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Abstract

In this paper, modeling, and speed/position sensor-less designed Direct Voltage Control (DVC) approach based on the Lyapunov
function are studied for three-phase voltage source Space Vector Pulse Width Modulation (SVPWM) Rectifier Connected to a Permanent
Magnet Synchronous Generator (PMSG) Variable Speed Wind Power Generation System (VS-WPGS). This control strategy is based on
voltage orientation technique without mechanical speed sensor. Advanced Non-linear Integral Backstepping Control (IBSC) of the
Generator Side Converter (GSC) has the ability to have a good regulation of the DC link voltage to meet the requirements necessary
to achieve optimal system operation, regardless of the disturbances caused by the characteristics of the drive train or some changes
into the DC load. The estimation of the speed is based on Model Reference Adaptive System (MRAS) method. This method consists
in developing two models one of reference and the other adjustable for the estimation of the two d-g axis components of the stator
flux from the measurement of currents, the speed estimated is obtained by canceling the difference between the reference stator flux
and the adjustable one using Lyapunov criterion of hyper-stability. Some results of simulation using Matlab/Simulink® are presented,
discussed to prove the efficiency and robustness of the system control policy for WPGS against external and internal perturbations.
Keywords

Wind Power Generation System (WPGS), Direct Voltage Control (DVC), Permanent Magnet Synchronous Generator (PMSG), Integral
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1 Introduction

In recent years, the AC/DC converter applications are
increasing in industry, commerce, and house utility.
Traditionally, the main components of converters have
been the diodes and thyristors bridges to rectify the AC
power. These rectifiers have the advantages of being sim-
ple, robust, and having low cost [1]. However, they gen-
erate harmonics and reactive power in AC side, which
results voltage distortion, poor power factor at power
supply side and slowly varying rippled DC output at DC
side. Therefore, a three-phase PWM rectifier is a more

cunning solution for industrial applications, since it has
more advantages such as adjustment and stabilization of
DC-link voltage, sinusoidal line current, power factor
control and bidirectional power flow [2, 3]. Wind Power
Generation System (WPGS) is one of the most important
industrial applications, among different wind power gen-
eration systems, Variable Speed Wind Power Generation
System (VS-WPGS) have attracted great interests because
of their high energy production efficiency and low torque
spikes [4]. Nowadays, there are two types of generators
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which are used in large scale WPGS to transform the
wind power into electrical energy, such as: DFIG (Doubly
Fed Induction Generator) and PMSG (Permanent Magnet
Synchronous Generator) [5]. Because of its ability to
operate in all wind speed range and do not require exci-
tation current, PM Generator shows good performance in
wind farm. As the fast development of wind power tech-
nology, the efficiency of converter device in wind power
generation system has become another knotty problem to
improve wind power generation system performance [6].

The three-phase voltage source SVPWM-rectifier con-
trol based on DVC (Direct Voltage Control) issues are tradi-
tionally treated by fixed gain PI (Proportional Integral) con-
trollers [7, 8]. However, the fixed gain controllers are very
sensitive to parameter variations and generally cannot pro-
vide good dynamic performance, such as discussed in [9].
So, the controller parameters have to be continually adapted.
This problem can be solved by several adaptive control tech-
niques such as: SMC (Sliding Mode Control) in [10]; FLC
(Fuzzy Logic Control) in [11]; ANNC (Artificial Neural
Networks Control) in [12]. A comparative study between
polynomial RST and PI controllers is presented in [13].

One of the main obstacles to the development of WTGs
is the design of low-computational time robust control strat-
egies that can improve system efficiency while minimizing
structural loading. Variable structure strategies with IBSC
have evolved in recent years as a powerful control meth-
odology of nonlinear systems with parameter uncertain-
ties [14]. Among many positive features of IBSC are out-
standing good performance against non-altered dynamics,
good rejection of external disturbance, non-sensitivity to
parameter changes, and rapid dynamic response [15].
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In the area of renewable energies, many research papers
focus on studying the effectiveness and reliability of the
IBSC strategy, especially with regard to WPGSs, as we
see in [16, 17] which focus on modeling and optimum
power control of WPGs using backstepping control.

