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1. INTRODUCTION

In the changing world, the massive consumption of energy is tremendously expanding, which
requires the search for permanent sources of energy. Ergo, renewable energy (RE) is widely demanded wich
favored energy technology, along with wind energy conversion systems that are significant substantial
sources. Previous studies showed that in wind energy zones (WEZs) that are based on permanent magnet
synchronous generators (PMSGs) remains the most famous one. Hence, to improve the capacity of the
system and the WEZ power, PMSGs were used. Actually, PMSGs were pressed into service to annihilate the
med for a gearbox, which has further lowered the maintenance costs.

Most conducted researches in the framework of WEZs centralized their focus on the growth of
control strategies that was founded on modern nonlinear control techniques to better control potency in order
to supply and regulate active and reactive powers. Accordingly, distinct control methods, like adaptive
monitoring [1], robust monitoring [2] and fuzzy logic monitoring [3] have been used for PMSG-based WEZs.
On the other hand, another proposed method of control for attaining more elevated achievements, solidity,
and constancy that brings about good expectation is the sliding mode control (SMC) method. The study at
hand attempts to produce a high SMC method (HSMC) integrated with direct power control (DPC) using
space vector modulation (SVM) (HSMC-DPC-SVM) to adjust the active and reactive powers produced by
the WEZs and it was more inoculated into the grid under the constant DC link voltage (V4c). Mostly, the
SMC using SVM monitors the machine side converter (MSC).
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The current study presents an analytical study of the constant DC link voltage (V) method. The
suggested monitoring scheme is plain with a more rapid dynamic response. However, the old DPC controls
bear more damages and flaws such as high active power ripple and reactive power ripple exposed to the firm
conditions because of the hysteresis bauds. In former years, many studies deduced various solutions to
develop the achievement of the classical DPCs strategy. For the purpose of decreasing the two powers ripple
and THD value of stator current, SMC is one of the well-celebrated methods in manufacturing.

In this research, a combination of DPC strategy with SVM technique is suggested to monitor PMSG
throughout the implementation of this mingling monitoring scheme, a more dynamic, elevated realization is
promised; that is to say, fewer disadvantages as the high vibration in active-reactive powers. THD values of
stator current, the ramification of the SMC. Then, this paper introduces a fresh scheme to make the dive
performance more efficient. SVM-HSMC technique in DPC (DPC-SVM-HSMC) main features is to improve
the power factor and efficiency and lower power ripples. This paper provides a comparative outlook on
distinct DPC schemes, including old or classical DPC and DPC-SVM-HSMC control. The handed scheme is
plainly described with more elucidating reports of its effectiveness with simulated outcomes. The mentioned
scheme was obtained with MATLAB /Simulink software.

2. SYSTEM DESCRIPTION

This manuscript offers an exemplified diagram on the function of a PMSG system made of an
adjustable wind turbine (WT) based on PMSG that throughout a convertor and DC link voltage is connected
to the grid as demonstrated in Figure 1. To monitor the instantaneous active and reactive powers, the SVM is
using the SMC method to monitor the grid side converter.

'CESE

Machine Side
Converter

Figure 1. Permanent magnet synchronous generator (PMSG) and wind turbine (WT) structures

2.1. Modeling of the permanent magnet synchronous generator (PMSG)

The representation of the permanent magnet synchronous machine has consistently been the subject
of different assessments. A sample of this machine in the park reference will be used. The latter is in
conviction a two-phase reference, a resemblance of the three-phase reference, less complex to manage
considering the way that the electrical sums create as continuous elements [4], [5]. The PMSM’s given model
is illustrated by the electric, magnetic and mechanical equations [6], [7]:

Voltage and stator flux expressions. In generator case, with reversing of the currents sense, we will
have the electric and flux term of PMSG as pursues [5], [8]:

t 1)

{[Vabc] = [R)llape] + - [Papc]
[d)abc] = [Ls][labc] + d)eabc]

Va=—Rs X Ig =2 ®q + 0, X @

d
%=—R5x1q—a¢>q—wr><¢>d )
(Dd=LdX1d+(DE

b, =Ly X1,

L4, Lq be the inductors of the stator, Vg, Vq is the voltage stator, l4 and lq are current stators, direct and
quadratic, respectively, @ is flux per pole of the permanent magnet. Relative to the angle of the rotor rotation
and after deriving the storage electromagnetic energy, the electromagnetic torque Cen is expressed by [8], [9],
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Com = zp X [(Lg = Lg) X Ig X Iy + I, @, ] (3)

The PMSG’s dynamic equation is exemplified,

. d
Cn = Com = fQ =20 4)

3. PRINCIPLE OF DIRECT POWER CONTROL (DPC)

The traditional direct power control (DPC) relies upon the possibility of the direct torque control
that is applied to electrical machines. The main aim is to directly control the powers (active and reactive
ones) in a PWM rectifier [10], [11]. The switching states of the semiconductors are determined by
introducing the errors between the instantaneous values of active and reactive powers with their
measurements into two hysteresis comparators, with the assistance of the generator’s voltage vector area
location and a switching table [12], [13]. A PI controller adjusts to the DC bus voltage loop.

