IJRCS

International Journal of Robotics and Control Systems

Vol. 2, No. 2, 2022, pp. 379-395
ISSN 2775-2658

http://pubs2.ascee.org/index.php/ijrcs

O Al

Permanent Magnet Synchronous Generator Connected to a Grid
via a High Speed Sliding Mode Control

Omokhafe J. Tola #%", Edwin A. Umoh ®2, Enesi A. Yahaya #3, Osinowo E. Olusegun ¢#

aDepartment of Electrical and Electronic Engineering, Federal University of Technology, Minna, Nigeria
b Department of Electrical and Electronic Engineering, Federal Polytechnic, Kaura Namoda, Nigeria
¢Nigeria Television Authority, Channel 10, Lagos, Nigeria

L omokhafe@futminna.edu.ng; 2 eddyumoh@gmail.com; 2 enesi.asizehi@futminna.edu.ng;

4 olusegunosinowol@gmail.com

* Corresponding Author

ARTICLE INFO

ABSTRACT

Article history
Received April 03, 2022
Revised May 14, 2022
Accepted June 12, 2022

Keywords

Permanent magnet
Synchronous generator;
Optimum variable speed;
Sliding mode control;

Wind power generation has recently received a lot of attention in terms of
generating electricity, and it has emerged as one of the most important
sources of alternative energy. Maximum power generation from a wind
energy conversion system (WECS) necessitates accurate estimation of
aerodynamic torque and system uncertainties. Regulating the wind energy
conversion system (WECS) under varying wind speeds and improving the
quality of electrical power delivered to the grid has become a difficult issue
in recent years. A permanent magnet synchronous generator (PMSG) is
used in the grid-connected wind-turbine system under investigation,
followed by back-to-back bidirectional converters. The machine-side
converter (MSC) controls the PMSG speed, while the grid-side converter

(GSC) controls the DC bus voltage and maintains the unity power factor.
The control approach is second-order sliding mode controls, which are used
to regulate a nonlinear wind energy conversion system while reducing
chattering, which causes mechanical wear when using first-order sliding
mode controls. The sliding mode control is created using the modified
super-twisting method. Both the power and control components are built
and simulated in the same MATLAB/Simulink environment. The study
successfully decreased the chattering effect caused by the switching gain
owing to the high activity of the control input.

This is an open-access article under the CC-BY-SA license.

1. Introduction

The demand for electrical energy is growing rapidly. But the attention is geared toward clean and
renewable energy. There are many renewable energy resources used in electric power generation.
These energy resources are photovoltaic, wind, biomass, fuel cell, and tidal [1]-[3]. Wind as a
promising energy source is freely available, omnipresent, and environmentally friendly. It is highly
reliable and cost-effective. These features made wind power generation capability to have been grown
rapidly, with an average annual growth of 30% in the world energy resources over the last decade
[4][5]. The wind turbine and electric generator are the major components used in electric energy wind
generation. It could be used standalone or fed to the grid network via a suitable power electronic
converter.
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The wind turbine could either operates at fixed or variable speed. In fixed speed operation, the
system operates at a constant speed even if the wind speed varies. However, the system is simple and
less expensive. But the operation suffers from low energy capture, poor power quality, and mechanical
stress. The variable speed wind turbine generator is of high efficiency due to the high energy captured
from the wind over a wide range of wind speeds and possesses a good power quality. The topology
has the capability to regulate the power factor either by overriding or generating reactive power [5],

[6].

A wind generator normally changes the mechanical energy of the wind into electrical energy. But
there are different kinds of wind generators discussed in the literature, such as Induction generators,
Double fed Induction generators (DFIG), and Permanent Magnet Synchronous Generators (PMSG).
Squirrel Cage Induction Generator (SCIG) is a well know generator applied for constant wind turbine
speed. The rotor of the turbine and the stator is directly connected to the grid via a capacitor bank. The
major drawback of the type is that higher mechanical stress, low efficiency, minimal capability to
control active and reactive power, and requires higher gearbox maintenance [7]-[10]. Similarly, DFIG
is for variable speed but results in the reduction of mechanical stress, and power oscillation has the
capability of MPPT for speed controller and has the flexibility to control active and reactive power.
However, DFIG uses brushes that reduces the robustness and leads to extra maintenance cost that
SCIG [11]-[13].

