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Abstract
Wind power generation system in a small scale application considered as one of the cost
effective solutions since the energy price increases. Also, it can be an alternative solution for
people who live in rural areas, where they do not have access to the national grid. This research
investigate the implementation of a Single-Ended Primary-Inductor Converter (SEPIC) in a
Permanent Magnet Synchronous Generator (PMSG) based Wind Power Generation System
(WPGS).Variable structure control has been employed to compensate the uncertainties in WPGS
and to improve the energy conversion efficiency. This paper illustrates the dynamic model of the
PMSG and the controller design. A simplified controller design based on an improved sliding
surface has been presented. Maximum Power Point Tracking (MPPT) algorithm has been
followed to harvest maximum energy from the wind. The results show satisfactory dynamic

performance of the WPGS and maximum power coefficient has been achieved.
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1. Introduction

Wind energy conversion system is a talented renewable resource of energy and it
received many attentions especially when power electronics industry grows up. On the other
hand, the high initial cost, the lower energy conversion efficiency and the non-linearity of the
system variables limit WPGS applications. In order to overcome these limitations and to have an
efficient energy conversion system MPPT is highly recommended. DC-DC converters are other
key elements in the WPGS. There are a number of topologies, i.e. a boost converter that boosts
the output voltage, a buck converter in which the voltage is stepped down and a buck-boost
converter in which its output voltage varies from lower than or to higher than the voltage source.
Apart from changing the voltage level, DC-DC converters received the control signal that
ensures MPP achievement by varying the generator speed.

SEPIC is another topology of DC-DC converter and it is similar to the buck-boost
converter in varying the output voltage. Furthermore, a capacitive isolation due to its
construction protects the converter from switch failure; also due to its construction the output
voltage always has the same polarity as the input voltage (El Shahat, 2012). Since the capacitors
are used as main energy storage, the SEPIC draw an input current with least ripple (Alsumiri,
2016).

The small-scale WPGS employed in this research is based on direct driven PMSG.
PMSG has many advantages for small-scale low cost applications such as, high voltage to inertia
ratio, high air-gap flux density, and a high torque to volume ratio and the unneeded external DC
supply to excite the generator windings that are not available in other generator types (Mahdi,
2010).

Based on high frequency switching and feedback, sliding mode control is competitive.
SMC has various advantages over other conventional control such as: 1) inconsiderateness to
system parameters variation, load changes and disturbance (Datta & Ranganathan, 2003); 2)
robustness and immediate response (Vrdoljak, 2010). The structure of SMC involved a design of
a sliding surface which needs to be stable and development of an optimal control law (Alsumiri,

2013). Achieving optimal control law design allows a finite time achievement of the operating
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point to reach a predetermined sliding surface (Bandyopadhyay, 2009). The convergence of the
control variable is guaranteed by introducing a constant gain which also, compensates the
uncertainties of the control system (Alsumiri, 2016), (Gonzalez, 2012), (Levant, 2007).

This research investigates the dynamics of a PMSG based WPGS when SEPIC topology
is implemented. Also in this research, a modified sliding surface has been designed. The
organisation of the paper is as the following. In section 2, the WPGS modelling is demonstrated
including Wind power model, PMSG model and analysis of the SEPIC. The proposed SMC
controllers are discussed in section 3. The simulation results and analysis and are presented in

Section 4, where research is concluded in Section 5.

2. WPGS Model

WPGS, which is investigated, is illustrated in Fig. 1. It consists of a vertical axis wind
turbine directly coupled to a PMSG. The 3-phase voltage from the PMSG is rectified through an
uncontrolled 3- phase six pulse diode rectifier. The DC output voltage is boosted and regulated
using SEPIC. The measured end wind speed, rotor speed and 3-phase AC voltage and currents
are used by the control system. The control signal is generated to control the duty cycle of the
SEPIC. The SEPIC output voltage is fed to a stand-alone load.

