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Abstract—This paper studies and proposes a new sliding
mode controller (SMC) for a wind energy conversion system
(WECS) using a permanent magnet synchronous wind turbine
generator (PMSG) to harvest maximum energy when the wind
speed changes. In addition, the paper introduces a nonlinear
disturbance observer (NDOB) to estimate the actual wind
speed, to provide input to the proposed controller that the
authors have studied. The control scheme proposed in this
study not only considers the changes in the system parameters,
but also considers the randomness of the wind speed changes.
The effectiveness of the new SMC design and control scheme is
demonstrated by simulation results on Matlab/Simulink
software. These results are shown in the change of wind speed
deformation, wind deformations that the turbine receives,
turbulence assessment, the observer also estimated the non-
snow parameters, the system also takes into account maximum
power point tracking (MPPT), always consistent with the
proposed control law. Moreover, the research results also show
that the system works stably, the output is always close to the
set value, the system works with high quality, thereby proving
that the research results have been studied by the authors are
suitable, bringing great benefits in the control process.

Keywords—Wind Energy Conversion System (WECS);
Permanent Magnet Syschronous (PMSG); Sliding Mode Control
(SMC); Nonlinear Disturbance Observer (NDOB); Maximum
Power Point Tracking (MPPT).

l. INTRODUCTION

The wind energy is a renewable energy source that has
been widely used in recent years, because wind is
considered a clean and endless source of energy. There have
been many different studies and applications to exploit wind
energy, in which studies focusing on optimizing the
exploitation of wind energy into electricity have been the
main trend in recent years both in Vietnam and in the world.
The studies that have received much attention are the use of
MPPT algorithms for wind turbines, the application of
intelligent controllers with control algorithms such as: PID,
Pl, PD, fuzzy control, adaptive controller, neural networks
to estimate parameters, or optimize the power of wind
turbines, etc. In wind energy conversion systems (WECS)
used in practice, WECS using PMSG are widely used, at
that time the system brings many benefits in terms of
electrical capacity, and the energy collected is the largest.
Because it has many advantages such as high efficiency,
low noise, stability and can work with low wind speeds. The
MPPT problem applied to WECS is to control the rotational
speed of rotor to follow the reference speed of the wind
turbine control system, in order to convert wind turbine
energy.

In terms of control theory, WECS are highly nonlinear
systems, including disturbances, modeling errors and
parameters. Therefore, linear controllers are often inefficient
and require new, nonlinear and robust controllers, [1]-[5].
Many controllers have been proposed for WECS, In this
study, MPPT control is implemented based on the control
structure of PMSG. And the MPPT set is also based on VS-
WECS set which has been implemented with P&O
algorithm with changing processes to optimize the system,
[8], [18], [22]. An improved PI controller is proposed for
WECS in, [6]-[11]. In [5], model predictive controller
(MPC) has also been studied for WECS. The WECS control
scheme using Fuzzy algorithm is presented in [6]. Recently,
the quadratic linear optimal control (LQ) method has been
proposed and proven to be effective for WECS by
researchers [7], [8]. The SMC algorithm has been shown to
be a capable controller to deal with the problem of nonlinear
factors affecting control systems. The feature of SMC is the
switching nature of its control action, which provides
excellent performance, including the ability to withstand
parameter variations, noise factor, and convergence at the
end of time. Besides the advantages, SMC also has two
major disadvantages. The first is the oscillation factor,
caused by the discontinuous control process; the second is
related to the inaccurate and unsynchronized control
parameters, which seriously degrades the SMC. econd,
some of the limitations (disadvantages) of the classic SMC
have been improved and upgraded, proven in theory,
integrated into Matlab software, Several types of SMC have
been successfully applied to WECS in [9], [10]. Although
the performance of the conventional SMC algorithm in
practical applications is always satisfactory to the controller.
But in fact, there are still some disadvantages, such as being
susceptible to system measurement noise, difficult to
achieve stability when there is inappropriate noise,
generating unnecessary large control signals to overcome
the problem of parameter nonlinearity, and the most serious
is related to high-frequency oscillation due to the
intermittent switching control during the system operation,
[12]-[19].