However, in PMSG, its reactive power can be controlled and can be applied to supply reactive to
other items of the power system. But the generators are more costly and prone to failures than the
induction generators. The advantages over the electrically excited generator are higher efficiency,
higher reliability due to the absence of slip rings, and a higher power-to-weight ratio. The major
drawback of PMSG is the high cost of PMs material and demagnetization at high temperatures.
However, the cost of PMs material has been reduced in recent times due to the high performance and
attractiveness in research on PMs [13], [14], [15]-[17].

The control of a wind generator is complex due to its electromechanical system. In the field of
engineering, linear controllers are widely used, owing to their uncomplicatedness and reliability.
However, their parameters are typically tuned with a projected linearized model. But the control
performance cannot be assured throughout the transient of the wind turbine energy system. These
motivate researchers to pay much attention to the design of the controller to ensure a good control
performance robustness to parameters uncertainties and disturbances. The following control strategies
are analyzed. Field-oriented control (FOC) is widely used in grid-connected wind energy control
systems [18], [19]. The performance normally demeans deviation of the machine parameters
(resistance and inductance) from the value used in the control system [20]-[22]. Feedback
linearization is another control technique based on coordinate transformation using the differential
geometry theory. But the technique does not guarantee robustness in disturbance present [23]. Direct
torque control (DTC) is a technique with the advantages of simplicity and insensitivity to parameter
variation. It directly controls the machine torque and stator flux by selecting the voltage vector using
stator flux and torque transformation. The drawback of the technique is poor performance during
starting and low-speed operation and sensitivity to the disturbance in the case of Pl controller [24]-
[26]. Direct power control (DPC) is based on DTC. Its control systems are less complicated and robust
against the parameters variation of the machine. However, its switching frequency varies considerably
with the active and reactive power variations [27], [28]. Sliding mode control (SMC) is the most robust
control technique among the analyzed strategies with uncertainties and parameter variations. Simple
in its implementation, good robustness, and high in disturbance rejection [26], [29]-[31].

In this study, a second-order SMC with a modified super-twisting algorithm for variable speed
wind turbine based on a permanent magnet synchronous generator (PMSG) grid-connected is
analyzed. Higher-order sliding mode controllers (SMCs) in wind energy conversion systems are being
investigated. While SMCs show promise in wind energy conversion systems for speed control
(because of their ability to deal with the extremely nonlinear nature of wind), they are constantly
threatened by chattering. This study begins with a discussion of SMC theory and higher-order SMCs
based on the modified super-twisting algorithm used to generate a second-order SMC. The modified
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super-twisting procedure is then used to model PMSG for a WECS, which is analyzed using d-q
reference frame transformation methods.

2. Modeling of a Wind Energy Conversion System

This model consists of the generation side and the Grid side (Fig. 1). The focus of this study is on
the control of the power of the generator side.

Grid side

=

Fig. 1. Wind energy conversion based on PMSG

Generator side

Wind turbine

2.1. Modeling of the Wind Turbine

The wind energy conversion system converts the kinetic energy of the wind into mechanical power
using the wind turbine. The kinetic energy and the power, which is the input power to the wind turbine,
can be expressed as [32]. The energy and power of the wind can be expressed as (1) and (2)

1
E, = Emv2 1)

where m is the air mass expressed as m = pAv

P, = 0.5pmR?V;3 )

Since the mechanical power extracted from the wind depend on the power coefficient of the turbine
and is usually provided by the manufacturer of WT. therefore, the output power is given as

Py = 0.5pmR*C, (A, B)Vs 3

Where p is the air density, R is the radius of the wind turbine, V},, is the wind speed, C,, (4, §) is the
power coefficient, A is the tip speed ratio, and £ is the turbine blade pitch.