AC — DC SEPIC Stand — Alone
Rectifier b DC Load
V. ] - 1 )
W |1 S EE— ‘
=> X PMSG T ik L \
(l),- ? b { ‘
| e __‘l_;
Be— J

) S— 0 I | ' : |
MPPY ) l__ |

Figure 1: The Employed WGS Block Diagram
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2.1 Wind Turbine Model

Wind (B,), stores kinetic energy which is directly proportional to the wind turbine swept
area (A), air density (p) and wind speed (V) cube (Burton, 2011). Mechanical power (B,,) from
the wind turbine could be calculated by introducing the power coefficient (C,) and multiplied by

the wind power.

1
Py = EPAVVE, (1)

Pn =2 pACY3. (2)

The power coefficient calculations depend on the wind turbine type, i.e. horizontal axis or

vertical axis. Cpis a function of the tip speed ratio (TSR), which is the ratio of the speed of the

wind in meter per second to the rotational speed. The calculated wing power coefficient based on
TSR for the vertical axial wind turbine can be shown in the following equations.

Wr

C, = —0.1323 — 0.1242 + 0.454, A=2R (3
14 Vw

where, w, is the mechanical rotation speed, 4 is the TSR and R is the rotor radius of the wind
turbine.
2.2 PMSG Model
The d-q synchronous reference frame for the employed PMSG is developed by aligning
the d-axis to magnetic axis, where the g-axis is orthogonal to the d-axis (Jiang, 2005). The
dynamic PMSG model in synchronous d-q reference frame can be demonstrated as follows:
Va = Rylq + Lg 22 — welqiq, (4)

, di ,
VL] = Rslq + Lq d_t? + we(Lala + Ypum), 5)

Where, d denote quantities in the d-axis and g represent them in the g-axis, for voltage
(V), current (i) and inductance (L). The electrical speed in radians per second is (w,) while, the
flux for the permanent magnet is indicated by (¥p;,). The descriptions of the PMSG behavior are

listed below:

dwy
dt

T, = 1.5p[Ypmiq + (La — Lg)iaigl, (7)
Where (m) and (e) denote the mechanical and electrical quantities for torque (T). The

Tn=T,+] + Bw,, W, = pw,, (6)

inertia of the PMSG and the viscus friction coefficient are (B, ) respectively. The pole pairs are

indicated by (p).
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2.3 SEPIC Model

SEPIC can achieve the performance of DC-DC buck converter and also it can act as DC-
DC boost converter, in which the polarity of the output voltage is kept the same as the input
voltage, by varying the duty cycle. Having low input current ripple is a nature of SEPIC and this
will lead to significant improvement in the average value of power. The SEPIC is designed to
have an IGBT switch (S1). In the output a diode (D) is placed. The construction of SEPIC also
includes capacitors (C; and C,) and inductors (L; and L;). The exchanged energy between the
capacitors and inductors permit SEPIC to have a wide variation in the output voltage. It worth to
note that the voltage rating of a series coupling capacitor (C1) should exceed the input voltage
level in order to permit energy transformation from input to output (Mohammad, 2013). Typical
SEPIC is shown in Fig. 2 (a) including both states of actions i.e. OFF (b) and ON (c). Hence,
SEPIC operations can be described as below:

e ONSTATE
di dv, | v,
Ly =2 = Vip, G2 +-2= 0, (8)
o OFF STATE
di S dv, o
L1ﬁ+Vc1+Vo=Vin! 11_12_6271_%=0-(9)

By averaging ON and OFF states and introducing the duty cycle (D), the demonstration can be as
the following:

di 1-D dv, . , D A
Ly ﬁ = Vin — [(Vcl + V())(T)], G, d_vt = (i; —i3) (E) — (10)
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Figure 2: (a) SEPIC, (b) OFF state and (c) ON state
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3. Controller Design
In this research, the d-q axis currents are controlled to their reference using SMC
controllers. The field oriented control has been implemented by aligning the quadrature current
component to the flux of the rotor and setting the direct current component to zero (Alsumiri,
2013). The decoupled PMSG model can be as below:
dig