3.1. Switching table

According to each rectifier input voltage vector and the area where they are located, Table 1 offers
the signs of variation of the instantaneous active and reactive powers. The selection of the sign of the active
and reactive power variations independently is possible by selecting the appropriate output vector [1], [14].

Table 1. Variation of p and g as a function of the position of the vectors
V(2 V(1) V(K  V(k+l) V(Kk+2) V(k+3)  V(0,7)
- - + + - - -

Ap
Aq + + + - - - 0

In some cases, the examination of the table shows that there are several possibilities of applying
different vectors that allow us to obtain the same increase in Ap and Aq. In this case, the choice that
guarantees the smallest variation in power is the choice of the appropriate voltage vector. To meet this
criterion, only four voltage vectors are possible: v (k-1), v (K) v (k + 1) and v (k + 2) [1].

3.2. Instantaneous power calculation
The pursue formulas designate the instantaneous powers:
p = Re(e.i*); q = Im(e.i*) (5)

where p, ¢: the instantaneous active and reactive power. e, i: voltage and current vector. * is the conjugate
symbol. Therefore, to calculus the total instantaneous active and reactive powers,

P = éq- ia + ép. ib + ec. ic; q= %[(eb - ec)- ia + (ec - ea)- ib + (ea - eb)- ic] (6)

3.3. Instantaneous power calculation by estimating the flux

The instantaneous power can be calculated if the flux is used. Therefore, a flux vector in the
coordinates (a, ) is generated by integrating the generator voltage. The voltage drop in the resistor is
neglected [15], [16].

dig
& (psa=feadt=f(vsa_LE) dt
diB (7)

Where: @ is the flux estimation with v as the converter voltage.
Taking into account that the inverter voltage is in the coordinates o/f, the flux expression will be as:

By = f(\/%(sa —=(S +SC)>>dt—L.ia

8
& b= f( 2 Uge(Sy — sc)> dt — L.ig

Indonesian J Elec Eng & Comp Sci, Vol. 23, No. 2, August 2021: 772 - 781



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 775

from the estimated flux, we get the voltage:
=9 =2, jwt 4 jwt _ 8% Ljwt 4 iod
e=—0=—e" +jwde Lo tjwe 9)

where: @ is the estimated flux vector and @ is their amplitude.
Therefore, the instantaneous power is calculated in the coordinates o/p,

P =eqiqgtegip q=epiy—eqlig (10)

the derivatives of the flux amplitude are zero for balanced and sinusoidal voltages. Then, the instantaneous
active and reactive power is calculated by the equation in [1], [17],

p=w. (@a.iﬁ —(Dﬁ.ia): q=w. (q)a'ia +¢ﬁ'iﬁ) (11)

4. HIGH-ORDER SLIDING MODE CONTROL APPROACH
4.1. Principle of the sliding mode control (SMC)

The SMC is based on holding and moving, with appropriate switching logic, the state trajectory of the
system to a predetermined sliding or switching surface [2], [3]. This system is similar to a feed-forward
controller that provides the control that should be applied to follow a desired, user-defined sliding surface [18].
Hence, the development of a sliding mode controller requires two steps; the first is the definition of an adequate
switching surface S and then the elaboration of the control law or switching logic U [19], [20].

In this article, the choices of sliding surfaces are the errors between the measured and reference
stator currents. The principle of this control is to drive each error to a "switching surface". Then, the
following expression can be written [21], [22]:

Sl = Idref - Id
{52 = lgref — Iq (12)

the principal drawback of the practical implementation of the SMC is the chattering phenomenon. The
HOSM is the most effective way to cope with this problem. It influences the higher-order temporal
derivatives of the sliding corrector instead of the first-order temporal derivative, in another way this
technique generalizes the basic idea of the sliding mode. With conservation of the main original properties
and by the operational characteristic of this approach, this technique allows the attenuation of the chattering
effect [23], [24]. We used a robust high-order sliding mode strategy to ensure convergence to current
references. (12) gave the sliding mode surfaces, so the expression can be written as [24], [25]:

{51 = lgrer — Ig
51 = ¢1(t,X) +Y1(t' x)Vd

Sz = lgrer — 1Iq

. . (13)
Sy = ¢a(t,x) +v2(t, X))
where ¢1(t, X), @o(t, X), y1(t, X), and y»(t, X) are uncertain bounded functions that satisfy the conditions:
{¢1 >0, [¢p1] > A1, 0 < Ky <y1 < Kuy (14)
$2 >0, [Pl > A3, 0 < Kpp <¥2 < K2

the increase in the required information when implementing the HOSM algorithm is the biggest problem.

