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Abstract. This paper introduces a new reaching law for
sliding mode control to regulate the current loop of a DC-DC
boost converter in a small-scale standalone wind turbine system
equipped with battery storage. The wind turbine employs a
direct-driven generator known as the Vernier Doubly Salient
Permanent Magnet (DSPM) generator. The proposed control
aims to minimize the inductor current ripple in the DC-DC
boost converter and enhance the overall performance of the
wind turbine system. The system's behavior is analyzed through
simulations conducted in MATLAB/Simulink. The results
indicate that the proposed method achieves reduced current
ripple and superior performance compared to the Gao’s second
law sliding mode control (SMC) approach.

Key words. Renewable energy system, Sliding mode
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1. Introduction

The integration of renewable energy sources in power
systems has received a lot of attention in the last few
years, especially wind and solar sources. Due to their
high efficiency and relatively low cost of production,
wind energy is one of the most significant renewable
sources and the fastest growing renewable energy
technologies [1]. According to the Energy Institute data
on the world energy market, global wind turbine installed
capacity has surged from around 300 GW in 2013 to over
1,000 GW by 2023 as illustrated in Fig.l. This
remarkable growth highlights not only the rapid
expansion of wind energy, but also its crucial role as one
of the most promising renewable energy sources in the

global energy transition [2].
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Fig. 1. Global wind turbine installed capacity.[2]
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In a conventional wind turbine system configuration as
shown in Fig 2, a gearbox is employed to couple the
turbine shaft with the generator rotor, such as an
induction generator or a synchronous generator [3]. The
main function of the gearbox is to increase the rotational
speed of the turbine shaft to match the operational
requirements of the generator. However, this mechanical
component presents several disadvantages, including
energy losses, noise, volume, mechanical complexity,
maintenance requirements, and expensive installation
costs.

Conventional generators, widely used in wind turbine
systems, include squirrel-cage induction generators
(SCIGs), doubly-fed induction generators (DFIGs), and
permanent magnet synchronous generators (PMSGs) [4].
Although each type offers specific advantages, they all
share a common drawback related to the limitation
imposed by the gearboxes.
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Fig. 2. Conventional wind turbine system.

To overcome this limitation, direct-drive wind turbine
systems have been developed, where the turbine shaft is
directly coupled to a low-speed generator, eliminating the
need for a gearbox as shown in Fig. 3. These systems
offer several advantages, including higher overall
efficiency, enhanced system reliability, and the
elimination of maintenance, energy losses, and noise [5].
However, they typically require a generator with high



pole numbers to achieve the low rotational speeds, and
pose specific challenges in terms of generator design.

M)

Connection
interface

—

Wind
Main Grid

Generator

Fig. 3. Direct-drive wind turbine system.

Among the various direct-drive generator technologies,
the Vernier Doubly Salient Permanent Magnet (VDSPM)
generator stands out as particularly well-suited for low-
speed applications. This generator is characterized by a
toothed stator and rotor, enabling the generation of a
sinusoidal electromotive force and high mechanical
torque. As a result, VDSPM generators are highly
compatible with direct-drive wind turbines, especially
where compactness, robustness, and high torque density
are required [6].

While the mechanical design improves system reliability,
the control of the energy conversion interface plays a key
role in maintaining system stability under varying wind
profiles and load conditions. Small-scale wind turbine
systems that employ permanent magnet synchronous
generators (PMSGs) often utilize a two-stage power
conversion configuration, consisting of a three-phase
diode bridge rectifier and a DC-DC converter, to ensure
efficient energy transfer and voltage regulation in the
case of DC electric power distribution systems. The
control of the DC-DC converters poses a considerable
challenge owing to their inherent nonlinear
characteristics. Numerous studies in the literature have
addressed various control strategies to manage these
complexities. Reference [7] investigates the application
of fuzzy logic control for DC-DC converters, addressing
computational challenges and proposing a look-up table
controller to simplify the control process. Reference [8]
details the design of a cascade control system for a DC-
DC converter, incorporating a fractional-order PID
controller in the outer loop and a self-tuning adaptive
controller in the inner loop. Reference [9] introduces a
novel backstepping control strategy for a DC-DC boost
converter, capable of managing significant load
variations and voltage reference changes, and employing
disturbance observers to enhance performance. Reference
[10] proposes a nonlinear backstepping control approach
with integral action for a DC-DC converter, optimized
using genetic algorithms. Reference [11] outlines a
sliding mode control (SMC) design procedure for DC-
DC converters, introducing a chattering reduction
approach. Reference [12] presents an integral sliding
mode control (ISMC) algorithm designed to mitigate the
variable  switching frequency problem typically
encountered during load and supply variations in DC-DC
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converters. Reference [5] describes a sliding mode
control (SMC) strategy based on Maximum Power Point
Tracking (MPPT) and Gao’s reaching law to regulate the
DC-DC converter current.

