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The preference for permanent magnet synchronous generators (PMSGS) in
wind energy conversion systems (WECS) is due to their reliability,
compactness, and efficiency. However, designing controllers for PMSG-
WECS faces challenges from parameter uncertainties, nonlinearity, and grid
integration. To address this, a novel passivity-based nonlinear controller
(PBNC) is proposed to precisely track speed and torque. This unique PBNC
employs a damped approach to address nonlinearity and integrates a fuzzy
logic controller (FLPBNC) for robustness. The chosen strategy shapes energy
dynamics using Lyapunov functions. The addition of damping elements
ensures Lyapunov stability condition and boosts convergence while keeping
the energy functions positive. The system design involves linking passive
mechanical and electrical parts in a feedback loop. Meanwhile, for grid
integration, a proportional-integral (PI) controller manages DC-link voltage and
active power supply to the grid. MATLAB/Simulink simulations confirm the
effectiveness of the proposed approach compared to conventional methods.
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1. INTRODUCTION

Wind energy stands as a prominent pillar among renewable energy sources, harnessing the
inexhaustible power of wind to generate electricity [1]. The permanent magnet synchronous generator (PMSG)
has gained attention as an efficient direct-driven generator in wind turbines. Its gearless design simplifies
mechanical components and maintenance needs while providing precise control for optimized energy
extraction from variable wind conditions. However, controlling PMSGs poses a challenge due to their inherent
nonlinearities and susceptibility to external factors like varying wind speeds. This complexity demands
sophisticated control strategies to optimize energy capture and system stability [2].

In addressing the nonlinearities within PMSG systems, a diverse range of strategies have been
explored. Backstepping control seeks to minimize instability and complexity by guiding system dynamics [3].
Fuzzy-logic control utilizes fuzzy rules for parameter adjustment through feedback mechanisms, albeit with
some sensitivity to errors [4]. Adaptive control fine-tunes parameters via feedback, although it maintains a
degree of susceptibility to errors [5]. Sliding mode control is adept at managing disturbances, although it may
introduce chattering effects [6]. Intelligent control capitalizes on neural networks to facilitate learning, often
demanding substantial computational resources [7]. Fuzzy sliding mode control harmonizes fuzzy logic and
sliding mode control to effectively handle uncertainties [8]. Active disturbance rejection control (ADRC) treats
parameter uncertainties as disturbances, bolstering overall robustness [9]. Second-order sliding mode control
focuses on alleviating chattering effects, refining control precision [10]. Lastly, the integration of methods such
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as nonlinear observer-based second-order sliding mode control with predictive control offers a comprehensive
solution to uncertainties, disturbances, and nonlinearities [11]. Each of these strategies presents unique
advantages and limitations, encompassing complexity, accuracy, and computational demands.

Passivity-based nonlinear control (PBNC) emerges as a viable approach, emphasizing system stability
and energy preservation. PBNC ensures that the system remains passive, leading to inherent stability and well-
behaved responses. While it requires thorough system modelling, it addresses nonlinearities effectively [12].

To ensure stability and controlled management of nonlinear terms, various nonlinear control strategies
have been rigorously explored. Among them, passivity-based linear feedback control [13] and adaptive
passivity-based nonlinear control stand out. Passivity based sliding control and innovative combinations like
passivity-based control (PBC) merged with fuzzy logic control and sliding-mode control [14] also play a
pivotal role. These approaches collectively lead to an enhanced PMSG-based systems, thereby boosting
performance, stability, and efficiency. However, challenges persist due to intricate controller designs,
sensitivity to parameter fluctuations, and the need to address uncertainties and disturbances. In spite of these
hurdles, passivity-based control (PBC) introduces an energy-centric approach, reshaping natural energy within
the system and introducing necessary damping to achieve control objectives [15]. Beyond PMSG systems,
PBC extends its influence to diverse domains including smart grids, buildings, cyber-physical systems, and
electric vehicles. Its adaptability and associated advantages make PBC a promising choice for improving
system performance across various engineering fields.

In this study, a comprehensive control approach is proposed for permanent magnet synchronous
generator (PMSG) systems, addressing various challenges related to the PMSG's non-linear dynamics, time-
varying parameters, and external disturbances. The control scheme consists of two main parts: a fuzzy-passivity
based control (PBC) system and a classical proportional-integral (PI) control system. The fuzzy-PBC system
focuses on optimizing the PMSG's operational speed, rectifying non-linearities, and handling external
disturbances and parameter fluctuations. The PI control system regulates the grid-side power and voltage,
ensuring reliable and efficient electricity transfer. The proposed approach considers the complete dynamic of the
PMSG, emphasizing robustness against parameter variations. This work extends previous research on control
strategies for PMSG systems and utilizes the energy-based passivity concept, injecting damping to ensure stability
and convergence of measured signals. The proposed approach offers advantages such as a simple control structure,
fast convergence, mathematical simplicity, stability, and robustness against parameter variations.

