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Enhancing PMSG Wind Turbine Performance:
A Comparative Assessment of Vector and
Backstepping Control Techniques
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Abstract- This paper compares vector control (VC) and backstepping control (BC) techniques for wind systems with permanent
magnet synchronous generators (PMSGs). PMSGs offer high efficiency and compact size but require advanced control
strategies for optimal performance. The study evaluates transient response, tracking accuracy, robustness, and disturbance
rejection. Simulations of a comprehensive mathematical model demonstrate VC's improved dynamic response and efficiency
through control variable decoupling, while BC excels in tracking performance and robustness using a systematic backstepping
approach. The findings aid in selecting suitable control strategies for wind energy systems and contribute to the development

of improved algorithms for wind power generation.
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1. Introduction

The field of renewable energy has witnessed remarkable
growth in recent years, with wind power emerging as a
prominent and sustainable source of electricity generation [1].
Permanent Magnet Synchronous Generators (PMSGs) play a
crucial role in wind energy conversion systems, as they offer
numerous advantages such as high efficiency, compact size,
and improved power density [2]. However, ensuring optimal
performance and stability of PMSG-based wind systems
remains a significant challenge, necessitating the development
of advanced control strategies [3].

In this context, the present paper focuses on the
comparative analysis of two prominent control techniques:
vector control (VC) and backstepping control (BC) [14].
These control strategies have been widely employed in various
industrial applications due to their effectiveness in achieving
accurate and robust control [15].

Vector control, also known as field-oriented control
(FOC), is a well-established technique that enables
independent control of the rotor flux and torque in PMSGs. By
decoupling the control variables, VC provides enhanced
dynamic response, reduced torque ripple, and improved
efficiency. It achieves this through the transformation of the
stator currents into a rotating reference frame aligned with the
rotor flux [8,9].

On the other hand, backstepping control is a nonlinear
control approach that has gained significant attention in recent
years due to its ability to handle complex, highly dynamic
systems. It employs a systematic "backstepping" procedure,
where the states of the system are stabilized one by one by
designing appropriate controllers [12]. This technique offers
excellent tracking performance, robustness against parameter
uncertainties, and disturbance rejection capabilities [13]. The
primary objective of this paper is to compare and evaluate the
performance of VC and BC techniques when applied to
PMSG-based wind systems. The comparison will be based
on several key performance
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metrics, including transient response, steady-state tracking
accuracy, robustness against parameter variations, and
disturbance rejection. To accomplish this, a detailed
mathematical model of the wind system with PMSG will be
developed, incorporating the dynamics of the turbine,
generator, power converter, and associated control loops. Both
vector control and backstepping control algorithms will be
implemented and simulated using MATLAB SIMULINK
tools. A comprehensive set of simulations will be conducted
under various operating conditions and system perturbations
to assess the performance of each control strategy. The results
of this study provide valuable insights into the strengths and
limitations of wvector control and backstepping control
techniques in the context of PMSG-based wind systems.

Nomenclature

electromagnetic power (W). Fomn
Electric pulsation (rad/s). w
number of pole pairs. P
rotor moment of inertia. J
pitch angle (°). B
tip-speed ratio (-). A
Mechanical generator speed (rpm). Q,
Mechanical turbine speed (rpm). Qe
permanent magnet flux (Wb). @f
friction coefficient. f
mechanical torque (N.m). T,
stator resistance and stator inductance La Iy
of(d,q) (H).

the variable of the Laplace transform. ]

d-q axis stator current (A). Ig, 14
d-q axis stator voltage (V). Va, Vg
d-q axis flux (Wb). PaPq
Stator resistance (Ohm). R,
Controller parameters. Ky, Kg, Kag

2. Modelling Of Wind Turbine System
2.1.  Modelling of Wind Turbine

The kinetic energy of an air column of length dx (m),
section A (m2), air density p (kg / m*), and wind speed v (m /
s) is [4];

dBe=(p A.d.x.v? /2) (1)

The power coefficient Cp determines the proportion of
power collected by a genuine wind rotor:

Pm=(Cp (A).p.S.v*/2) )

A= (Qaér.Rt)/v 3

Here, Q. is rotational speed (rad/sec) and R is blade
radius (m). The power coefficient has been calculated using
particular readings obtained from a wind turbine by the
following analytical equation [7]:

CPzf(/{:ﬁ)261(%—Cgﬁ—f4)exp(_7f5)+gﬁi “)