Va = Rsig + La— (11)

Vy = Roiq + Lo 52 (12)

The mechanical speed is also controlled using SMC loop. The mechanical speed control

loop generates a reference signal to the g-axis current control. The sliding surface is developed to

be the PI error structure between the reference speed which is generated from the MPPT and the

actual speed of the generator. The structure of the SMC can be shown as the following
(Casta™nos & Fridman 2006):

s(x) = kye +k; [ede, e = Xper — X, (13)
where, (s) denotes sliding surface. (k,) and (k;) are constants. The deference between reference
value (x..r) and a controlled variable (x) is the error (e). Equivalent control which is a
commonly acknowledged approach in analysing the motion during SM (Bandyopadhyayet, 2009)
is followed in controller design. The aim is to substitute the discontinuity nature, which makes
5(0) move toward 0, by an equivalent control that is by makings(x) = 0. So that, the structure
of the SMC can be demonstrated as (Alsumiri, 2013):

U = Ugq + Uy, (14)

where, u,, is the equivalent control element and it can be calculated along the sliding mode as

follows,
s(x) =0, (15)
u, = —K sign(s) , (16)
1, s>0
sgn(x) =4 0, s=0.(17) Where, (K) is SM constant.
-1, s<0

3.1 Speed Control Design
The speed design equations can be expressed as follows:

ew = Wrer — Wy ,(18)
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s(w,) = kye,, + k; [ e, de, (19)
$(w,) = kpey, + kiey, , (20)

kam kpl.spll}pM . kp
+ lg+—w,. (21
; bt o (21)

The equivalent speed control equation which governs the speed control loop can be shown as

$(wy) = kpd)ref + kiwref — kiw, —

below:

U=ig= (] m ](‘)ref B(‘)r) + ul (ew) K Slgn(ew) (22)

1 15101PPM 15P¢P kp
By introducingk,, which can replace the gains above since the SMC can compensate the

uncertainties. The equivalent control equation can be rearranged as follows:

w =05 = 1o (T — Jlorer — Baoy) + ks[(ew) = sign(en)]. (23)

3.2 d-q current Control Design
Similarly the d-q axis currents are controlled to their reference values using SMC using
the modified sliding surface. The equivalent control equations for the d-q currents control are as
below:
u =V; = Lalares + Ralg — Lawelq + kql(eq) — sign(eq)], (24)
u=V = Lqiqref + Rolg + we (Lgly + Ypy) + kq[(eq) — sign(eq)]. (25)

4. Simulation Results and Analysis

The proposed control system of the WPGS is shown in Fig. 1. The simulation of the
system dynamics has been done using MATLAB/SIMULINK. Analysis of transient response
and controller robustness has been conducted. Figure 3 illustrates the mechanical rotational
speed of the WPGS. It can be noted from the figure that PMSG speed perfectly tracks it
reference signal which is generated from the MPPT controller. Still, chattering effect appears in
the speed as well as small overshoot error during transient for high wind speeds. However, the
controller forces the speed to track its reference and MPPT operations are achieved. The TSR
and the power coefficient are illustrated in Fig. 4. The TSR and the power coefficient are at their
optimum values of 0.822 and 0.22 respectively, which indicates successful achievement of
MPPT operation.
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Figure 3: Actual Speed Tracking Reference Speed
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Figure 4: Power Coefficient and TSR

5. Conclusion

This research focus on the investigation of SEPIC in PMSG based WPGS. The PMSG
has been controlled using SMC. The design of the speed control loop and d-q currents control
loops are illustrated. The WPGS system has been simulated and analyzed. The results shows

satisfactory dynamics with reduced chattering and minimum overshoots.
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