This paper investigates a small-scale standalone wind
energy system with battery storage, employing a non-
conventional direct-drive generator, which represents the
first originality of this research work. To maximize
power extraction from the wind turbine, a tip speed ratio-
based SMC method is utilized. For the DC-DC boost
converter, a novel reaching law is proposed to regulate
the inner loop. This law aims to reduce the inductor
current ripple in the DC-DC boost converter. This
represents the second originality of this work. The
effectiveness of the proposed control strategy is
evaluated through two tests: the first under varying load
and wind speed conditions, and the second with changes
in converter parameters. Additionally, a comparative
analysis is conducted between the proposed technique
and Gao’s second law sliding mode control (SMC)
approach.

2. System Description

The system consists of a direct-driven wind turbine
coupled to a three-phase Vernier Doubly Salient
Permanent Magnet (V-DSPM) generator. The generator's
stator is connected to a three-phase uncontrolled rectifier,
with the rectifier's DC bus linked to a DC-DC boost
converter. A battery integrated with a bidirectional DC-
DC converter is utilized to manage power flow and
regulate the DC bus voltage. Finally, the system includes
a variable DC load. The overall configuration is depicted
in Fig. 4.
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Fig. 4. Standalone wind energy conversion system.

A.  Wind turbine modelling

The power captured by the wind turbine can be expressed
by the following formula [5]:

1
p, =1
t™ >

pmR* C,(M) V) )



The power coefficient (C,) is a function of the tip speed
ratio (4), which is expressed as:

_ R
= Vo

A @

Where: p represents the air density, R the turbine radius,
C, the power coefficient, I, the wind speed, and (), the
mechanical shaft speed of the turbine.

The power coefficient curve Cp,(4) is shown in Fig.5, and
is expressed, as follows [6]:

Cp(A) = 0.0394825 — 0.32482* + 0.829192° —
0.70335A2 + 0.257541 — 0.013889 A3)

057

I C =0.428

p.max

Fig. 5. Power coefficient curve Cp.
B. Vernier DSPM generator modelling

In conventional permanent magnet generators, achieving
a high number of poles is challenging due to the rotor
topology and the complexity of embedding permanent
magnets within the rotor yoke. This drawback limits the
ability to operate at very low rotational speeds, as the
rotational speed is inversely proportional to the number
of poles.

Q'g =" (4)

To address this design limitation, the authors of [13] have
proposed a direct-drive low-speed Doubly Salient
Permanent Magnet (DSPM) generator for wind turbine
applications, illustrated in Fig.6. This generator is a
three-phase, 10 kW machine characterized by a toothed
stator and rotor configuration. The stator comprises Ns=
48 teeth distributed across 12 slots, corresponding to 4
slots per phase. The winding of each phase consists of
four concentric coils [4]. The rotor, which is passive,
includes N= 64 teeth. The excitation is provided by four
NdFeB magnets embedded in the stator yoke.
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Fig. 6. Axial cross-section of bouBly Salient Permanent Magnet
(DSPM) generator.

In this structure, the generator’s rotational speed is
inversely proportional to the number of rotor teeth N,
enabling operation at industrial frequency under low-
speed conditions. Specifically, for a target frequency of
50 Hz, the generator can operate at a rotational speed of
50 rpm.

Qg = )

The main drawback of the DSPM generator is its non-
sinusoidal electromotive force waveform, as shown in the
Fig. 7 below.
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Fig. 7. DSPM electromotive force.

To overcome this limitation, the authors of paper [14]
exploited the Vernier effect, which is achieved by
designing the rotor tooth pitch 7, different from the stator
tooth pitch 7, (see Fig.8).

2T _2m

~ (6)

T_Nr

Tg =
Nseq ’

Where: Ny, (different from N) represents the number of
stator teeth the generator would have if the stator
armature were distributed-toothed and not slotted.
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Fig. 8. Rotor and stator teeth.



