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Abstract—With a large increase in wind power generation,
the direct driven Permanent Magnet Synchronous Generator is
the most promising technology for variable speed operation and
it also fulfills the grid requirements with high efficiency. This
paper studies and compares conventional based on PI controller
and proposed control technique for a direct driven PMSG wind
turbine. The generator model is established in the Park
synchronous rotating d-q reference frame. To achieve maximum
power capture, the aeroturbine is controlled through Maximum
Power Point Tracking (MPPT) while the PMSG control is
treated through field orientation where the two currents control
loops are regulated. A proposed direct-current based d-q vector
control design is designed by the integration of the Internal
Model Controller. Then an optimal control is developed for
integrated control of PMSG power optimization and Voltage
Source Converter control. The design system was done using
SimWindFarm Matlab/Simulink  toolbox to evaluate the
performance of conventional and proposed technique control of
PMSG wind turbine. The analysis, simulation results prove the
effectiveness and robustness of the proposed control strategy.

Keywords—Wind turbine; internal model control; PI controller
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I.  INTRODUCTION

Recently, wind energy system has been treated as an
important renewable energy source which had higher potential
to generate power where grids are not feasible. The wind
generation systems have gained tremendous attention over
fossil fuel and nuclear power generation due to the high cost
and environmental clean [1]. At present the variable speed
wind turbine is considered the most attractive solution to
distribute power generation systems. Mainly four types of
generators are used in wind power system: Squirrel cage
induction generator — double fed induction generator — wound
rotor synchronous generator — permanent magnet synchronous
generator (PMSG). Considerable research has been devoted to
the choice of PMSG for variable speed generation system. It
has high efficiency, is connected directly to the turbine without
gearbox and has full controllability of the system for maximum
wind power extraction [2].

However, the performance of PMSG depends on the
control strategy. Traditionally, PMSG with full scale PWM
converter is controlled through the conventional decoupled d-q
vector control. The overall problem that occurs in this method
is the calculation for determination of controller parameters
and the robustness performance. Most studies have used the

adaptive control scheme as a robust method of control strategy
while others use the artificial intelligence techniques. These
structures are required for exact mathematical identification of
controller parameters.

The Internal Model Control method was observed by
Gracia and Morari [3], [4], and was later improved under
intensive research and development. This design provides high
performance dynamic characteristics. This structure covers an
internal model of the plant and an internal model controller. In
order to improve the disturbance rejection, a modified IMC is
designed with an additional filter [5]. It provides good abilities
of control system performance particularity for the stability and
robustness issues.

This paper proposes a comparative study between
conventional vector control with Pl action controller and
proposed IMC controller design applied for the purpose of
improving the control effectiveness and overall performance of
PMSG system.

This paper is structured as follows: In section 2 a
mathematical model of the wind turbine with PMSG system is
described. Section 3 deals with the PMSG control including the
IMC proposed control is developed in section 4. The designed
and traditional controls are compared and the validation results
using SimWindFarm Matlab/Simulink toolbox are shown in
section 5.

1. WIND TURBINE MODELING

A. Aeroturbine Modeling

The aerodynamic blades allow the conversion of the kinetic
energy of the wind profile into mechanical energy to the
generator.

Therefore the aerodynamic torque T, is given by [6]:

1
Ta =5 —PAVC, (L) (1)
a)l’

Where p is the air density, A is the surface, V,, is the wind

speed. Each wind turbine is defined by its own power
coefficient which is a nonlinear function depends on the pitch
angle S and the tip speed ratio 4 .

The power coefficient can be represented as [6]:
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The model of the dynamic wind turbine drive-train system
assumed in several papers [1], [5], [6] is modeled through two
mass drive-train system where the low shaft speed is the result
of the torsion and friction effects. In order to reduce the model
of the system and have a simple structure, the wind turbine is
modeled as one mass drive-train system by conceding that the
low shaft speed is quite rigid. Fig. 1 shows the reduced single
mass drive-train model.

Fig. 1. One Mass Drive-Train Model.

The dynamic characterized by first order equation can be
expressed as:
5 —Ja_Ten

1) 3
73,7, (3)

Where J, is the inertia, e, is the rotor speed and T, is the

electromagnetic generator torque.

B. Permanent Magnet Synchronous Generator Modeling

The mathematical model of permanent synchronous
generator is developed in the Park d-q rotation frame linked to
the rotor [5].