For the MPPT algorithm for WECS, the blade tip speed
ratio (TSR) method of the wind turbine is commonly used.
However, with TSR need information about the actual wind
speed is required to be provided to the controller. Cup
anemometers are commonly used to measure the actual
wind speed fed into the wind turbine, but in some cases it
does not guarantee the required accuracy. A method that has
been focused on recently is to use observers to estimate the
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wind speed. In authors, a wind power prediction method
was proposed using physical and statistical models, Kalman
and Kolmogorov—Zurbenko filters were used to apply local
area characteristics and eliminate possible systematic errors,
[5], [12]. In recent studies, an adaptive Kalman filter was
developed and applied to forecast 2-meter with speed of 10
m/s, the wind speed is considered in the working region
allowing the power converter to work normally. The
presented method involves adding two strategies to the
conventional Kalman filter algorithm to adaptively estimate
individual disturbance statistics, aerodynamic torque, and
thus estimate the actual wind speed, but the performance of
the Kalman filter methods has not been as good as expected,
[20]-[28]. A support vector machine model based on genetic
algorithm is applied to estimate the wind speed, but the
method requires a large amount of data and is
computationally complex. Therefore, this paper proposes a
turbulence observer for WECS to estimate the aerodynamic
torgue on the turbine shaft and thus estimate the wind speed
fed into the turbine [29]-[36].

In this paper, a NDOB - based SMC is introduced for
WECS. Firstly, the dynamic equations of WECS and
PMSM generators are built. Since the aerodynamic torque
cannot be measured, system dynamics seems to include a
disturbance in the drive control system, [37]-[46]. After
converting the kinetic energy value into a suitable value for
performing the NDOB - based SMC is designed. The
NDOB - based SMC method has the following advantages:
the nonlinear uncertainty in this technique does not need to
satisfy the standard constraint condition H.; The gain
parameter switching process needs to be higher than the
noise estimation error limit, this will then provide
computational values that optimize the energy process for
wind turbines [47]-[55]. The nominal performance will be
maintained because the NDOB calculator acts as a
calculation, compensating the loss parameters for the
controller and almost not causing any unwanted negative
impact on the system when there is a nonlinear uncertainty
factor that the NDOB calculator performs parameter
estimation to provide full information to the electric drive
system controller, [56]-[61]. Furthermore, the final
advantage is that the controller has a clear performance
advantage since the reduction of measurement uncertainty,
in In addition, system stability methods are often achieved
by trading off the control performance of the system (this
was done in the past, but now there are many measures with
many control methods with many newer algorithms such as
reinforcement learning in automatic control), [62]-[68].
When we consider the nature of the random wind speed
region, the simulation results of the algorithm have been
compared and verified to demonstrate the feasibility of the
control law that the authors proposed in part three (in this
paper), as well as the superiority of its performance value
compared to some other conventional control methods, the
algorithm we proposed NDOB and SMC always meets the
control quality for the system, [69]-[72]. From there to
improve the quality of control for this PMSG wind
generator system, bringing maximum power energy to the
system to help the system optimize the energy process to
bring high economic efficiency, [73]-[80].

1. THE BUILDING WECS KINEMATIC MODEL

A. Wind Turbine Model for the System

First, From the analysis of the research objectives, we
build a dynamic model for the system using a sliding mode
controller based on the use of a nonlinear disturbance
observer for the WECS system shown in Fig. 1.
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Fig. 1. Sliding control diagram based on a nonlinear disturbance observer
for WECS

The aerodynamic power obtained on the wind turbine
shaft is represented by the following equation as follows:

Pa = > pTREC, (A, B)v? (1)

Where, value p is the air density (m/s); component R is the
radius of the wind turbine blades (WT) (m); value v is the
wind speed (m/s) and the power coefficient C,(4,f)
represents the efficiency of the turbine to convert the kinetic
energy of the wind into mechanical energy. The value g of
this parameter always depends on the shape and size of the
wind turbine and it is always a non-linear function of the
pitch angle of the wind turbine blades of the PMSG wind
turbine. Ingredient B and the tip speed ratio A = w.R/v,
whereis w, the angular speed of the turbine shaft (rad/s).
The coefficient C, usually determined experimentally, this
value is provided by the manufacturer (printed on the
machine label).

According to formula (1), the power output is increased
linearly to the coefficient C,, which is maximized at the
optimal tip speed ratio 4,,,. For a given wind turbine, 4,,,
is a constant value. Therefore, the maximum power output
can be achieved by tracking towards the optimal value of
rotor speed given by:

A
Wt ref = %U )

Typically, there are four operating regions for the WT
speed to vary depending on the wind speed. For wind speeds
below a given threshold, Region I, the wind is not strong
enough to move the blades. The second region, Region I,
known as the partial load region, which drives the wind
turbine, lies between the cut-off region v.,;_;, and the rated
region v,q... The control objective in this region is to
maximize the power output. In this region, the pitch angle of
the blades is usually fixed at an optimum level and the
generator speed is controlled to tracking w,.; in (2). The
region 111, known as the full load region, covers wind speeds
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from v,g¢e 10 Voye—oue- 1IN this region, the turbine must limit
the power output to its rated value so that the electrical and
mechanical safety loads are not exceeded. In region IV,
above the cut-off level v, with turbine must be shut down to
avoid damage, so the power output is zero.