For effective energy conversion and torque generation,
the Vernier DSPM generator must meet the following
conditions [6]:

+Ngog ¥ N, = P + P,
+Ngoq # 2P + 2P, (7)
+N, # +2P + 2P,

P, and P represent the number of magnet pairs and slot
pairs per phase, respectively. These conditions are
satisfied when Ngq = 68 and Ngq = 60. The generator
with Nsq = 68 exhibits superior performance, which is
why it was selected (see Fig.9).
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Fig. 9. Cross section of the Vernier DSPMG.

The Vernier DSPM generator with Ng.q= 68 equivalent
stator teeth improves the electromagnetic performance,
particularly the electromotive force waveform. As shown
in the following Fig.10 below.

200

—&— Phase_1 —o— 'th_z —— Phnsc_‘.'!

150 P, A“A\ H F—_—

100 +

50

0

-50

EMF (V)

-100

-150

-200

0 60 120 180 240 300 360
Electrical angle (°)
Fig. 10. Vernier DSPM electromotive force.

The mathematical model of the VDSPM generator is
simplified through the Fourier transform, where the
harmonic order terms greater than 1 are neglected.

Thus, the expressions of the VDSPM generator voltages
in the dg reference frame are given by [5]:

. We .

Va= —(Rs + 2w,My,)ig + 7(3Ld —Ly)ig —
dig _ 0 2

La dt dq g¢

V= —(Rs = 2WeMag)ig — 22 (3Lq — La)ia—

di dig 3
L% g, Yd_ 2y
q g¢ 49 g¢ 2 P1We
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Where: R, denotes the stator resistance, while iy and i,
refer to the direct and quadrature currents. Ly and L,
represent the direct and quadrature inductances,
respectively, and My, denotes the mutual inductance, and
@ represents the permanent magnet flux first harmonic,
and w. is the electrical velocity.

With [5]:
Lag = Lo — My ié(Ll + 2M,) cos 36,
My, = —g(L1 + 2M,) sin 36, )

0, = [w, dt

Where: Ly and M, are the self-inductance and mutual
continuous part, L; and M; are the self-inductance and
mutual first harmonic, and 6. represents the electrical
position.

The direct and quadratic magnetic flux are expressed by

[5]:

. . 3
Qg = Lgig + Myqig + \/;%

(10)
§0q = Lqiq + quid
The electromagnetic torque 7o is given by [3]:
3 o1 .
Tom = —\/;Nr(pllq + N (Lg = Lg)ialq =
1 ; ;
ENerq(lé —i2) (11)

The active and reactive power are expressed as follow

[31:

P = vdid + vqiq
Q = vdiq - vqid

(12)

C. Battery storage modelling

The R; model is used to represent the lithium-ion
battery, as illustrated in Fig. 11. This model characterizes
the dynamic behavior of the lithium-ion battery using an
ideal voltage source Epq and an internal resistance Ry in
series.
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Fig. 11. Equivalent circuit of the lithium-ion battery model.
The battery voltage can be given as follows [6]:

Vbat = Epat T Rint Ipat (13)



Where: V,,; and [, are the battery voltage and current,
respectively.

The state of charge SOC can be expressed as follows [15]:

1 t
SOC (t) = SOCypt r— fo Ipqe dt (14)

Where: SOC;,;; denotes the battery initial state of charge,
and Q4 is the battery maximum capacity.

The discharge and charge equations of the battery can be
given as follows [16]:

) — _ Qmax * _ ( Qmax )

Epataisch = Epat — Kp (Qmax—lf) Ipar — Ky P It +

A, eB 10 (15)

E — E — K ( Qmax )1* — K ( Qmax )It +
bat,ch bat b 1t+0.1-Qmax bat b Qmax—It

A, eB 10 (16)

Where: K, represents the resistance polarization

coefficient (Q), I, denotes the current low-frequency
(A), It = [ I, dt represents the extracted capacity
(Ah), A, is the exponential voltage (V) and B is the
exponential capacity (Ah™1).

3. Global system control
A. Wind turbine control

To extract the optimal power from wind turbines, the
Maximum Power Point Tracking (MPPT) techniques are
employed. According to the literature, numerous
strategies have been proposed and implemented. The most
employed methods include Tip Speed Ratio (TSR)
control, Optimal Torque (OT) control, Power Signal
Feedback (PSF) control, Perturbation and Observation
(P&O) control.

In this study, TSR strategy is selected for its numerous
benefits, including its simplicity of implementation, rapid
convergence, and high efficiency under fluctuating wind
speeds. Fig.12 presents the TSR control scheme.
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Fig. 12. TSR control scheme.
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B. DC-DC boost converter control

Among the control methods used in the literature, the
sliding mode control law passes other techniques in terms
of tracking accuracy, robustness and against disturbances
[17].