The contribution of this work is the combination
between the three-phase voltage source SVPWM Rectifier
and the WPG as a source of electrical energy, with the abil-
ity to properly control all subsystems without a mechanical
speed sensor. The control without mechanical speed sen-
sor for machine drive systems should continue to evolve
towards more and more effective and innovative solutions
for all problems associated with their operations that pre-
vent effective performance. Therefore, many approaches
for speed estimation have been investigated in the litera-
ture [18-20]. The Sensor-less control has been used with
success in wind turbine systems [21, 22]. The advantages of
speed sensor-less generator WPGs are [23]:

* Reduced hardware complexity and lower cost;

* Reduces size of the drive machine;

» FElimination of the sensor cable;

» Better noise immunity;
and fewer maintenance

* Increased reliability

requirements.

In the literature, several speed estimation/observa-
tion techniques have been suggested and discussed. PM
Generator rotor position/speed estimation based on fun-
damental-frequency model can be generally classified into
two main categories: open-loop calculation and closed-loop
observers [24], as shown in Fig. 1. Various types of the
open-loop calculation category such as: Flux-based method,

—)[ Flux-Based method

—)[ Inductance-Based method

Open-Loop _)[
Calculation categories

Algebraic Manipulation

PMSG Rotor Position/Speed Estimation
based on Fundamental-Frequency Model

Closed-Loop
Observers categories —)[

—)[ Model Reference Adaptive System (MRAS)

]
]
)
]
Shding Mode Obreeer G¥0) )
]
]
J

—)[ Extended Kalman Filters (EKF)
—)[ Disturbance Observer
—)[ Other Stat Observer

Fig. 1 Position/speed estimation schemes for PM Generators based on fundamental-frequency model
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Inductance-based method, and Algebraic manipulation.
The closed-loop observers' methods have been widely uti-
lized, due to their simplicity and flexibility. The Disturbance
Observer (DO), Sliding Mode Observer (SMO), Model
Reference Adaptive System (MRAS), Extended Kalman
Filters (EKF) and other stat observer are the most common
closed-loop observer's methods, as depicted in Fig. 1.

In this paper, a detailed dynamic model and a simple
DVC strategy for a three-phase voltage source SVPWM
rectifier with voltage orientation to improve the system's
robustness and dynamic response of the DC-bus voltage
is proposed. This control approach concentrates two main
objectives: guaranteeing a speed sensor-less control estima-
tor using Lyapunov function of hyper-stability and ensur-
ing the control robustness against eventual disturbances.

2 Modeling of studied system

The topology of the WPGS presented in this study is
depicted in Fig. 2. It consists of a wind turbine, a gearbox,
a PM Generator, GSC (rectifier) and grid side converter
(inverter). In our strategy studied, the converter on the
generator is used to control the DC link voltage whatever
the disturbances caused by the characteristics of the wind
turbine drive train or the variation in the DC load.

2.1 Wind speed modeling

Wind speed generally has complex random variations,
both deterministic effects (tower shadow and mean wind)
and stochastic fluctuations over time due to turbulence.
Generally, the stochastic and deterministic components
are superimposed to form the following wind profile
model [14], are (see Fig. 3):

V) =v.()+V, (1), M

where V, is the low frequency component and V is the high
frequency variations.

In this work we are interested only in much localized
wind, the wind on the area swept by the rotor for a few
seconds. In addition, to take into account the nature of
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Fig. 2 Wind power generation chain based on PM Generator
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Fig. 3 RISY Simulink implementation of aerodynamic wind speed model

wind turbulent, stochastic models are also used. The tur-
bulence spectrum endorsed the distribution of turbulent
fluctuations energy, whose integral is determined by the
intensity of the turbulence. The intensity of the turbu-
lence is the following ratio [4]:

, . 17
I=0/V, with the variance o’ =?J.v(t)dt.
0

A Gaussian process can generate a turbulent wind
distribution. Therefore, the V. Karman spectrum and
Kaimal spectrum are the two models used, respecting the
standards set by the IEC (International Electro-technical
Commission) [4]:

K
V. Karman spectrum: @ (o) = —
(1 + (Ta))z)
) K
Kaimal spectrum: J(w) = —
[1+Tol

where K : a variable related to the variance 7, which deter-
mines the turbulence bandwidth. The Danish RIS® DTU
laboratory for sustainable energy developed a wind model
based Kaimal-spectrum. This model is implemented in
MATLAB/Simulink®, where it is clearly presented in [4],
as shown in Fig. 3.