We have the relationship between speed and torque of
wind turbine written as follows:

wy Ta

TLgb = o = a (3)
Where, ng, is the transmission ratio of gearbox; value w,. is
the mechanical angular speed, and ingredient T,  is the
equivalent aerodynamic torque of the generator.

B. The Building PMSG Model

The kinematic model of PMSG in the reference d,
coordinate system is written by the following equations:

dw 1
J—=-Bw, - T, +—T,
dt Ngp
di Rs,  YmP . 1
g _ _ Sy _¥mT o : 4
pratet 2 O Pw,i4 + -V 4)
dig

S = B+ Pwig +1vg

Where, value i, and i, are the d-axis and g-axis currents
respectively; value v, and v, are the d-axis and g-axis
voltages, respectively; ingredient T, is the mechanical
torque (T, = P,/w,); P is the number of pole pairs, Ry is the
stator resistance, L =L, = Lq are the d-axis and g-axis
inductances, J is the rotor inertia; B is the viscous friction
coefficient; v, is the magnet flux linkage; and T, is the
electromagnetic torque, which is given by:

T, = Ki, 5)

With, K = 3/2y,,P.

From equations (4) and (5), we have the dynamic
equation system of the wind turbine generator written as
follows:

dwy B 1 1

—=——w, —-T, +—T,

dt JOT g ng, @
drT, R WYmPK , K
—=——T,— w, — PKw,i - 6
dt L€ L r Td+L q (6)

dig Rs . P 1

Za_ _ s il T -

ot le+Kwr 8+Lvd

Next, based on the expressions in (6), nonlinear NDOB-
SMC scheme will be designed based on the following
assumptions: One is that w,., iy, va (and also T,), and i, are
measurable; Two is that the wind speed v and the
aerodynamic torque T, are unknown.

1. THE CONTROLLER DESIGN SLIDING MODE
CONTROL

Here we study the surface-type PMSG generator, which
is a type of electrical machine that is widely used in research
engineering for wind turbine generators, to optimize the
power as well as the synchronization process to calculate the
design for the transmission system.

A. Research on Controller Design Problem

First of all, when designing the control scheme for this
wind turbine system, let us convert the dynamic equations in
(6) into another form. Then, we set as follows:

Kvg = ugrs + uqr (7

Then the second equation of coefficient (6) is rewritten
as follows:

dTe

R 1
L ®)

Where, u,rr = Pk, + PKpw,Lig is the control
offset voltage. Next, we set a new variable as follows:

B 1
b=—7a)r—7Te (9)

Then, the first equation of the system of equations (6)
will become:

dwy _
—T=b+d (10)

With, d = ——T,
Ingp

From equations (8) and (10), the derivative of b is
expressed as follows:

b _ _ BRs _(E &) _By_1
rriminieT W, ; + . b 7 d ]Luqf (1)
BR B R 1
Here, we set: a; = ——=; a, = —(—+—S); a; = ——
JL J L JL

Then, (11) is represented as follows:

dab B

s alwr+a2b—7d+a3uqf (12)
From system (6) and equation (12), we re-represent

system (6) as follows:

dwy _
e b+d
db B
o= Gor t a,b —7d + azugs (13)
di Ry, , P 1
d_: = _Tsld +E(l)rTe +Zvd

Then we define the error dynamics as follows:
Wy = Wy — Wy ref; b=b- d)r,ref (14)

Therefore, we have the error dynamics equations of the
system represented as the following equations:

do

.z
” =b+d

db ~ ~ B

PR ST a,b — 7d + azugs (15)

di Rs. , P 1

—t==Tlgt o T + v
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Here the authors make a convention; the PMSG
considered in this paper is a surface mount type generator
(SPMSG). For this type of generator, the d-axis current is
set to zero to optimize the operating conditions. Therefore,
the reference coordinate lq is also chosen to be zero (I; =
0), [23].