To reduce the chattering and improves the performances
of the second Goa’s law [18], this paper proposes new
reaching law (see Fig. 13). The new reaching law is given

by:

$ = —k|s|®5(sign(s) + s) (17)

Where: £ is sliding mode gain.

Analyzing the new reaching law in Eq (17):

When |s|is is far from the sliding surface, the dynamics
of s behave similarly to classical sliding mode control,
exhibiting a strong control action. This enables the
system a fast approach to the sliding surface.

As |s| approaches to zero, the term |s|®° becomes
smaller and makes the control less sensitive to small
changes in |s| as it approaches zero, which helps to
reduce the chattering. The system becomes smoother
and more stable without rapid, repetitive ocillations
around the sliding surface.

In order to analyze the stability of the proposed method.
Examine the derivative of the following Lyapunov
function V'=0.5s2:

V=s$ <0

V=-sk|s|%5(sign(s)+s) <0 (18)

If sign(s) = =1 and k > 0, it can be seen that V < 0.
Therefore, according to the Lyapunov stability condition,
the system is stable.

The inductor current equation of the DC-DC boost
converter is given as follow:

daly, _Vin
dt L

—A-dE (19)

The sliding surface and its derivative are defined as
follows:

S = IZ - [L
s=1I -1 (20)
The sliding mode control signal is given as the sum of the
equivalent and discontinuous control signals :



@n

U = Ugq + Ugis

The proposed discontinous control part is given as follow:

s = —k|s|%5(sign(s) + s) (22)
By substituting Eq (19) into Eq (20):

. Vin Vbpc

s=—[T—(1—d)T] (23)

By substituting Eq (23) into Eq (22), the proposed
reaching law control signal:

d = Vpc—Vin
Vbc

ﬁ/,,c
Vill
—

" L.k.|s|%3 (sign(s)+s)

24

Vbc

Fig. 13. The proposed control method scheme.
C. Battery stroage system control

A dual control loop is employed to regulate the battery
storage system. The DC-Bus reference voltage V. is
compared with the measured one Vp, and the resulting
error signal is fed into a PI controller. The output of this
controller generates the reference battery current Ij;.
Subsequently, a second comparison is made between the
actual battery current [, and the reference battery
current [, with the resulting error signal processed by a
second PI controller. The duty cycle of the converter is
adjusted according to the output of the second PI
controller.

4 . Results and discussion

The standalone wind energy conversion system was
simulated within a MATLAB/Simulink environment. The
system utilizes a direct-driven generator, specifically the
Vernier Doubly Salient Permanent Magnet Generator (V-
DSPMG). Additionally, a new reaching law was
implemented to regulate the inductor current of the DC-
DC boost converter. To evaluate the robustness of the
proposed control strategy, two tests were performed.
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The first test evaluated the system's performance under
varying wind speeds and load conditions, while the
second test investigated the effects of parameter
variations in the DC-DC boost converter.

Fig. 14. illustrates the VDSPMG speed, showing that the
generator speed aligns with its speed reference. Fig. 15.
displays the generator direct and the quadratic current.
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Fig. 15. Generator current.

Fig. 16. presents the simulation results of the DC/DC
boost inductor current under two different test scenarios,
utilizing the proposed reaching law. The results clearly
demonstrate that the proposed control strategy
significantly reduces the chattering phenomenon, in
contrast to Gao's second reaching law, which exhibits
higher oscillations. This improvement highlights the
effectiveness of the proposed control in reducing ripple,
and ensuring smoother operation.

Additionally, the proposed method shows superior
efficiency in the variations of the DC/DC converter
parameters. Specifically, from t = 3.5 s, a +50% increase
is applied to both the inductor L value and the DC-bus
capacitor Cpc value.

Despite variations in these parameters, the proposed
control effectively adapts and maintains optimal
performance.

This performace is achieved while keeping the chattering
phenomenon at a reduced level.



E 60 g .!L,Pr'opos-mf J[.r'qf_

=

E 40

=

]

=

£ 2071

=

=

) ) 4 ) X
Ob=24 | 25 | 28 J.U/”L' 59/”613(‘ ]

0 1 2 3 4 5 6

Time (seconds)
Fig. 16. Inductor current.