Therefore, the power coefficient and the tip speed ratio are expressed as

C,(LB)=c¢; (% —c3f — c4> e_’l_f + cgA 4)

71 =(1+0.088)"1 —0.035(1 + 3! (5)
Q4R

g ©

This equation reveals that the optimum tip speed ratio can be obtained by varying the rotor speed
where Q, is the low-speed shaft rotational speed. Therefore, the instantaneous change of the wind
speeds the speed necessitates the operation at MPPT. A robust controller must be employed to regulate
the speed of the rotor in order to maximize the power as a result of the change in the wind speed.

The output power capture by the WT with respect to the speed is shown in Fig. 2, which has one
optimal point. By considering some values, the wind power can be regulated by comfortably fine-
tuning the speed ratio or tip speed.
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Fig. 2. Wind turbine power characteristics

2.2.Modeling of the PMSG and DC-DC converter

The PMSG is modeled under the following simplifying assumption: sinusoidal distribution of the
stator winding, electric and magnetic symmetry, negligible iron losses, and unsaturated magnetic
circuit. By neglecting the homo polar voltage, Vo, which is by virtue of symmetry, the voltage
equation in the d-q reference frame can be expressed as [33]-[35].

di
Vy = —Rgig — de—: + weLqlg @)

di
4 Welgig + weldiy €))

Vg = —Rsig — Lq dt

Where w, is the stator pulsation and is directly proportional to the shaft rotational speed, which
depends on how the generator interacts mechanically.

we = pQp ©)

and A, is the permanent magnet flux. The electromagnetic torque equation of the generator excited
by the turbine can be given as [36]

1
T, =5 Ny [Amiq + (La — Lg)igial (10)

But for surface-mounted PMSG, the electromagnetic torque is expressed as

1 .
Ty == NpAmiq (11)

And the overall equivalent model of PMSG based wind turbine is

(dld R, N, 1

|ac ~ "L et e T

di R ) 1

TR XU R CR A w2

Omokhafe J. Tola (Permanent Magnet Synchronous Generator Connected to a Grid via a High Speed Sliding Mode
Control)



International Journal of Robotics and Control Systems
ISSN 2775-2658 383
Vol. 2, No. 2, 2022, pp. 379-395

where V,;, V; and ig4, i, and Lg, L, are d, q axis stator voltage, current, and inductances, respectively.
Am 1S the permanent magnet leakage flux and w, is the reference frame speed [37][38]. The state input
vector can be expressed as

X = Ox,(0)]" = [la(®)ig(©) 7 (13)
U= [Valy]"
The grid-connected PMSG state model is obtained in the form as
-R Ly
X_I[ I TP ]l = o]
| =R Loxy = Am . |+] @ (14)
—x; — Q| —1|
I l d Lq J l 0 L_
\ y =Tg = pApnx; ¢
The electromagnetic torque is given as
Ty = _7 P Amig (15)
and the PMSG mechanical equation is given as
dQ
= =Ti=Te~ f (16)

The PMSG parameters are given in Table 1,

Table 1. System parameters of the PMSG [38]

Parameter Value
No of phases 3
Rotor type Round
Phase resistance 0.15 ohm
Inductance 5.3mH
Moment of Inertia (J) 0.016 (kgm?)
Number of pole pairs 4
Rated speed 200 (rpm)

2.3. The Boost Converter

The power from the generator PMSG is transferred to the grid via the converters. The two three-
phase voltage source converters in the back-to-back configuration with a DC link have been boosted
with a DC-DC converter. The generator-side converter operates as a rectifier; the DC-DC boost
converter whose role is to boost the energy stored in the DC link. The boost converter controller
stabilizes the voltage Vdc on the DC link and synchronizes using (MPPT-SMC and P & O approaches)
to control the grid-side converter output voltages and current established in the grid system.