. di .
Vg = Rgig + Ly d_:_ Lyiq@.
4

. di :
Vg =Ry + L d—;‘+ Lyig@, + @p6

Where vy and v, are the voltages, iy and iq are the currents
along the d and q axis respectively, R is the stator resistance,
Ly = Ly are the inductance of the generator, ¢ is the permanent

magnetic flux, @, = —=is the electrical rotating speed of the
p

generator in which p is the number of pole pairs. The
electromagnetic torque equation can be written as follows
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The difference between the d and g mutual inductance
tends to zero for a direct drive multiple PMSG [6]. Then the
electromagnetic torque depends only on the q axis current. Eq.
(5) can be reduced to Eq. (6):

3 .
Tem = E p|q¢ (6)

C. Converter Model

The generator side converter (GSC) is a rectifier which is
used to control the torque and speed. The three side converter
connected to the output of PMSG is presented in Fig. 2.

PMSG
s 3 .
Ve

Fig. 2. PMSG with GSC.

According to Fig. 2 the three phase voltage is written as
follows [7]:

e V.

a Ia

d a

a

€ Ie I Ve

Where v, ,v, and v, are the applied voltages at the machine
terminals. They are given by the following equation:

v, 2 -1 -1||S,
Ve -1 -1 2]||S,
S, S, S o .
Where “a | , ¢ are the switching variables of the

converter, Vic s the DC link voltage.

D. Control Objectives

The objective of the wind turbine control is the tracking of
the optimal speed reference that guarantees the optimization of
the wind power capture. So the power coefficient must be
maintained at its maximum value Cpnax Which is obtained at an

optimal tip-speed ratio %pt and a specific pitch angle with

Oy R

Jopt that @y is the optimal rotational speed.

If the conditions optimal are required, the maximum power
output is given through [6]:

3p3
1 Wyt R
PP = = pzSC = ©)
2 pmax /Iopt3
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However, MPPT control is ensured by maintaining the
optimal relation between the generator’s speed and the torque
without using wind speed measurement. From the optimum
power given by Eq. (9) the optimum generator torque can be
written as follows:

2
Topt = Koptwopt (10)
1 C
Kopt __p”RS /{)mzx
2 opt
Where

The main objective of the PMSG controller is the tracking
aeroturbine input which is the electromagnetic reference
torque.

I11. PMSG CoNTROL DESIGN

The mostly often used control approach of PMSG known
as field oriented control (FOC) presents several advantages
such as accurate speed control and good torque response
achieved through the d-g current control loop. This control

consists in ensuring that the g axis current measured iq trackes
the g axis current reference i; and that the d axis current
measured iy reaches the d axis current reference i; [71, [8], [9]-

In order to produce maximum torque, the d axis stator
current is maintained at zero. The developed torque is
proportional to the g component of the stator current, so the g
axis stator reference current is calculated using the turbine
MPPT unit. The overall structure of wind turbine-PMSG
control strategy is shown in Fig. 3.

-
o

Decoupling

ig
7 Controller Vsd
Fig. 3. Wind Turbine-PMSG Control.
The decoupled d and g current loops are expressed by the
state equation between the voltage and current on d and ¢ loops

and the other components are considered as compensation
items. Eq. (4) can be rewritten as:

{Vd =Vgg — Lyiq @

Vg =Vgq + Lylg @ + 0,9

(11)

A. Proportional Integral Controller Synthesis

The controller design of this approach is based on the
system block diagram as drawn in Fig. 4. The same control
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structure loop is applied for the d and g axis current loop
control. The transfer function between iy 4 and vy , is given by:

lyq(s
d,q( ) :i 1 (12)
Viq () Ry 1+T.s
L
Where the stator time constant isT, = ;'q
S
- v, i;
tag % PI . G(s) .
Fig. 4. Current Control Loop.
The Proportional Integral controller is defined as:
ki (g, Ko
C(S)=?(l+k—s) (13)

The parameters of the PI controller are determined through
the open-loop pole compensation method as follows:

2
ki = Rs
R (14)
p R

S

The d and g axis voltages reference v; and v; are generated

from the addition of the controllers output to the compensation
items, from which the three phase sinusoidal reference voltage
is obtained. Thus the control of the stator d and q currents is
achieved through the decoupled d and g voltages. PWM is used
to generate the switching signal for the power converter. The
closed-loop control strategy for generator-side converter is
shown as Fig. 3.

B. Internal Model Controller

The vector control of the synchronous generator in Fig. 3
shows that the generated d-q axis voltage is based on the error
between the measured and the reference d-g axis currents. The
proposed method control of this paper is the use of IMC
controller in place of PI controller.

The major advantages of the IMC structure are: the use of
IMC controller feedback signal of the difference between the
plant model and the reference model, the IMC controller
equally ensures the robustness of the system [10].