2.2 Aerodynamic subsystem modeling

The aerodynamic power P, , which is converted by a
wind turbine, is dependent on the power coefficient Cp
(Betz's factor). It is given by [25]:

1
Paer = Ecp (},,ﬁ)pﬂ'Rsz

2
Cz e, @
C,=¢ I—C3ﬁ—04 exp e +cA

i i



o1 1 0.035
with — = -— s
2, A+0.0838 B +1

where p is the air density, R is the blade length and V' is the
wind velocity.

The turbine torque 7 is the ratio of the output aerody-
namic power P, and the shaft speed Q:

P
T — _aer . 3
aer Q ( )

1

The power coefficient Cp depends on the ratio 4 and the
pitch angle f is shown in Fig. 4.

In WPGS, the turbine usually associated to the gener-
ator shaft through a gearbox G. Ignoring the transmission
losses, the shaft speed and torque of the WPGS, referred to
the gearbox on the generator side, are given by [26]:

Tg:T'aer/G; Qr:Qg/G’ (4)

where Q, is the generator-shaft speed and T, is the driving
torque of the generator.

The power coefficient C, depends on the ratio 4 and the
pitch angle f. This ratio is between linear speed at the tip
of the blades and the wind speed:

QR
v

A S)

By using the Eq. (3), the resulting mechanical equation
is given by Eq. (6):

JO, =T, ~T, - £Q,, ©6)

where J is the total moment of inertia, f; is the coefficient
of viscous friction and 7, is the electromagnetic torque.

2.3 Electrical subsystem modeling
The circuit diagram of the three-phase two level volt-
age source rectifier structure connected to a PMSG wind
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energy conversion system is shown in Fig. 5. In order to
set up math model, it's assumed that the filter reactor is lin-
ear, IGBT is ideal switch and lossless [27].

Wherei ,i, andi_,are phase currents, Cis smoothing
capacitor across the DC bus, R, is the load resistance, and
i, is load current.

The classical electrical equations of the PM gener-
ator and converter in the PARK frame are written in

Egs. (7), (8) [28]:
. d .
v :|:Vd5:|: _(RS+RV)I(IY_(LS+Lr)EZdS+ em,d (7)

) d .
—(R, +R,‘)zqs -(L, +L")El‘” + fomg

d
C—v, =i, —i,. 8
dt dc de L ( )
wheref,  andf, are the crosses coupling terms between

the d-axis and g-axis:

|:fem,d:| — |:60 (L‘ + LV )iQ-’ (9)

Jomg —o(L,+L,)i, +o, |

where R, L, R, R, are the stator phase resistance and
inductance, the rectifier line resistance and inductance,

ovs 18 the electrical speed and

P sc 18 the pair pole number, i, and i, are the direct and

quadrate axis stator currents, ¢ ), is magnetic flux. v, is the

respectively and w = Qg P

dc-bus voltage.
The electromagnetic torque is expressed as [27]:

3
T = Prvss [(L,+L,)is+9, i, (10)

3 Direct Voltage Control (DVC) strategy

In this section, the principle of this control (DVC) based
on voltage orientation consists of using a current loop,
developed by analogy with the vector control of electrical

0.6 /Cp,max T T

& 0.48F
E 04r
=
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(&)
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0
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Fig. 4 WTGS power coefficient depending on the tip speed ratio under different blade orientation angles value
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Fig. 5 Circuit schematic of SVPWM rectifier connected to PMSG WPGS

machines. It consists of orienting the current vector in the
same direction as that of the voltage vector, by controlling
the current vector in the two revolving axes d and q.

Regarding Fig. 6, the current of the d-axis is set to zero
while the reference current i is set by the DC link voltage
regulator.

Once the rectifier is connected to an existing load, the
transit of direct and quadrature axis currents must be con-
trolled separately. To obtain a decoupled currents control
of rectifier, the method based on voltage orientation can be
regarded as the efficient one.