2. METHOD

The configuration in Figure 1 integrates a wind turbine and a PMSG connected to the grid via PWM
converters controlled by FLBC and PI controller. Emphasizing the regulation of DC voltage and reactive
power, the dynamic equation of the wind turbine-based PMSG is nonlinear, as outlined in next section. Optimal
energy extraction is crucial for operational efficiency, and the MSC controller minimizes losses in power
transmission, sustaining the DC-link voltage. Simultaneously, grid-side control ensures the exclusive delivery
of active power to the grid.

Back-to-back converter

Wind Turbine I_ |. |. |- |' I' RiLy Grid
PMS 1 M-
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Figure 1. Grid connected PMSG based wind energy conversion system

2.1. Dynamic modelling of PMSG
The representation of permanent magnet synchronous generator in a d-g frame is derived as (1)-(3) [16].

dig . .
qum = qumd_gm + qumldqm + pwrtl(cl)f + ldqml‘dq)éY (1)
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d"-’rtl

]m - Tmech_Telm _xmwrtl (2)

3 . *
Teim z_zp(bfoldqm (3)

These equations feature matrices describing stator voltage (v44m,) and current (i 44,,), along with flux (¢),
inductance (Lggq.,m), and resistance (Rg) in the d-q frame as:

Vdm lam Qf] [Ldm [ ] 0
qu [ ][ Loml [0 Rs Additionally, ¢ = [ ]

The parameter includes turbine rotor speed (w.), electromagnetic torque developed (T, ) and moment of
inertia turbine (J,,,) (viscous friction factor (X,;)) respectively.

2.1.1. PMSG d-g model with linear feedback
The equation defining the relation between flux ¢4, and current i, is given as [17]. Substituting
value of ig4,, from (4) in (1) gives (5).

[%] (LaqLaqm + by) (4)

dd .
Vagm = qu + quldqm + pwrtl(cl)dq)f (5)

The use of a nonlinear feedback mechanism ensures perpendicular alignment of armature flux with the rotor
flux. This approach inherently integrates linearizing feedback by enforcing that the d-axis current (i4m,)
remains at zero. As a result, the PMSG closely mimics the characteristics of a DC generator. This linearizing
feedback can be mathematically described by (6)-(8).

Vam = _pwrtliqm* (6)

Considering i4," = 0, according to (5) gets reduced to (7).

<l>
qu q + quqm + pwrtl((bq)f (7)

While the following PI controller converges the error between i, and ig,".

Kmp (iqm* - iqm) - Kmi fot(iqm* - iqm) (8)

2.1.2. PMSG system dynamics: feedback interconnected electrical and mechanical subsystem

Concept of passivity-based control: The prerequisite to implement passivity requires computation of
Euler Lagrange model of PMSG with subsequent selection of suitable input output vector ensuring passive
relationship. Thereafter, the system is divided into subsection interlinked through negative feedback [18]. The
detailed machine side controller design is illustrated in Figure 2.

The control design comprises of two stages of control. The initial stage of control involves application
of fuzzy logic to derive electromagnetic torque. In subsequent stages control voltage is derived after desired
current is obtained using electromagnetic torque. For given subsystem, passivity is mathematically represented
by an integral inequality [19] as given by (9).

En(®) = En(x0) < [, T (Du(rd(7) )

This inequality ensures that the input power (uT4) is always greater than or equal to the decrease in storage
function, leading to energy dissipation or bounded energy storage. Total stored energy is derived as (10) and (11).

electrical energy mechanical energy
1 1
. _ - T . T 2
Eme(ldqmr wrtl) - E ldqudq ldqm + (l)dq ldqm + E]mwrtl (10)
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%Sme(idqm' wrtl) =- % (igqum) + %( cl)quj-dqm) + YemTVem (11)

Where, R,, = diag (Rqq, X,:) is a symmetrical as well as definite positive matrix. Integrating each side of the
above equation along [0, Ty,ecr 1, gives (12).

dissipated energy

Tmech .
Eme(Tmech ) — Eme (0) = fg " lgqumldqde

supplied energy

Tmec . Tmech
+ fg " YemTVede + [ (bquldqm]o (12)

Where, &,,. (0) is energy stored at t=0 while &, (Trecn) = 0
Hence above inequality concludes the passivity of the electrical subsystem. As PMSG is considered
to be decomposed of two subsystem that are passive. It is clear from the transfer function that mechanical

subsystem (;’"ﬂ =7 +1Y ) is also passive confirming passivity of PMSG as it is composed of interconnected
mech vi

electrical and mechanical passive subsystems with input and output vectors given in Table 1. Parameters details
for the PMSG and the wind turbine are provided in Table 2.