B. Design of a New Sliding Mode Controller Based on
Uncertain Nonlinear Disturbance Observer

From the system of equations (15), we see that the
system includes a disturbance componentd. To estimate
this disturbance, a nonlinear disturbance observer (NDOB)
is presented in [9], [21], [23], [29], [32], [39], [40], [43],
[65], [76] as follows:

{Z =—Lp,(z+ Lx) — L(f + p,u) (16)
d=z+Ix

@y b
Where, X=[B]’f_[a15r+a25—§d_d)r,ref g

o 0. 1., 2 [k
uCIf' P11 = [a3]'p2 - [0]'L - 12]
Where, A is the noise estimate, z is the auxiliary variable of

NDOB, and L is the non-negative gain of the proposed
observer for design.

Estimate D from (1), (2), (3) and (10), estimate moment
T, and the reference rotor speed of the generator can be
calculated directly by the relationships as follows:

T, =Jd
Ta (7)

Kopt

Wy ref =

. 1 1
In which, k,,, = =pmnR:C -
opt 2 p t “p,max n;b}%pt

The selected sliding mode surface, based on the
observed turbulence, is written as follows:

aq=5+ci+cﬁr (18)
04 = id
In which, ¢ > 0 is the selection coefficient.
Then, the SMC law based on the NDOB as follows:
1 (alwr + ayb — ?& = Wy ref +>
+e(b+d) + ugs (19)

UWr =~
P
vg=-—-L (Eere + uds)

Where, ugq = kqsgn(aq); Ugs = kgsgn(og) with kg and
k4 being the chosen control coefficients, always > 0 (always
positive).

From reference [18], the stability of the system is
proven. First, we have the following assumptions:

e Assumption 1: The disturbance d in the system changes
slowly.

~

e Assumption 2: The estimated error, e; =d —d, is
bounded by e = sup;oleq|-

Consider the following Lyapunov function:

V_l

T2

(aqz +02) (20)

Then, from the system of numerical equations (18), then
consider the derivative of V:

(. B dd
!aq = a Wy +a2b—7d+a3uqf tot
+c(B+d) (21)
. Ry, , P 1
L Udz_Tld—l_Eere-i_zvd

Substituting the values of u,; and v, from the numerical
equation system (19) into system (20), we have:

{dq = —kegsgn(g) + (c = 2) (@ - d) + %2

. R
64 = —kgsgn(ag) — Tsad

(22)

From equation (16), the derivative of the noise d is
calculated as follows:

o= keeg (23)
In which, k, = L(p2 —]%pl). Substitute Z—f from
3

equation (23) and substitute into equation (21), we can
calculate as follows:

{c’rq = —kqsgn(aq) + (c + Lp, — ?) eq (24)

. R
64 = —kgsgn(ag) — Tsad

From equations (20) and (24), we have the derivative of
the Lyapunov (CLF) function V, then we can do:

V= qu'q + Udd'd
= —kqlog| + (¢ + ke = %) eaty — kaloal =0 < (25)

B\ . Ry
—|aq| [kq + (c +k, —7) ed] —kglogl —Taé

With k, chosen so that k, > (c + ko — ?) e, then V <
0, so the state of the system will be asymptotically close to
the sliding surface: g, = g, = 0. Substituting the condition
g4 = 0, into (18), we have:

b=—c&,—d (26)

Combining with equations (15), (16), and (26), we get
the following:

A,
dt
éd = _Lpzed + d

= —cw, +e,4 (27)

We see that the system has ensured the condition
according to the CLF function to be exponentially stable.
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Then, based on [19], Lemma in [1], the system in (27) is
input-state stable. This implies that the state variables in
(16) and the estimated error will be asymptotically close to
zero with the control law based on the observed set
proposed by the authors in (16), (18) and (19) is appropriate
and then the control law always ensures high quality control
process.

Thus, to ensure stability, the switching gain k, must be
chosen to satisfy: k, > (c +k, — ?) e;, Where e, is the

estimated error problem and is expected to converge to zero.
Therefore, the switching gain can be kept much smaller than
the gain of traditional SMC or integral calculators [1], [50]-
[53], [64], [65], [671, [72], [74].

V. THE SIMULATION AND DISCUSSION OF THE
RESULTS

After building the model and calculating above, in this
section the authors will present the research results based on
the above studies on the control algorithm based on the
observer which has proven to be highly effective, especially
in maintaining quality performance, even under many
different operating conditions. Simulation methods often use
numerical models and numerical methods to analyze and
optimize the control system.

A. The Simulation Data

From the control algorithm model of PMSG built in the
above section. We conduct simulation studies to prove the
research results of the proposed algorithm. From the
proposed algorithm controller and parameters are given in
Table I. All simulation studies are performed using Matlab -
Simulink version R2024a. Then the wind speed is selected
with average values of 12.13 m/s and a turbulence intensity
of 15.23%. This deformation is illustrated in Fig. 2. The
power factor C, is estimated analytically using a function,
with 4,,; = 8.09 and Cpynax = 0.3262, [21]. The controller
parameters are presented in Table II.

