimal tip speed ratio (OTSR).

For the flexible drive chain, the electrical damping needs
to be injected to suppress torsional vibration. In general,
the process of injecting damping can be divided into two
steps. Firstly, we should extract torsional vibration informa-
tion from generator speed signal by a bandpass filter. And
then, the extracted torsional vibration information is multi-
plied by amagnificationKD and introduced the torque control
loop. The gainKD is the value of the actual injection damping.
The amplitude frequency curve of bandpass filter is shown
in FIGURE 2.

Usually, the transfer function of bandpass filter is

H (s) =
2ζ s/�0

s2/�2
0 + 2ζ s/�0 + 1

(17)

where s is the Laplace variable. ζ is the damping ratio.
If s = j�, we can get

G(j�) = |G(j�)| 6 θ

=
2ζ�/�0√

(1−�2/�2
0)

2 + (2ζ�/�0)2

6

(
90o − arctan

2ζ�/�0

1−�2/�2
0

)
(18)
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FIGURE 2. Amplitude frequency curve of bandpass filter. Remark: �0 is
the center frequency, �U is the upper cut-off frequency and �L is the low
center frequency.

and

lim
�→0
|G(j�)| = 0 and lim

�→∞
|G(j�)| = 0 (19)

Usually, the bandwith BW of the bandpass filter is given
by

BW =
ζ�0

π
(20)

Hence, the damping compensation torque is

TDamp = KDH (s) ω (21)

where KD is the injected damping.
The back to back dual PWM full power converter is used

in the WECS. And the reference currents of MSC can be
written as Isd_ref = 0

Isq_ref =
2
3
×
Topt + TDamp

npψ
(22)

where Isd_ref and Isq_ref are the reference signals of d-axis
and q-axis stator currents.

The objectives of GSC are to keep the bus voltage at the
given valueUdc_ref stably and realize a proper reactive power
regulation. Here, the reference currents of GSC is given by

Igd_ref =
(
KP +

KI
s

) (
Udc_ref − Udc

)
Igq_ref =

Qg_ref
Egd

(23)

where Igd_ref and Igq_ref are the reference signals of
d-axis and q-axis grid side currents. KP and KI are the
proportional-integral (PI) parameters. Qg_ref is the reference
of reactive power.

B. ROBUST CONTROLLER DESIGN
According to (7), the error equation is assumed as

Mė+ C1e+ C2e = ζ + ε (24)

FIGURE 3. The function curve of tanh(x).

where ζ can be considered as a virtual control item and the
error vector e is defined as

e =
[
esd esq egd egq

]T
= xref − x (25)

The reference vector xref is

xref =
[
Isd_ref Isq_ref Igd_ref Igd_ref

]T (26)

If the Lyapunov function is defined as

V (e) =
1
2
eTMe (27)

then, the derivative of the upper formula is

V̇ (e) =
1
2
eTMė+

1
2
(MTė)Te

=
1
2
eT(ζ+ε−C1e−C2e)+

1
2
(ζ + ε − C1e− C2e)Te

= −eTC1e+
1
2

{
eT (ζ + ε)+ (ζ + ε)T e

}
= −eTC1e+ eTζ + eTε (28)

Usually, (29) is established.
esdεsd ≤ |esdεsd | ≤ Dsd |esd | = Dsdesd sgn (esd )
esqεsq ≤

∣∣esqεsq∣∣ ≤ Dsq ∣∣esq∣∣ = Dsqesqsgn
(
esq
)

egdεgd ≤
∣∣egdεgd ∣∣ ≤ Dgd ∣∣egd ∣∣ = Dgdegd sgn

(
egd
)

egqεgq ≤
∣∣egqεgq∣∣ ≤ Dgq ∣∣egq∣∣ = Dgqegqsgn

(
egq
) (29)

namely

eTε = esdεsd + esqεsq + egdεgd + egqεgq ≤ eTDsgn (e)

(30)

where

D = diag
(
Dsd ,Dsq,Dgd ,Dgq

)
(31)

sgn (e) =
[
sgn(esd ) sgn(esq) sgn(egd ) sgn(egq)

]T (32)

sgn(·) is the symbolic function.
By the assumption

ζ = −Ke− Dsgn (e) (33)

we can get

V̇ (e) ≤ −eT (C1 + K) e (34)
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FIGURE 4. Simulation test platform.