1

1 1 Co
P P (%)
A A+CB BE41
Cl C2 C3 C4 |1 C5]|C6 C7 C8
0.5176 | 116 04 5 21 | 0.0068 | 0.08 | 0.035

2.2.  Modeling of PMSG

Model of the PMSG in a frame of (d, q) axis, associated
to the rotor flux vector, taking into account the hypothesis
commonly considered in the modelling of alternating current
machines, are [ 5, 6]:

- Electrical equation

The electrical equations are stated as follows:
dly
] Vd = —Rs'lrd _LdE—I'Lqm'Iq

I}
%z—Rs-fq—qu—:—de-fdwfw 6)
- Magnetic equation

Using the relationship between flows and currents:

[Gpa:La'fa—@f

_ 7
Pq=1Lq1q ™
- Mechanical equation
dg 8
]d—jog_Tern_Tf ®
- Electromagnetic equation
3
Tom = Ep[(l,q —L)la Iy + o7 1] ©9)
(10)
Pern = Tom- Qg

Vector Control (FOC) Of PMSG

The control of the oriented flux is a technique that
introduces a method of decomposing the stator current vector
into two components; one controls the flux and the other acts
on the torque. The idea is to solve the problem of coupling
between the two axes (d, q), where the torque is controlled by
component (Iq), while the flux is controlled by (Id). By
controlling the quantities (Id and Iq) acting directly on the
voltages Vd and Vq [10].
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In this control technique Id = 0, since it is constant,
therefore the electromagnetic torque is directly proportional to
Ig.

The machine model in the Park's reference is;
Vo= R Dy 4 Ly
a=felat iy (Va=lo(Re+sla) (1)
dl, Va=I.(Rs+sLg)
T dt

Where; s; the variable of the Laplace transform.

V,=Rs-I,+1L

- Current regulators

From (11), the expressions for the currents are;

L1
Vo (Rs+slg) (12)
o1

Vo (Rs+sly)
As aresult, we have two comparable PI regulators that are
employed in two independent loops to control the component
of the axes (d, q), as shown in fig.1.

- Speed control

The dynamics of the speed is demonstrated in equation 8.

The wind speed transfer function is written as;
Tg - Te m

o == =
9 Js+f (13)
To maintain the corresponding speed, the variable speed
regulator determines the reference current Iq and the
reference torque. The regulator output is a control signal
which indicates the reference current Iq. The proposed
control is explicated in “Fig. 1”7 [11].

Idref={ 1d eurrent Vi

regulator

=

s

Ig current
regulator

Lazd

Speed regulator —>

4’@&

W I Wil

Fig. 1. Control principal diagram [15].

4. Backstepping Control

The equation (6) model is used to model PMSG. Because
of the connection between current and velocity, the model has
substantial nonlinearity. Backstepping control's core principle
is to make the system flow in a first-order cascade stable
subsystem in the sense of Lyapunov, giving it resilience and
global asymptotic stability. The goal is to control the speed by
using the dId/dt and dIq/dt expressions as subsystems and the
stator currents as intermediate variables (Id, Iq). We can then
compute the voltage commands (Vd, Vq) that are required to
assure the PMSM's (Permanent Magnet Synchronous
Machine) speed control as well as the overall system's
stability. The expressions included here aim to elucidate the
nature of the errors identified [14]:

fa=13-1a
fq=131Iq
{n, = Q' -0
- stepl: Backstepping speed controller

(14)

speed error dynamics:

=0 -1, (15)

fn, = %-"% [1; —S?P({Ld ~ L) 1.y + 195 —f.%)] (16)

In the first step, by the Lyapunov functions (eq15) a virtual
control is created to ensure that the system converges towards
its equilibrium state [12, 15]:

G =1.8n] (17)

The first derivation of Lyapunov function:

V= n,én,

. 4n D
= Ko fa, 4 (T, + 1.0 4 Ko L6a 4+ 5 poy)

ap
457 (L — Lg)- L 1o g, (18)
With ¥, <0. This corresponds to selecting the stator current
values, Id and Iq, correctly.
I;=20
(19)

I = - -

a]

2.] A
I

f
_Kf_. A | - "
3.;}.(,1;11; o] f--& QJ' i

We will replace the elements of equation (19) in equation
(18) with 2, =0 ;
=—Kn.ip® <
V; K e £ n, = 0
- Step2: Backstepping voltage controller