There are three control loops in the DVC based on volt-
age orientation strategy. The error between the reference
dc-bus voltage v, and the sampled dc-bus voltage v . 18
processed by IBSC, which produces the reference quadra-
ture axis current i;, . Consequently, the proposed currents
control can then be applied, as depicted in Fig. 7, consider-
ing that the direct and quadrature axis currents considered
as variables to be controlled.

A1 7 1 L+L 7
T, R +R R +R

Op
= A
Oy 1

1

1

I8

>- > Ou

l(XS

Fig. 6 Voltage orientation

As in the inner loops, d-axis currents loop and g-axis cur-
rent loop use PI controllers to make the actual currents (i,
and i ) track their reference values (i, and i, ). Then, the
errors are processed in two conventional PI controllers to
produce the output signals of v, and v; , after coordinates
transformation, v, and v, which can be obtained and
used to produce switching signals S , S, and S, by two-level
Space Vector Pulse With Modulation (SVPWM).

4 Controller design

4.1 PI regulator synthesis

In order to control the GSC used, we must perform a decou-
pling by compensation. To make the "d" and "¢" axes
completely independent. The PI (Proportional Integral)
Corrector used to adjust the current is simple and quick
to implement while offering acceptable performance.
The proportional action serves to regulate the speed of the
dynamics of the system, whereas the integral action makes
it possible to eliminate the difference between the quantity
of reference and that which one wishes to enslave.

The controller terms are calculated with a pole-com-
pensation method. It is possible to generate reference volt-
ages from given reference currents. Figs. 8 and 9 show the
system scheme to be regulated by a PI corrector.

In fact, the errors (i, —i, ) and the errors (i;, —i,)are
processed by the PI corrector to given reference voltages

and v, .
Using the Laplace transformation, the CLTF (Closed-
Loop Transfer Function) is given as follows:

.
Vi

s

A
—“(K s+K. )
T p,s 1,8
CLTF = : . 11
5 1+ 4K . AK,
s°+s L R -
T, T,

The calculated terms are in Table 1.

4.2 IBSC regulator synthesis
The integral backstepping approach is a robust non-linear
method with the fast dynamic response in a wide range
of operating conditions based on Lyapunov's theory [29].
The synthesis of this approach can be achieved in three
successive steps:

1. Identification of the tracking error.

2. Choose of the Lyapunov's candidate function to

ensure system stability.
3. Determination of equivalent control law.
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Table 1 Calculated PI gains

plidgs q.idqs

PI controller (2715‘% - 1)/1‘1.Y Tswj /A}\,

Value 24.9409 3.1415¢+003

The non-linear backstepping control objective is to
make the output track the reference trajectory. For a DC
link voltage tracking system, the DC link voltage tracking
error can be defined as

t

Vi + k",m J‘(v; -V, )dt,

0

Z, =vi - (12)

Ve

where k] J.(vj —vdﬁ,)dt is an integral action added to DC
0

link voltage error and k»’,d‘ is a positive design constant.

This error derivative is:

Z, =V, —v, +k,, (v;, -V, ) (13)

Ve

The resulting asymptotic stability of the Closed-Loop
System (CLS) is guaranteed according to Lyapunov's sta-
bility theorem.

For the DC link voltage tracking error to be zero, first
Lyapunov candidate stability function defined as

v =lZf .
2 de

(16)
If this Lyapunov's candidate function is often positive
and its derivative is often negative, then the error is going
to be stable and have a tendency towards zero [14, 17].
Where £ is strictly positive constant, the derivative of
the Lyapunov function is given by

Vo= Z, Z

Ve

=—kz; <O0. a7

From Egs. (12) and (15), the derivative of the Lyapunov
function expression is obtained:

%
2 _ o g
—kZW = Zvd( {vd, — i +

<Gy i+k;d( (v;,—vdl,)}. (18)

CR,

Equation (19) can be written as

P (v,

v
- * qs .
~kZ, =v, - i
Vie de Ve de
CR,

; -V, ) 19
CVdC qs dc) ( )
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Based on the backstepping design. The i, current is
chosen as virtual control elements which are known in
backstepping terminology as a stabilizing function:

o OVl v, ;o
i, = |:vdc t o +k. (v, —vdc)+kzm } (20)

qs L

5 MRAS observer based Lyapunov function
Speed estimation methods using MRAS have been
described extensively in the literature for PMSM drive
because of its simplicity in speed estimation and good
results. In [30] we use the reactive power as the output value
for the model to estimate the rotor speed, [31] propose a new
MRAS approach that uses stator voltages and currents as
state variables to estimate the rotor speed of PM Generator.
In Fig. 10 the MRAS observer uses two models to cal-
culate a stator flux of the PMSG. One model is a reference
model and the other one is an adaptive model. The error
between these two models drives an adaptation mech-
anism that generates the mechanical speed by applying
Lyapunov theory or Popov's criterion of hyper-stability.
This speed is used in the adjustable model.