The boost converter is designed properly after the generation of power from PMSG. The input and
output voltage and current of the converter at steady-state operation are given as [39]

V
VO — dc
(1-D)

(17

Iy = Iqc(1—D) (18)
where D is the duty cycle.
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dlgc  Rac 1 (1 — D)
=— g +— Ve ———-—FV, 19
dt de dc de T de dc ( )
vy 1 1

—=—Ir——=1 20
dt CO T CO dc ( )
where R, and L, are resistance and inductance of the boost converter. V and I are voltage and
current of the output of the rectifier while V. is the DC link voltage. The grid side converter model
in the d-q reference frame can be presented as

dl v; R v
gd id f gd
— — 7 lga t wglgq - ?]

dt  |Lr L
< Ly 21)
Udt ~|Lp Ly 997 99,

where Ry and L resistance and inductance of the grid side filter, respectively. v;; and v;, are inverter
output voltage. vy, and vy, are grid voltage. The grid's active and reactive power can be expressed as

3
Rp=5 [Vga X Iga + Vgq X Iq] 2

3
Qg = 5 [Vgq X Iga + Vga X Igq]
where vy, and vy, are the grid d-g axis voltage

3. Sliding Mode Controller Design

Chattering is the main drawback of traditional sliding mode control. Several ways are introduced
to reduce chattering. High order sliding mode (HOSM) [40] is one of the attractive chattering-free
sliding modes. However, the fundamental issue in implementing the HOSM algorithm’s complexity.
One of the HOSM modes that does not require additional information is the super-twisting sliding
mode (STMC) [41][42].

In general, an n-th order sliding controller necessitates an understanding of the (n-1)-th order time
derivative. As a result, an r-th order sliding mode can be established.
c=6==-=0g"1=0 (23)

The super-twisting controller, which is one of several second-order sliding mode controllers, has
the advantage of not requiring knowledge. Using the same access information, the super-twisting
controller can be utilized instead of the first-order (standard) sliding mode.

The necessity for more information is the main issue with the higher order. The development of an
nth order controller, in particular, necessitates an understanding of 4, g, 5, ..., s~ . The proposed
MST algorithm replaces the super-twisting approach to solve this problem. The MST algorithm, which
is utilized in second-order SMC techniques, requires only one sliding surface.

The Proposed Controller is designed using Lyapunov function. The following function offers finite
time convergence at the origin (0,0):
6 =¢((tad)+1(t,00)u (24)

and the control u(t) is the sum of two components.

uy(t) = Ay * By (25)
Where
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Ay = kyleg|'/? (26)
B, = sign(e,) + kysign(e;) + f kysign(eq) (27)
U, (t) = kyley |V %sign(e,) (28)

Where k; and k, are positive design constant e, is the sliding manifold and |e;| is a bounded
command value. In addition, when compared to the ST algorithm, the term B; lowers substantial
chattering.
3.1. D-Axis Controller Design

The goal of the d-axis controller is to keep the d-axis current of the generator to zero, both s, (t)
and s, (t) must be zero.

The sliding mode surface for (12) is defined as

sa(®) = [ig(®) —ig®)] =0
sq@®) =[i;@® —i;(@®)] =0 (29)
Ser(®) = [w,(t) —wi(t)] =0
. VA

Where iz (t) are the reference values for the d-axis and g-axis, and the speed reference is wy(t) = i—

where i is the fixed drive train multiplier ratio, the following inequalities ensure that the trajectories
remain directed toward their respective state sliding surface for the reachability criterion. And the d-
axis controller must satisfy the inequalities in (30)

sq()s4(t) <0
sq(£)$4(t) <0 (30)
Swr()$ur(t) <0

1 di
Sa.= 7= [~Rsia + Npwo,Lalq — va] - Z”f (31)
d t
R, dig dw, dig 1dvy  d%igres
c o _2s@la o 4o Gl o 1dVa 32
Sa = T dr TN e T N @ Ly dt dt? (32)
The control law is applied by
vg = Avg +v4eq (33)

Where Av, is the control term and v eq is an equivalent control term when s; = 0 and (33) composed
of switching control terms which converge the sliding surface to zero in finite time with the help of
MST algorithm. This speeds up the system response and reduces the steady-state error.

Avy = kq+/|eq|sign(e;) + kysign(e; + f kysign(e;)dt) (34)
and the control equivalent can be determined as

vaeq(t) = —vqosign(sq(t)) (35)
where

1
Vgo(t) > |E [—Rsiqg + Nyw,LgLy — v4] (35)
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The d-axis control law should ensure that the trajectory of i;(t) is directed towards the surface, that
it stays there even when bounded disturbances are present.