If the following formula is established

C1 + K > 0 (35)

then,

V̇ (e) ≤ 0 (36)

where K is the 4× 4 constant matrix.
For the sake of convenience, we set

C1 + K = kM (37)

where k ∈ R+.
Therefore, the control rate u can be gotten by (7), (24)

and (33).

u = Mẋref +(C1+C2+K) xref +N−Kx+Dsgn (e) (38)

Considering the symbolic function can cause the controller
chatter, we use the hyperbolic tangent function tanh(·) instead
of symbolic function here, due to tanh(·) with the first order
continuous derivative. The tanh(x) is

tanh (x) =
ex − e−x

ex + e−x
(39)

and the derivative of tanh(x) is

tanh(1) (x) =
4(

ex + e−x
)2 (40)

Meanwhile, the function curve of tanh(x) is shown in
FIGURE 3. At this time, the control rate u can be rewritten
as

u = Mẋref + (C1 + C2 + K) xref + N − Kx+ D tanh (e)

(41)

C. PERFORMANCE ANALYSIS OF ROBUST CONTROLLER
According to (27), (34) and (37), (42) can be gotten.

V̇ ≤ −keTMe = −2kV (42)

Definite integration of (42) between zero and treach leads to∫ V (t=treach)

V (t=0)

dV
V
≤

∫ treach

0
−2kdt (43)

we can get

0 ≤ V (t = treach) ≤ V (t = 0) e−2ktreach (44)

Therefore,

limtreach→+∞ V = 0 (45)

Due to

M = MT > 0 (46)

(47) can be gotten by (27), (45) and (46).

lim
t→+∞

e =
[
0 0 0 0

]T (47)
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FIGURE 5. Control block diagram of WECS. (a) Torque control. (b) DC-link
voltage and reactive power control. (c) Conventional control of inner
current loop. (d) Robust control of inner current loop.

This means that steady-state errors of system are zero. In gen-
eral, if we define

V (t = treach)
V (t = 0)

= 1% (48)

we can get

treach ≤
1
2k

ln
V (t = 0)

V (t = treach)
=

ln 10
k

(49)

Obviously, the parameter k determine the response speed of
system and the bigger k is, the quicker response speed is.

FIGURE 6. Structure diagram of PLL.

FIGURE 7. PMSG torque curve.

IV. SIMULATION RESULTS
In this section, simulations are carried out based on
MATLAB/SIMULINK environment using 2MW PMSG-
based WECS, which is connected to infinite-bus electric
power system. The packaged modules in SimPowerSysterms
were adopted here, including the wind turbine, PMSG, power
converters and so on. And, the two mass spring damping
model [13]–[21], [23] was used to describe the flexible drive
chain. The simulation test platform of the 2MWPMSG-based
WECS is shown in FIGURE 4. And the transient response
of the system can be obtained under this simulation test
platform. The system parameters are shown in Appendix.

FIGURE 5 shows the control block diagram of WECS.
The outer loop control is mainly divided into torque control,
DC-link voltage control and reactive power control shown
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FIGURE 8. System response under constant wind speed.

in FIGURE 5(a) and (b). The damping control of flexible
drive and vector control with ‘id = 0’ were taken into
account in torque control. For inner current loop, the strate-
gies of conventional control and proposed control are shown
in FIGURE 5(c) and (d).Meanwhile, the structure diagram of
voltage phase locked loop (PLL) is shown in FIGURE 6.

A. SIMULATIONS UNDER CONSTANT WIND SPEED
Simulation results under constant wind speed are illustrated
in FIGURE 7-9. FIGURE 7 shows the electromagnetic torque

curves of PMSG. The introduction of FIGURE 7(b) and
FIGURE 7(c) is to observe the electromagnetic transient
response in detail. It is clear that the PMSG torque ripple
is lower under proposed control, compared with conven-
tional control. From FIGURE 8(a)-(d), we can conclude that
the proposed control could reduce the ripples of DC-link
voltage, dq-axis MSC currents and dq-axis GSC currents.
FIGURE 8(e) shows the curves of electromagnetic power and
grid-connected active power. The difference between electro-
magnetic power and grid-connected active power reflects the
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FIGURE 9. Three-phase currents.

copper loss Ploss_Cu.