In this step, the control voltages statorique in Park axis Vd
(Direct voltage) and Vq (Quadratic voltage) will be calculated
based on the virtual entrances of the system. A new Lyapunov
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function based on the velocity tracking error and current
component error to find the stator voltage references [13, 16]:

v, =%.(edf+qu+f%f)

Vs = Saba+8qbq +E0,80 (20)
_ —h’%.fﬂg: _ H:i-fd: _ f\’q-fq:

Using the previous equations, we get;
g =i{Rg.IIj —p 2Ly I~ Vy)
£ = 3.p2. p ((H_,:,y.] ~f) [cg -£0, —%}({Lﬂ L)Ll + Iq.q;fj]J
+%q{Rg.1q+p._q,.Lﬂ.1d+p..r%.¢.,-—vq) 21)
6, =7 [~Koy b, ~ T 0y~ (La = L)y e

-}

The control laws ultimately take the following forms:

2] . C f

Ij=-— I:_Kn-fn — = -—_g—_._ ]
T G L T SR
v L(I{.f RgI LI;I (22)

P .
4 a\“Kaba—p laty-lg

3.p.@s i Ly s

vq=—Lq"—Kq.fq.—Tj.caér—L—ﬂ.w—E.Iﬂ.m—L—H.Iq

5. Simulation Results

The simulation model of wind conversion system with
different control was created using the MATLAB/Simulink
program.

We will undertake two parameter increases that are
subject to change over time: the resistances Rd and Rq
(assuming generator heating over time) and the inductances
Ld and Lq (assuming saturation) as shown in (fig.3.a, b).

Table 1. Parameter of the WECSs.

Rd, Rq 0.5(€)
Ld, Lq 0.016(H)
Multiplier gain G 1
P 1.2255(kg.m3)
by 0.148Wb
P 17
f 0.001 (N.s/rad)
J 0.021(kg.m2)
S ILR2(m2)
0rr . 0.018
0.65 0.0175 |
E —
g o6 € oorr|
0.55 0.0165 |
0.5 - 0.016
o 1 2 3 a4 s & 7 8 8 10 o 1 2 s 4 5 s 7 8 ® 10

#(s)

Fig.2. (a). Variation of stator resistances (Rd, Rq).

t(s)

Fig.2. (b). Variation of stator inductances (Ld, Lq).
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Fig.3. The different control under variations of stator
parameter (R, L) (a) rotation speed, (b) electromagnetic
torque, (c) power generated, (d) stator current Id, (e)

stator current Iq, and (f) wind speed.

Figure 3 a, Figure 3 b, and Figure 3 ¢ present the
speed, power, and torque profiles, respectively. It is worth
noting that in vector control, there is a slight initial offset
in the speed and power profiles compared to the reference
value, but the backstepping control accurately follows the
set point. In terms of current Id (Figure 3 d), it remains at
zero during operation without any applied constraints.
Considering the effect of constraints (Figure 3) at t=2
seconds, where R increases by 40%, we observe no
significant impact on the system. However, at t=4
seconds, when L increases by 12.5%, the vector control
exhibits noticeable oscillations around the reference value
in both speed (Figure 3 a) and power (Figure 3 b). The
electromagnetic torque (Figure 3 c¢) also shows a
deterioration in tracking. Similarly, the current Iq (Figure
3 e), which correlates with the torque, experiences a
similar deterioration. In contrast, the backstepping control
performs well in Figures 3 a and 3 b, with more accurate
tracking of the reference compared to vector control,
which exhibits poor tracking performance from that
moment onward. The torque (Figure 3 c) and current Iq
(Figure 3 e) demonstrate favourable behaviour. Although
the current Id (Figure 3 d) is slightly perturbed, it is less
affected compared to vector control. These observations
highlight the superior performance of backstepping
control in mitigating the effects of constraints and
maintaining accurate reference tracking, especially when
compared to vector control.
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6. Conclusion

In conclusion, this paper compared vector control (VC)
and backstepping control (BC) techniques for wind systems
with permanent magnet synchronous generators (PMSGs).
Both techniques demonstrated distinct advantages: VC
exhibited improved dynamic response and efficiency through
control variable decoupling, while BC excelled in tracking
performance, robustness, and disturbance rejection using a
backstepping approach. The findings provide valuable
insights for selecting control strategies in wind energy
systems. Further research could explore hybrid approaches or
optimization techniques to enhance PMSG-based wind system
performance.
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