3.2.Q-Axis Current Controller Design

The g-axis control design can be done using the same method as the d-axis control design. Taking
into account the reachability condition inequality and rewriting it using PMSG dynamics.

digref

1 . .
Sq=1 [—Rsiq + Nyw,(Laiqg — Am) — v — T (37)
a
Ry diy, dw, Am dig 1dv, d?igres
§g = ———— g —— |+ N,— w0, ——— — 38
% Lydt P dt \'7 L, TN g O Ly dt dt? (38)
and the control law is given as
Vg = Av, +v4eq (39)
where
Avy = kq4/lezlsign(ey) + kpsign(e, + f kisign(ey)dt) (40)
vgeq(t) = —vgosign (sq(t)) (41)
where
1 . .
Vgo(t) > E [—Rslq + Nyw, (Lgig — Am) — vq] (42)

3.3.Speed Controller Design

The speed reference s,,,-(t) can be rewritten using the same procedure as for the d- and g-axis
controls and ensuring that inequality (30) is satisfied. The control variable w,(t) is changed to
precisely compensate for rotational speed variations based on the wind input, which is the desired
consequence of this controller.

dawr(t)

1
Sepr(t) = —|Tp — Bw,(t) — ] (43)
LL)T'( ) kt m T dt
where the switching portion can be expressed as
wreq(t) = —wroSign(sy, (t)) (44)
where
1 daw,(t)
Wy = k_t [Tm - Bwr(t) _] C;t ]| (45)

3.4. Gridside Converter Control

The grid side converter is responsible for managing the power injection into the grid via voltage-
oriented control (VOC) based on enhanced Sliding Mode Control [29]. The main control circuit has
two control loops: an outer loop that adjusts the dg-axis current and an inner loop that keeps the DC-
link voltage at a constant reference value.

The GSC equations in the dg-axis reference frame, with the grid voltage vector, can be presented
as:
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di
_ . gd .
|{Ugd = Rglga + Lga dt Lgqwglgq + Vga
di
. gq .
{ Vga = Rglgq + Lgq Lgqwgliga (46)

dvdc 3 vgd
C——=lgqc— = (—i )
l dt gdc 2 \py, 94
where igq and igq are d-g axis grid-side current, respectively, Ry is filter resistance, L¢ filter inductance

Via, Viq are inverter d-q axis voltage and Q, Grid frequency. And the active and reactive power is
expressed as

3. . .
P =2 (Vealga + Vgalga)

2 (47)
Q= 2 (Vealga — Veqlga)
The voltage equations from Eq. (46) can be reformulated to be as:
di 1
gd . .
ar Lya (—Ryriga + Lgqgigq — Vga + Vgca)
iy 49

1 . .
k? = @ (_Rflgq + Lgawgiga + Vgcq)

The following sliding surfaces s1 and s2 have been chosen to control grid current components igg,

lgq

PP
Sg1 = lga — iga 49
Sgp = ipg — 1 (49)
92 = lgq T lgq

where iz, ig, are the desired dg-axis currents. Thus, the time derivative in (49) can be calculated
using (48)

ds di’ 1

gl ga . .

—— =————(—Rfigqg + Lygwsizgg — Vga + Vgca
dt dt Lgd( ftg 9ga%g'gq g 96)

dsgy _digg 1 ] J "
.  dt @(_Rﬂgq + Lgawgiga + Vgeq)
Veg = AVgeg +Vyes€0 (51)

Vgcq = AVng +vgcqeq

And the overall control system configuration is shown in Fig. 3.