The design control strategy of the system consists in
controlling the d-q stator current with two separate IMC

controller loops. The generated d and q current igy and iSq

from the outputs of the IMC controllers are then added to the
compensation items in order to compute the d-q reference

voltage [14], [15]. Thev,” andv," are written as:
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Va = Relsg —Lgisg@e

Vq = RSiSq + Ld ISd Wg + a)e¢

After the transformation of the measured stator currents
from three phase abc to dq rotating frame, the IMC controllers
system operate to minimize the difference between the
reference and actual currents on d and q loops.

The IMC scheme block diagram is shown in Fig. 5.

D(s)
+ gt ¥(s)

RGs) |

G(s)

_ ¥+
M(s) ,@

Fig. 5. Standard IMC Structure.

2
v

E(s)

v

Where G(s) is the mathematical model of the plant, M(s) is
the model, C(s) is the model controller, D(s) is the disturbance.
E(s) is the information of the disturbance and model plant
mismatch as defined as Eq.(16).

D(s) + R(S) CE)IG() —M ()]

= CE6E -ME)]

(16)

The IMC structure guarantees the stability of the system for
the open loop stable plant. The internal model is perfect,
G(s)=M(s) and the closed-loop system is stable if M(s), G(s)
and C(s) are stable [11]. Then, in an ideal internal model
control is presented as C(s)=M™(s). However it can be seen
that the output of the system cannot reach an input of the
system due to a number of reasons [12]:

a) If is not minimum phase, there are zeros in the right
half plane, then is unstable.

b) There are some parts of the system which are
noninvertible.

c) It is highly sensitive to model errors

In this case and by using the inversion method proposed in
[11] which is based on the gain, we achieved an inverse model
of the plant model. The IMC controller is given as follows as
Fig. 6.

+

M)

Fig. 6. IMC Controller Structure.
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The expression of the internal model controller can be
obtained as :

A

CO=ravE

amn

Referring to [11],[12],[13] to ensure the stability of the
structure proposed, the choice of the gain A must satisfy the
condition that the roots of the characteristic equation have
negative real parts. The IMC structure can be modified to get a
standard feedback control system as shown in Fig. 7. This
configuration is more straightforward for implementing the
current control loops.

i1q

G(s)

v

Fig. 7. Modified IMC Structure.

In order to make the system more robust, the controller is
raised by a filter. The filter used is the low-pass filter which is
given by [13].

L(s)=— (18)

T (L+es)

Where ¢ is the time constant and n is the order of the
system.

The selection of the filter parameter must confirm an
acceptable compromise between stability and performance.
The adjusting of ¢ is related to control the stator current of the
closed loop response. The filter order should be chosen as
appropriately in order to get the fast and robust required
system. Then the IMC controller is defined as:

Cimc (8) = L(s)C(s) (19)

The plant of the IMC control block diagram is

G(s)=; which has strict negative real part root
Ld,q5+ R,

p, =—74.17 , the model is similar to the plant and the filter is
taken in the first order.

Then, the expression of IMC controller is defined by:
1.42910°s+1.06107*
5.71610*s® +5.66910 25 +1.06

Cimc(s) is stable in open loop because the denumerator
coefficients of his transfer function are all of the same sign.

Cimc (8) =

(20)

IV. VALIDATION RESULTS

The proposed PMSG controller was validated using the
SimWindFarm aeroelastic simulator with the parameters of the
NREL-5MW variable wind turbine. The NREL-5MW is a
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variable speed, variable pitch with a nominal power rating of
5MW, a 126 m diametre, three blades. It is assumed to be
coupled to a three-phase PMSG. The main parameters of the
wind turbine and PMSG are summarized in Table I.

Wind speed (m/s)

) 50 100 150 200 250 300 350 400 450 500
Time (s)

Fig. 8. Wind Speed Profile.

The wind profile used in this study is generated by the
simulator. It has a mean value of 7 m.s™ at the hub-height and a
turbulence intensity of 25% as shown in Fig. 8.

TABLE I. WT-PMSG CHARACTERISTICS
Parameters value
Rotor diameter 126 m
Gearbox ratio 97
Hub-height 87.6m
Maximum power coef. 0.482
Rated speed 1173.7 rpm
Rated power 5 MW
Maximum rotor torque 47,402 N.m
Stator resistance 1.06 Q
Stator inductance 14.29 mH
Rotor flux linkage 8.6 Wb
Number of pole pairs 5

A. PMSG with IMC Controller Validation

The performance of PMSG control through the designed
IMC controller is first investigated. As seen in Fig. 9 the rotor
speed is kept around of the optimal reference speed. It is
proportioned to the increase of the waveforms of wind speed.
The high performance of the controller design is can be seen
with the IMC controller which tracks the reference value with
reducing steady-state error. Fig. 10 shows the electromagnetic
torque which reaches the desired reference value and achieves
a good performance. The electrical power resulted is kept near
to the aerodynamic power optimal as seen in Fig. 11 with a
power coefficient around the constant desired value 0.482,
Fig. 12.

www.ijacsa.thesai.org
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Electromagnetic torque (N.m)
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Rotor Speed Response with IMC Controller.