Machine side converter
|p|| {H} {Ijl- } l‘ ‘EJI- {ljl. Rl (!:'."ﬁ/
N —W-r—
e i : o

et e | (4B g
---------------------- I

I [.) 7

i b
- abem

e
PR SRR Vit = =PWr1 1 g

. t

e e \ O
Vom =Km‘” (Lgm = Lgm)—Knm, Jl‘;l"" = lqm)

i
1

1

1

1

1

I

1

1

I

1

1

! =

! Fuzzy
| : .
i Controller
1

|

I

i

|

|

I

1

!

!

1

I

1

1

=

b 5 | 1 1
1 ‘ ST
H 2L i low = a e
I be SEqm * Py 1 i = ) 1 1
1 i A - i €
: q 3p¢‘ @t e Rs 2 FpSoad, + A eq, : :
} ¢ 1 |
e e e Sy ool 1 i
Desired Dynamics :

Generator side controller

Figure 2. Schematic diagram of proposed fuzzy logic-based passivity generator side controller

Table 1. Electrical and mechanical subsystem input output vectors

Subsystem Input vector Output vector
Electrical idgm ] Vdq ]
= Y, =
Vem — Wy em Telm
Mechanical Vmech = (_Telm + Tmech) (_Telm + Tmech)
Ymech = —Wpr = ] + )S |

The proposed flux-oriented current controller based on passivity aims to design desired voltage
controller by determining both the reference current (idqm*) and the torque T,;,,,". Defining the desired vector
for flux and its corresponding errors as [20]:
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* * * T T * *
daq = [ba &3] and [egraeqrq] = dag — diag O bag = egr + dig

Substituting ¢4, in (5) we obtain dynamic equation of error function as in (13).

de i * * ;
% +Ppwrn egrX = —Raglagm” — (Pag + PWrusdig) 13)

The objective is to determine the i ,4,,"control input that leads to the error vector ey, converging to zero. To
analyze system's stability, a function D (ey) is introduced that defines reference energy such that (14).

1
D(eyr) = Eegf * ey (14)
The derivative of %?’f) along (1) leads to (15).

dD(egf) . * ddy P
chf = —eps’ (qu(ldqm )+ qu Pwrrzf(bdq) (as pwrgeyrTeyr = 0) (15)

This leads to controller dynamic for reducing error vector as (16).

C L 1 ( dog"
igm = 05 ign = E(_d_f-l'pfwrtld)f +/1fqe¢fq) where ¢y > 0 (16)

Addition of damping factor Ag.

By setting the direct current i, to zero, the PMSG can achieve maximum torque. The flux vector
dqq 1s required to configure the current controller i,,,,". As clear from (16) first term of i,,," defines the
reference dynamics while the second term is added as a damping factor which in turn makes convergence faster
along with improving system stability. It also ensures the strict passivity of the closed-loop system. The
proposed passivity-based current controller leads to an exponential decay.

Table 2. PMSG & WT parameters for simulations
Rated power P=1.5MW
Pole pair numbers  p =40
Stator resistance Rs=3.18 mQ
Stator inductance  Ls=3.07 mH
Moment of inertia  J=10100 kg.m?

Flux linkage ¢ =7.0175 wb
WT radius R=345m
Inertia (WT) J =35100 Kg.m?
Air density 1.025 kg/m?

CP opt 0.48

2.2. Reference torque using fuzzy logic controller
The relation between current vector and 1 44y, and flux &gy, is given as (17).

cl)dqm = g;z:] = (qumidqm + (l)f) 7)

In order to determine the appropriate control signal i 4, it is necessary to compute the flux g, [21]. 1 g =
0 asin (17) results in (18).

Cl):zm = Lqmidqm (18)

This equation allows us to calculate the flux reference ¢y as in (19) by combining (18) and (3).