4., Results and Discussion

To analyze the performance of the proposed sliding mode controller, the PMSG was simulated in
the MATLAB/Simulink environment. The system’s parameters are tabulated in Table 1. Fig. 4 shows
the wind variation with a maximum of 10 m/s and a minimum of 5 m/s, which is the input to the
PMSG wind energy system. This demonstrates the effectiveness of the control design as a result of its
highly nonlinear nature and wind speed range. The SMC controller manages to ensure speed tracking.
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Wind turbine

Generator side control

Grid side control
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Vg
MST ::I-gq Vdc
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Fig. 3. Control system configuration of the PMSG

Wind profile

Wind speed [m/s] _
3 -] o [—]

N
T

9]
T
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Time [s]

=

Fig. 4. Wind speed variation

Fig. 4 and Fig. 6 demonstrate the variations in wind speed and rotor speed, respectively. The power

coefficient, rotational shaft speed, and power profile are shown in Fig. 5, Fig. 6, and Fig. 7,
respectively. The performance is comparable to those with an observed good performance is
comparable to those with reference (Fig. 8). The output power and torque of a wind turbine are

proportional to the rotor speed.

Power coefficient

0 20 40 60 80 100
Time [s]

Fig. 5. Power coefficients of the wind turbine
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Fig. 6. Rotational shaft speed
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Fig. 7. Optimal shaft speed
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— Speed 1
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=
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Fig. 8. The plot of reference speed and shaft speed

Fig. 9 also shows the chattering about the reference with the sliding mode control as the d-axis
current accurately tracks the reference value at iz (t) = 0. The implementation of the sliding mode
controller is based on the rotational shaft speed of the generator and the optimal speed shown in Fig.
11, which accurately tracks the reference speed with a very significant chattering effect. The maximum
power is captured through the MPPT control strategy of the sliding mode controller. Fig. 10 shows
the power coefficient C,, correspond to the wind profile in Fig. 4 and the result, which is the most
important regard of MPPT. The value of C,, held near at the C,,q, Of 0.47 as shown despite the
variation in the wind and the uncertainties. The tip speed ratio is kept at its optimal value of 7 despite
wind variation, as seen in Fig. 12.
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Fig. 11. Sliding surface about the reference
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Fig. 12. Tip speed ratio
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The performance of the generator by the application of the sliding mode controller is shown in Fig.
13 to Fig. 16. Fig. 3 shows a schematic diagram of the overall control configuration. The grid side
control's goal is to keep the Back-to-Back converter's DC link voltage constant during wind variations
when the set point is (VDC = 1200V). This illustrates the DC-link voltage's resistance to wind
fluctuations and is adjusted to settle around a continuous reference of 1200 V. Fig. 17 depicts the DC
voltage. During the simulation, the DC voltage will obviously be changed within permissible limits
in order to maintain the output voltage constant. Fig. 14 depicts 3-phase grid currents over time, while
Fig. 13 depicts 3-phase grid voltages over time. The current increased as the wind speed increased,
indicating that more active electricity was being injected into the grid.

Grid Voltage
T

1500
1000
500

-500

Voltage (V)
=

-1000
-1500

0 2 4 6 8 10 12 14 16 18 20
Time (sec)

Fig. 13. Grid output voltage

Grid current
T

ARHETIE M i RO
"""I
u|||||||,'|...,|m.,.“lqh-‘\lmq“'|“I|.-|‘»||||“-|,.||‘||‘|||HI‘\|‘|‘||.‘|“_||‘|‘ “].'.\|‘|‘IM"’““MW‘l|“||"|“‘l"‘*‘“"“lj‘"'l“||“‘“I‘“"'W“““I'"'
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5. Conclusion

Presently, the wind energy industry is showing a tendency toward grid-connected wind turbine
research and development. The following are the main concerns of today's wind turbine
manufacturers: A medium-voltage direct-driven permanent magnet synchronous generator with
variable speed technology and the creation of sophisticated control systems to improve wind energy
conversion efficiency and meet grid code requirements. To validate the system, a fast response
dynamic control via sliding mode with a modified super-twisting algorithm was constructed and
simulated in this work. The control approach is higher-order sliding mode controls, which are used to
regulate a nonlinear wind energy conversion system that causes mechanical wear when using first-
order sliding mode controls. The study successfully decreased the chattering effect caused by the
switching gain owing to the high activity of the control input. While the main principle of higher-
order sliding mode controls is presented here, approaches that allow sliding mode controllers to
operate at orders greater than 2 can be used to further reduce chattering. More work can be done to
lead to the real implementation of higher-order sliding mode controllers by studying conditions such
as loading, grid connections, and faults.
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