5.1 Reference model
From Egs. (7) and (9), the stator voltage model is:

= = ) 1)

. d

|:Vds:| _(Rs +Rr)lds +E(pds _a)(pqs
. d

- (R\ + Rr ) qu + E (pq.\' - w(pd\'

Vi

In the dg reference frame, the reference stator flux
model is expressed as follows:

5= = {(”?} - {_(LS "L “”f} @)

qs - (Lv + Lr )ids

5.2 Adaptive model
According to Eq. (21), the adaptive stator flux model is

expressed by
. F,ds} ) [(vi +(R +R)i +i0p,, )t

(Dqs

(23)

v

i model
Uy 5 Vgs R

Fig. 10 Block diagram for MRAS observer based on stator flux

Note that the reference model is not related to the elec-
trical pulsation, and therefore to the rotor speed. On the
other hand, the adjustable model contains the speed infor-
mation in its expression.

The adaptation algorithm is chosen so as to converge
the adjustable model to the reference model by minimiz-
ing the error and having the stability of the system.

5.3 Adaption mechanism
The error between the estimated and reference d-g axis
stator currents are defined as

B . .
€=|: d:|: qojs (i)d: ) (24)
eq (pqs _q)q.s‘
In making the difference between the reference model
and the adjustable model, it becomes:

d d . d.
Ze="0p -=0. 25
i et 2 (25)

The state flux error component is:

1 . 1 d A
— __(pf+Vd:_(Ls+Lr)Zids+a)(pqs

|:ed:| T; (pdS s

e = . = 1 d

e * . A A
! _F(pqx + Vqs - (LY + Lr )Equ + qudS

K

(26)
The state flux errors are simplified as indicated in
Eq. 27):
o1 1. . n 1 d .
e, +Eed :—E(pds + 0O, +Z(pf +v, —(LS +L,,)Ezds
é, +ieq :—ié)qs +0@, +v, —(L, +Lr)%iqs
(27)
We obtain:
1
e, (SJFFJ =W, (e,.t)+ 1, (1)
s , (28)
1
‘, [HFJ =W, (e,.0)+ 1, (1)
where
—lf% +—@, +v, — (L +L)—i,
f;i (t) l S ]—; ) s s r AY
O=1rol7 1. d.
_T(pqs +V, _(L.‘- +L}_)Elw
and



Equation (28) describes a feedback system explained in
Fig. 11, having an open linear functionas LF(s)=T/(T s +1),
and a non-linear function in the feedback chain where the
inputs are e, e, and the outputs are W(e.?).

As long as the global system consists of two subsys-
tems, one linear and the other non-linear, the synthesis of
the stability conditions requires that:

* The open linear function is null, positive, so:

Re[LF (jw)] = —

w?+

7 is positive Vw > 0.
* The adaptive mechanism included in the non-linear
block must satisfy the criterion of the hyperstability
of Popov's [32], the estimated speed of the rotor is

given by
& (et) =4, (e)+ [ 4 (e)dr (29)

We pose:
o, (e;5) = 4 (¢)

0, (e) = [4,(e)dr G0

Where y is Positive constant, the non-linear block veri-
fies the inequality of Popov's defined by

t

G=[edt=G+G, €))
0

with

jedet>—)(2 in which, V7 >0, (32)

0

where

G = J-ed(i)ds |:

G, =[e,,,[4]dr

4 (ed,t)dt}dt

o t—

(33)

Non linear

function

Nonlinear subsystem?