* 2Lgm *
(l)q = gp‘foTelm (19)
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In the (19), T,;,,," represents the reference torque. By analysing the mechanical dynamic (18) and setting the
rotor speed w,.; to its desired value, we can compute the desired torque T,;,,,* using (20).

dwrel*
dt

Telm* =Jm _Xvi(wrtl*_wrtl) (20)

To address convergence limitations and counter the influence of mechanical parameters (J,,, and X,,;)
on the open-loop torque formulation, a fuzzy logic controller is utilised [22]. The use of FLC approach aims to
reduce static errors, ensure stability, and enhance robustness against parameter variations in the closed-loop
system. It accelerates the convergence of the speed tracking error (em = w,¢;* —wy¢;) [23]. The fuzzy controller's
design involves fuzzification, rule base formulation, and defuzzification, utilizing input signals like speed error
€m, as show in Figure 3 and its derivative, as in Figure 4 with trapezoidal and triangular membership functions,
as in Figure 5. These linguistic variables generate a control structure shown in Figure 6, employing fuzzy sets
from Table 3 that are defined as negative big (NB), negative medium (NM), negative small (NS), zero (2),
positive small (PS), positive medium (PM), and positive big (PB).

Table 3. Fuzzy rule table for fuzzy logic controller
E/CE NB NM NS Z PS PM_PB
NB NB NB NB NB NM NS Z
NM NB NB NB NM NS Z PS
NS NB NB NM NS Z PS PM
Z NB NM NS Z PS PM PB
PS NM NS Z PS PM PB PB
PMm NS Z PS PM PB PB PB
PB.Z PS PM PB PB PB PB

NB 1 NB NMNS 7 TS P'{‘UT B
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Figure 3. Membership function for input speed error Figure 4. Membership function for input rate of
change in speed error
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Figure 5. Membership function for output Figure 6. Control surface for FLC

2.3. Grid side controller
The grid-side converter (GSC) as shown in Figure 7 is designed to regulate the DC voltage and inject
only active power into the grid while maintaining zero reactive power. This involves controlling inverter d-q
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frame voltage components (e, and e;), grid voltages (vyq and vg4,) and d-q frame grid currents
(i4r and i45) [24]. Equation for DC link capacitor (V) and grid voltage is given by (21) and (22) respectively.

Yac _ E(‘”ﬂ ' Vqd 4 )_ '
(% =3 Vac ~U + Vae af Lac (21)

_ : - difa , — ; - difq
Vga =e€q— Rgplap +wlgpiqr —Lor—=; Vgq = €q— Rgplgr —wlgriaqr — Loy —= (22)

Grid side converter

Grid side controller

Figure 7. Schematic diagram of grid side controller

This approach generates a desired d-axis current (i) to ensure a proportional active power exchange
between grid and generator based on (i,5) while g-axis current (i,) is determined by generator's reactive
power (Qg4). In order to allow only active power injection into the grid, the reference current (i;jif) is
maintained at zero [25] while iZ‘}f ,v;fif and v;‘ff are subsequently derived as in (23)-(24).

i;;f = Kyc, (Vdcref - Vdc) = Kag, fot (Vdcref - Vdc) (23)

. . tr. . . . tr. .
vid = Kh(a] = iap) = K [ - dar)ivge = Kp(in) = iap) = Kot (5] = 1gp) (24

The mathematical model of GSC incorporates filter inductance (L), filter resistance (R, ), network angular
frequency (o), and DC-link capacitor (C). The (25) for active power (%,) and reactive power (Q,4) depends on

grid voltages and currents. The GSC's functioning focuses on ensuring stability and efficient power delivery
into the grid.

3 . 3 .
Fg =3 Voalari Qg = 3 Vgales (25)

Figure 8 presents the MATLAB based simulation diagram for the overall system. It unifies the
generator side and grid-side controller to illustrate the comprehensive control strategy implemented in the
proposed PMSG-based WECS. The figure clearly indicates the input, output variables and switching scheme
as per the generator side and grid side control scheme discussed.
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Figure 8. Simulation setup integrating generator and grid side controller for proposed PMSG based WECS

3. RESULTS AND DISCUSSION

In the comprehensive simulations, a 1.5 MW direct-drive PMSG-based wind energy conversion
system (WECS) is considered. The evaluation encompasses two scenarios: one assesses system performance
under varying wind conditions, while the other examines performance under both changing wind conditions
and parametric variations. Additionally, the FLPBC controller is compared with the conventional PI controller.