Ploss_Cu = Rs
(
I2sd + I

2
sq

)
+ Rc

(
I2gd + I

2
gq

)
From FIGURE 8(e), the copper loss Ploss_Cu is about 160kW.
The three-phase currents of MSC and GSC are shown in
FIGURE 9. The ripples of three-phase currents are also
reduced under proposed control. Furthermore, in order to ana-
lyze the currents harmonics, the FFT analysis of three-phase
currents were carried out based on Simulink/Powergui. Due
to the steady state speed of PMSG is 3.1102 rad/s, then
the fundamental frequency should be taken as npω/(2π ) =
50.49 HZ. After setting the parameters shown in Fig.10,
FFT analysis on three-phase currents can be performed.
FIGURE 11 and 12 show the FFT analysis of MSC currents

and GSC currents. From FIGURE 11 and 12, we can get the
main harmonics and total harmonic distortion (THD) rates.
Meanwhile, the results were filled into TABLE 1-6. Obvi-
ously, the 11th and 19th harmonics in three-phase currents of
MSC have increased or maintained under proposed control.
But other major harmonics and THD have been reduced.
For three-phase currents of GSC, the 2th and 8th harmonics
increased obviously. Meanwhile, the 4th harmonic in C-phase
current of GSC also slightly increased. However, the decrease
of THD and other major harmonics is obvious.

B. SIMULATIONS UNDER VARIABLE WIND SPEED
The variable wind speed is shown in FIGURE 13(a) and the
simulation results under proposed control are illustrated in
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FIGURE 10. FFT analysis GUI.

TABLE 1. A-phase current FFT analysis results of MSC.

TABLE 2. B-phase current FFT analysis results of MSC.

TABLE 3. C-phase current FFT analysis results of MSC.

TABLE 4. A-phase current FFT analysis results of GSC.

TABLE 5. B-phase current FFT analysis results of GSC.

FIGURE 13(b)-(h). FIGURE 13(b) shows the wind energy
utilization coefficient Cp curve. It is clear that CP is always
maintained at its maximum value CP_max (or 0.476). This

means that WECS is in the maximum power point track-
ing (MPPT) region. FIGURE 13(c) shows the rotor speed
curves and FIGURE 13(d) shows the torsion angle θ curve.
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FIGURE 11. FFT analysis of MSC currents.

TABLE 6. C-phase current FFT analysis results of GSC.

For flexible drive chain, there is a obvious deviation between
wind turbine speed ωtur and PMSG speed ω. And the torsion
angle θ is defined as

θ =

∫ t

0
(ωtur − ω) dt

FIGURE 13(e) shows the DC-link voltage Udc is very close
to its reference Udc_ref (or 1800V) and the deviation does
not exceed 3V. FIGURE 13(f)-(g) depict the electromagnetic

torque curve of PMSG and grid-connected reactive power
curve. In general, when the voltage of grid-connected PCC
(points of low voltage coupling) is abnormal, the WECS
must inject or absorb partial reactive power from the grid.
This is the requirement for the construction of a friendly
power grid. FIGURE 13(g) indicates that WECS injected
10kvar into power grid during 2s to 4s. The curves of
electromagnetic power and grid-connected active power are
shown in FIGURE 13(h) and the power curve is shown
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FIGURE 12. FFT analysis of GSC currents.

TABLE 7. Wind Turbine and Flexible Transmission Chain Parameters.

in FIGURE 13(i). It is clear that the actual power curve fluc-
tuates around the optimal power curve.

V. CONCLUSION
This paper described the application of a robust control
strategy to the power control of the PMSG-based WECS.

TABLE 8. PMSG and Control Parameters.

Compared with the conventional control, the robust control
strategy has a good robustness for the system uncertainties
and can reduce the major harmonics currents, THD of both
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FIGURE 13. System response under variable wind speed.

MSC and GSC currents, and ripples of torque. After that,
in order to verify this proposed control algorithm, a 2MW
WECS simulation test platform which is relatively close to
the actual physical system is built. The effectiveness of the

TABLE 9. Dc-link and grid-side system parameters.

proposed control strategy is verified by a large number of
simulation results.

APPENDIX
See Tables 7–9.
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