Fig. 17. illustrates the wind energy output power,
highlighting its improved stability with lower oscillations
compared to Gao's second reaching law. This reduction in
ripple demonstrates the effectiveness of the proposed
control strategy in minimizing power fluctuations and
ensuring a smoother output, even when the DC-DC boost
converter parameters are increased by +50% in both
inductance L and DC-bus capacitance Cpc. Similarly, Fig.
18. presents the generator's electromagnetic torque, which
demonstrates reduced oscillations. Moreover, it can be
observed that the generator produces a high
electromagnetic torque, reaching 1.8 kN.m. This high
electromagnetic torque is a result of the generator's low
rotational speed.
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e  The variation in inductor current Al /I, is reduced to
1.8% with the Proposed method, while it reaches 6%
under SMC.

e The electromagnetic torque variation ATg, /Ty, is
also much lower with the Proposed method 1.58%
compared to 6.3% for SMC.

e Similarly, the output power fluctuation AP, /P, is
minimized to 1.22% under the Proposed control,
whereas it is 6.5% with SMC.

Table I. - Performance comparison under wind and load
variation

From2sto3s
Al /1, (%) | ATem/Tem (%)| AR, /B, (%)

Proposed 1.8 1.58 1.22

SMC 6 6.3 6.5

Similarly, between 2 s and 3 s, under a +50% parametric
variation in both the inductance and the capacitance of the
boost converter, as shown in Table II, the Proposed
control method continues to outperform the convetional
SMC in terms of robustness and dynamic performance:

e The relative variation in inductor current
Al /I, is limited to 2.7% with the proposed
method, compared to 8.1% with SMC.

e The torque ripple ATy, /T,y 1is also significantly
lower at 2.15%, while SMC exhibits a much higher
variation of 7.41%.

e Similarly, the output power fluctuation AR, /P,
remains controlled at 1.86% under the Proposed
control, whereas it reaches 7.6% with SMC

Table II. - Performance comparison under +50% parameter
Variation in Boost Converter

From4sto5s

AL /1, (%)

ATem /Tern (%)

AR, /P, (%)

0 1 2 3 - 5 6
Time (seconds)

Proposed

2.7

2.15

1.86

SMC

8.1

7.41

7.6

Fig. 17. Wind power.

Fig. 19 highlights the stability of the DC-link voltage
regulation in the presence of wind speed variations, load
disturbances, and parametric variations. Throughout these
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; dynamic conditions, the voltage remains controlled
) around its nominal reference value of 500 V.
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Fig. 18. Generator electromagnetic torque. 100 b
Between 2 s and 3 s, the proposed method demonstrates 0 0 | 4 3 4 5 6

better dynamic performance compared to the conventional

SMC approach as shown in Table.I. Specifically: Timg (scconds)

Fig. 19. DC-bus voltage.
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Fig. 20 presents the battery voltage, which is regulated
around its nominal value. Fig. 21. depicts the battery
current, which closely tracks its reference signal. Finally,
Fig. 22 depicts the evolution of the battery state of charge
SOC, reflecting the reliability of the implemented energy
management strategy.
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Fig. 22. Battery state of charge SOC.

Fig. 23. provides a detailed representation of the
dynamics of power flow between the various components
of the standalone wind turbine system, highlighting an
efficient power interaction between the wind turbine, the
battery storage, and the load ensuring effective energy
management.
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5. Conclusion

This paper investigates and simulates a small-scale
standalone wind energy conversion system integrated
with battery storage. A non-conventional direct-drive
generator, characterized by low rotational speed and high
electromagnetic torque, is employed to eliminate the need
for a gearbox. This design choice helps overcome typical
gearbox-related issues such as increased system size, cost,
energy losses, and maintenance requirements.

To regulate the DC-DC boost converter, a new reaching
law is introduced. The study demonstrates that the
proposed control strategies significatly enhance the
performance of standalone wind turbine systems. Notably,
, the proposed technique reduces the chattering
phenomenon in the operation of the DC-DC converter.
This improvement is reflected in the reduced oscillations
of both the inductor current, electromanetic torque and the
output power, resulting in smoother and more stable
system dynamics. These findings confirm the
effectiveness and reliability of the proposed approach in
the context of standalone renewable energy systems.

Moreover, the proposed control demonstrates robust
performance against parameter variations in the DC-DC
converter and load fluctuations, outperforming Gao's
second law sliding mode control (SMC) approach. These
findings confirm the effectiveness and reliability of the
proposed approach in the context of standalone renewable
energy systems.
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