T T T T T T T T

L L L L L L L L

100 150 200 250 300 350 400 450 500
Time (s)

. Electromagnetic Torque with IMC Controller.

T T T T T T T T

Pa-opt

r : r : : : : r
100 150 200 250 300 350 400 450 500
Time (s)

Fig. 11. Power with IMC Controller.
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Fig. 12. Power Coefficient.

Fig. 13 shows the dg-axis currents. The direct current
component iy is close to zero, while the quadratic current

component iq is directly related to the reference generator

torque. As the desired electromagnetic torque increases so does
the g-axis current. It is clearly that the active power is
proportional to the quadratic current while the reactive power
is only controlled by the direct current. The three-phase abc
current as shown in Fig. 14 present a peak of 480A at a rotor
speed of 1.3 rad/s. The three-phase voltage developed is
presented in Fig. 15 which presents a peak around 6000V at a
rotor speed of 1.3 rad/s. The electrical power delivered from
the generator converter side shown in Fig. 16 is less than the
one calculated through the torque generated. This decrease can
be interpreted by the power losses through the converter and
mechanical flexible elements.

100 r [ [ [ [ [ r [ [
0 50 100 150 200 250 300 350 400 450 500

Fig. 13. Direct and Quadratic Current.

In order to test the robustness of the proposed IMC
controller, the PMSG parameters R;and Ly , have been varied

with -20% of Ly , nominal value and -50% of Ry nominal
value. Fig. 17 and 18 display simulation results for the

Vol. 9, No. 8, 2018
parameters variation. It can be seen that the outputs system are
able to reach the optimal reference value. So it is clear that the

IMC controller has parameters incertitude robustness and it can
be seen the effectiveness and the robustness of the designed

controller.

c c c c 500 c c c
0 100 200 300 400 500 300 300.005  300.01 300.015  300.02
Time (s) Time (s)

Fig. 14. Three-Phase abc Current.
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c c c ¢ c c c
0 100 200 300 400 500 300 300.005  300.01 300.015  300.02
Time (s) Time (s)

Fig. 15. Three-Phase abc Voltage.
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Fig. 16. Electrical Power.
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Fig. 20. Comparison of the Rotor Speed Response.
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Fig. 18. Power Response.

B. Comparison with PI Controller

The obtained performance of both strategies controllers are
shown in Fig. 19, 20 and 21. The selected comparison criteria
are the maximum electromagnetic torque, the standard
deviation of T, the maximum power capture and the power

efficiency. The simulation results verify that the IMC

controller design and the conventional PI controller have the °
same behaviour. It can be seen from the Table Il that the

PMSG vector control which made up of two inner-current 4 : P S e
loops control based on PI action controllers is less effective oo e m Ry T T e
than the control through the proposed IMC controller. So the

IMC method has favourable response robustness and good Fig. 21. Comparison of the Active and Reactive Power.

control effect.

Active (W) and reactive (Var) power
- ~
T T
I \
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TABLE Il.  COMPARISON OF THE TWO CONTROLLERS
Controller PI controller IMC controller
Maximum power (MW) 4.5150 4.5169
Maximum torque (KN.m) 37.686 37.629
Std (Tem) (kN.m) 8.5897 8.6149
Efficiency % 829 83.7

V. CONCLUSION

This paper has dealt with variable speed PMSG wind
turbine in order to achieve the objective of maximizing the
power energy extract from the wind. Two control strategies are
applied to the PMSG: the conventional Pl controller and the
proposed Internal Model Controller design. The regulating of
the generator speed has been provided by the maximum power
point tracking. The IMC is applied to the current control to
improve performance. The d-q axis currents have been
successfully decoupled by the designed control strategy and
both of them can follow the reference accurately. The proposed
technique is suitable for variable speed wind generation system
and ensures the best performance in term of efficiency.

The proposed control design has the advantages of set-point
tracking controller and disturbance rejection performances. The
simulation results demonstrate the effectiveness and the
robustness of the proposed method.

As future research, it needs to take account to the
nonlinearity of the power coefficient and integrate a nonlinear
controller design for PMSG variable speed wind turbine.
Additionally, it is interest to enhance the current study with
active and reactive power control exchanged between PMSG
and the electrical network during voltage drop.
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