() . . ..
ns for the implementation of an nth-order controller. It is just

necessary to have information about the sliding surface S, this is the exception of the super-torsion
algorithm [24], [25]. Therefore, the use of this algorithm to design the proposed control approach contains
two parts proposed by this HOSM controller:

Vd = u1 + u2
{‘/q =Wy + wo (15)
With: {ul = —k,sign(S;) and {Wl = —k,sign(S,) (16)
u, = =4 181" sign(Sy) Wy = —1,|S, | sign(S,)
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the convergence of sliding manifolds to zero in finite time is ensured by gains that can be chosen,

A.
K; > —

Kmi
2> A Kmi(Kitdi) ;= 1,2 @an
T K Kmi(Ki—AY)
0<y<05

5. SIMULATION RESULTS

The examined system is showing in the block diagram in Figure 2, the objective of this control is to
hold constant the voltage of DC bus (reference taken equal to Vqc.ref = 600V) and impose a sinusoidal current
absorption. Regarding reference tracking, power ripples, stator current harmonics distortion, and robustness
against the variations of parameters, the simulation results of DPC-SVM with HSMC controller of PMSG are
compared with the conventional DPC command scheme. In this section, the MATLAB/Simulink software was
used to simulate three tests of the system under examination.

DC link
control
Vi To
= ]— u the
| | Grid
v 51 S1A5:1AS:A
Flux estimation S: Space Vector ¥~ Viert

o ]’i Po| Fp
h A Yy

P and Q calculation

q P

Figure 2. Block diagram of the DPC-SVM with HSMC

5.1. Wind speed response test

In this test, Figure3 shows the profile of the variation in the rotor speed because of a change in wind
speed. Figure 4(a)-(f) shows the response of the DC bus voltage, the active and reactive power for the
conventional DPC and the proposed topology (DPC-SVM-HSMC). Despite the disturbances that are due to
the variation of the rotor speed, in this case, it can be noticed that the proposed topology of the control keeps
the output DC voltage at its reference, the case where it presents a fluctuation in the classical control.
Moreover, compared to the classical DPC control, it can be clearly observed that the DPC-SVM-HSMC

strategy reduces the ripple in the active power and the reactive power. In addition, this strategy eliminates
peaks resulting from rotor speed changes (zoom).
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Figure 3. Wind profil
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Figure 4. Wind speed response test; (a) output DC voltage; (b) active power; (c) reactive power; (d) zoom in
output DC voltage; (e) zoom in active power; (f) zoom in reactive power

5.2. Reference tracking test

Figures 5(a) and (b) shows the second test simulation results, with a constant rotor speed, the aim is
to vary the value of the output DC voltage. This last, in the case of DPC-SVM-HSMC, track almost perfectly
their reference values and more rapidly than the classical DPC as shown in Figure 5. On the other hand, in
Figures 6(a)-(f), the proposed control strategy reduced the ripples in the active power, reactive power and
stator current compared to the classical DPC control.

Figures 7(a)-(c) shows the Lissajous shape (of the stator flux components @, and ), the circular
shape implies that the waveform is sinusoidal in both components, but the thickness of the circle means the
content of harmonics in its components, this thickness is thinner in the case of the proposed strategy. For
clarification, Figure 7 shows the harmonic spectrum of the stator current of the PMSG, the THD value is
reduced when compared to the classical method.

5.3. Robustness test

In this section, we want to test the robustness of the proposed strategy, so we change the machine
parameters (resistance value doubled and half of the inductances). Figures 8(a)-(f) and Figures 9(a)-(c)
present the simulation results; these changes imply remarkable effects on active power, reactive power and
stator current curves, this effect is more important in the case of the classical DPC control. In addition, we
can also observe that the THD value of stator current has been reduced in the DPC-SVM-HSMC command,
which proves the robustness of the proposed topology.
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Figure 6. Reference tracking test; (a) active power; (b) reactive power; (c) stator current; (d) zoom in active
power; (e) zoom in reactive power; (f) zoom in stator current
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stator current for DPC-SVM-HSMC

CONCLUSION
In this work, we shown the principle of the traditional DPC technique and we proposed another

topology (DPC-SVM-HSMC) for control of the output DC voltage of the converter attached in the PMSG
side, the simulation results showed not only the efficiency of the proposed topology but also the robustness
against the variation of the machine parameters. These results are judged by the appearance of the harmonics
in the waveforms and the calculation of their THD values. The DPC-SVM-HSMC control technique
illustrates a considerable reduction in ripple and THD value of the active power, reactive power waveforms
and stator current, respectively.
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