TABLE |I. PARAMETER TABLE FOR WECS

Symbol Parameter Value Unit
PLoted Rated power 5.6 kW
P Number of Pole Pairs 14 -
R Stator Resistance 0.3676 W
L Stator Inductance 3.55 mH
U Magnet flux linkage 0.2867 V. s/ rad
Ji Moment of Inertia 7.856 kg.m?
B Viscosity Coefficient 0.002 kg.m?/s
R Turbine Rotor Radius 1.84 m
r Air Density 1.25 kg/m®

Next, we have Table Il which is the parameters and
control methods to evaluate the quality of each controller
when simulating the system.

TABLE Il. CONTROLLER PARAMETERS

No Parameter Value

1 NDOB_NSMC L =[200]; ¢ =50; kq=50; kq= 1;
2 NDOB_SMC = [20 0]; ¢ = 50; kq = 4€5; kq = 1e*;
3 NDOB_PID =[20 0]; K,=50; K, = 200; Kp = 25;

Author In this paper, the authors used a real wind
measuring device (results as shown in Fig. 2) as a database
for wind resource assessment and system evaluation.

—Wind speed
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Fig. 2. Actual wind graph taken from a real anemometer

B. Simulation Results

From the simulation parameters of the system we have
the following results that shown in Fig. 3. From the
simulation results of Fig. 3, we can see that: the response
value of wind speed always follows the set value. At times
15 seconds and 35 seconds, the wind speed changes little
(with v value from 53 to 71 m per second), 55 seconds, 75
seconds, 95 seconds, although the wind speed changes
continuously (in accordance with reality), the response value
always follows the set value, in the total response time of
100 seconds.

From the simulation results in Fig. 4(a) and Fig. 4(b), the
output response value according to the angle always follows
the set value, the angle error is very small (about 0.2 rad/s).
In Fig. 5(a) and Fig. 5(b), the voltage value achieved has a
difference that is consistent with the required response
(satisfaction) of the control algorithm. In Fig. 6(a) and Fig.
6(b), the nonlinear error estimate is shown between the
SMC controller and the NSMC controller and the PI
controller also shows the quality of the controller in the
proposed paper to work stably, with high control quality.
With Fig. 7(a), although the wind speed changes, the
response of the SMC controller still ensures good work in
Fig. 7(a), the speed error is small at 0.15m/s, the system
works stably Fig. 7(b), the output of the system follows the
set value in the equilibrium process, and the control quality
is high. The g-axis voltage in case shown in Fig. 8(a), and d-
axis voltage shown in Fig. 8(b), for all 3 control methods.

Wind speed

v(m/s)

[ 10 20 30 40 50 60 70 80 90 100

Time (s)

Fig. 3. Response speed w, reference speed w,. ¢
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Fig. 4. Angular velocity deviation @, of the generator rotor for 3 control
methods when R, L are rated (figure a) and R increases by 40%, L
decreases hy 20% (figure b)
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Fig. 5. Q-axis control voltage and d-axis (figure 5a) voltage for all three
control methods (figure 5b)
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Fig. 6. Aerodynamic torque T, and estimated aerodynamic torque T,
(figure a), and the error of estimated aerodynamic torque er, .
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Fig. 7. Figure 7: shows the wind speed v, estimated wind speed ¥ (figure
a) and estimated error e, = v — ¥ (figure b)
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Fig. 8. The g-axis voltage in case (figure a) and d-axis voltage (figure b),
for all 3 control methods

V. CONCLUSION

In this study, an SMC controller is proposed, using the
NDOB turbulence observation method for wind energy
conversion system without measuring wind speed or
aerodynamic torque on the shaft of the wind turbine. With a
sliding surface of the SMC control designed, this controller
is based on the estimated angular velocity of the PMSG
generator rotor, combined with the observed aerodynamic
torque disturbance to provide to the controller. The system
works with high quality (with the SMC controller and the
NDOB controller always meeting the requirements of the
calculation process, nonlinear parameter estimation) and is
stable even when the wind speed changes at the inlet, the
output responses are always stable. The simulation results
have demonstrated the performance of the controller and the
feasibility of the SMC controller based on this NDOB
turbulence observation method. From there, we can affirm
that the proposed algorithm is the basis for research,
development, calculation, and establishment of control
algorithms for wind generators in general or even for
electrical drive systems in industry and civil use in general.
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