Fig. 11 Equivalent circuit diagram of MRAS
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The solution of G, is given by the integral law adapta-
tion w,(e ,f), and the solution of G, is given by the propor-
tional law adaptation w,(e,.0):

t
o, (e, t)=K, |e,p dt+w(0)
(€at) 1! @4 for K,,K, >0 (34)
w, (edal)szed{[)qs
t
(e, t)=Kye,, + K [, +0(0). 35)
0

Fore, = ((p; —([)qj) is the same way as e, we determine
w(eq,t) which can be expressed as

o(e,.t)=—| Kle,p, +K2’.[eqq3¢vdt+a)(0)}. (36)
0

The estimated speed is finally given by

10} :a)(ed,t)+a)(eq,t)

. P . . R (37)
o= KJ(Q#% ~e, 0, )dt+ K, (e, 0, —e,,)+a,(0)
0
where
ed (Z)qs - eq (i?)d.\' = (p:;\ (bd\' - (p; (qu.\' : (3 8)

The diagram of the proposed MRAS observer based
Lyapunov function for the estimate speed based on the
stator flux is shown in Fig. 10.

6 Results and discussion

Fig. 12 shows the block diagram of the proposed speed/
position sensor-less designed DVC approach scheme based
on the Lyapunov function for three phase voltage Source
SVPWM Rectifier Connected to a PMSG Variable Speed
fixed-pitch WPGS based on IBSC.

To validate the proposed scheme presented in this paper, a
series of simulation tests have been conducted under Matlab/
Simulink® environment. The main parameters of our sim-
ulation model are reported in the Appendix. All the simula-
tion results were elaborated with a fixed-step size of 0.1 [ms]
with a view to digital implementation in future works.

The dg axis reference voltages v and v, are used to
determine the reference rectifier voltages v, and v;l\, ,
which are directly obtained by applying the Alpha—beta
transformation. These voltages are used for the SVPWM
module in order to generate the IGBT gate control signals
to drive the IGBT converter. The switching frequency of
converter is set to 1 [kHz].

The proposed profile of the wind speed using RISO of
the Danish DTU laboratory for sustainable energy is shown
in Fig. 13 (a). Note that the estimated value of wind speed
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coincides with its set value. The whole system is tested
under load variation of 25 % at 1 = 0.7 [s], except this dis-
turbance, the machine is considered as working over ideal
conditions (no perturbations and no parameters variations).

Fig. 13 Simulation results of the three-phase PWM Rectifier connected to a PMSG WPGS

Fig. 13 (b) shows the convergence of the estimated MRAS
speed to the actual speed of the generator shaft, which is
proportional to the curve of the wind speed. The behav-
ior of rectifier is shown in Fig. 13 (c). It shows that the DC



bus voltage is correctly regulated at the reference voltage,
which means that the IBSC makes it possible to have very
good performances (soft regulation and without exceeding).
Fig. 13 (d), (e) shows, respectively, the stator currents and
stator voltage, the simulation results show that the rectifier
has good characteristics such as constant DC output volt-
age follows its reference value and sinusoidal input currents
and voltage except the presence of a very small oscillations
in the occurrence of the variation of the load.

Because of the proposed robust DVC approach, the sta-
tor current takes its natural sinusoidal alternative form
and is not adapted to the variation of the wind speed.

The stator angle tracking is shown in Fig. 13 (f). It is
noticed that the variations of load do not cause a large
change in voltage angle. From Fig. 13 (f), it can be concluded
that the speed and position of the permanent magnetic rotor
are observed accurately, even in a dynamic process.
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Appendix

In this part, simulations are investigated with a 1.5SMW
generator WPGS [27]. The parameters of our system are
presented in Table 2.

Table 2 Parameters of PMSG WPGS

Parameters Value
PMSG
Nominal Active Power P =15MW
Number of Pole Pairs Pons = 4
Stator Resistance R =3.17mQ
Stator Inductance L =3.07mH
Rotor magnetic flux 9,=7.0172 Wb
Turbine
Air density p=122Kg/m?
Wind turbine blade radius R=3525m
Pitch angle £=0deg
Gearbox ratio G=30
Turbine+PMSG
Inertia J=1000 Kg m?
Friction factor f,=0.0024 Kg m/s
Cp Parameters
C, C, C, C, C, Cs
0.5176 116 0.4 5 21 0.0068
PWM-Rectifier
The input inductance L, =0.037H
The input resistance R =03Q

The output capacitor C=1100 uF
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