3.1. Case I: Performance analysis for variable wind and fixed parameters

Figure 9 illustrates a change in wind speed, shifting from 7 m/satt=1secto 12 m/satt= 8 sec. In
this analysis, it is considered that the system can receive power without limitations, indicating an unrestricted
capacity for power absorption. This suggests that the system can fully utilize the generated power. The
generator establishes the reference speed, and the DC-bus maintains a consistent reference voltage of 1150 V,
with zero kVAR reactive power reference. Table 4 provides the detailed information about various parameter
values and constants used.

3.1.1. Fixed parameter analysis

In Figure 10, a stable voltage at the DC-bus is seen that remains consistent despite changes in wind
conditions. The system's response, as depicted in Figure 11, reveals those variations in speed lead to
consecutive fluctuations in torque at the generator terminal. With increasing wind speed, there's a rise in
mechanical power input to the PMSG, resulting in a power imbalance. Consequently, the wind turbine
accelerates, as illustrated in Figure 12. Notably, Figure 13 clearly demonstrates the FLPBNC controller's
effectiveness in maintaining an optimal Cp value (0.48) when compared to the Pl controller. Assessing
FLPBNC's performance under stochastic wind conditions, as presented in Figure 14, highlights its capacity to
notably minimize the deviation of the power coefficient from its optimum value, as displayed in Figure 15, in
contrast to the Pl controller. Figure 16 presents a comparative analysis of reactive power (Qg) fluctuations
between the PI controller and the proposed FLPBNC. Notably, FLPBNC exhibits a peak error of 0.6 x 10™%,
which is lower than the PI controller's 1.3 x 10™%, indicating its superior convergence speed.

3.2. Case 2: Performance analysis for variable wind and variable parameters
3.2.1. Robustness analysis

The controller's effectiveness is evaluated under conditions of simultaneous variation in stator
resistance (Rs) and generator inertia (J), with a 100% change in set parameter values. Various simulation
outcomes are presented to illustrate the transient responses concerning electromagnetic torque, reactive power
regulation, and DC-voltage regulation. Three distinct scenarios for parameter adjustments are investigated:
i) 1.5Rs, J; ii) Rs, 1.5J; and iii) 2Rs, 2J; as a means to thoroughly assess the robustness of the FLPBNC.

It is evident from Figures 17, 18, and 19 that even a 100% change in Rs and J does not affect the
convergence of DC bus voltage, reactive power regulation as well as generated torque. Similarly,
in Figures 20-22 simulation results for (1.5 Rs, J) are shown for developed electromagnetic torque, reactive power
response, and convergence of DC bus voltage while for case (Rs,1.5 J) illustrated in Figures 23 and 24 proves the
robustness of controller. Across all three cases, it becomes evident that the proposed controller exhibits minimal
sensitivity to parameter variations. This resilience can be attributed to the inclusion of an additional damping gain
in the calculation of the reference g-axis current, effectively counterbalancing the impact of these fluctuations.
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Table 4. Grid side parameters

Parameters Rating Parameters Rating
DC link voltage Vae=1150V Grid frequency f=50Hz
Capacitor of the DC - link C=0.024 F Grid resistance  R,=0.24 pu
Grid voltage V,=575V Grid inductance L, =0.24 pu
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Figure 11. Generated torque for step change in wind
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4. CONCLUSION

A hybrid approach combining a passivity-based control with a fuzzy logic controller for a variable-
speed wind turbine employing a permanent magnet synchronous generator (PMSG) is proposed. The approach
yields precise control over torque, current, and speed parameters within a robust closed-loop system. This
integrated controller takes into account the complete PMSG dynamics to enhance wind energy extraction
efficiency. Specifically, the fuzzy logic controller is responsible for maintaining consistent rated-speed
operations and calculating higher reference torque values. Comprehensive simulation results validate the
efficacy of the proposed system, highlighting its swift response in capturing maximum wind power while
curbing reactive power generation. A comparative evaluation is performed between the conventional
proportional-integral (P1) controller and the proposed fuzzy logic and passivity-based nonlinear controller and
(FLPBNC). The outcomes confirm the superiority of the FLPBNC in managing power coefficient variations,
particularly during step changes and stochastic fluctuations in wind speed. Moreover, dynamic simulations
prove FLPBNC's robustness, revealing minimal deviations in critical parameters like torque, reactive power,
and DC link voltage even when subjected to substantial parametric perturbations ranging from 1.5 Rs and 1.5
J up to 2Rs and 2J. These results collectively emphasize the efficiency and stability of the proposed controller
in wind energy extraction.
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