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Abstract

In this paper, a nonlinear power transfer matrix model is presented for power control of
Permanent Magnet Synchronous Generator (PMSG) wind turbines, incorporating the DC
link dynamics to account for transient stability, thereby clarifying the technical aspect and
purpose. The rising penetration of wind turbines (WTs) into the power grid necessitates
that they remain connected during and after faults to ensure system reliability. During
voltage dips, the stator and grid-side converter (GSC) of a permanent magnet synchronous
generator (PMSG) system are directly impacted by the sudden voltage changes. These dis-
turbances can induce large transient voltages and currents in the stator, which in turn may
lead to uncontrolled current flow in the rotor circuit and stress the converter components.
Moreover, Low Voltage Ride-Through (LVRT) is a critical requirement for grid connection
to Wind Energy Conversion Systems (WECS). It ensures that WTs remain connected and
operational during short periods of grid voltage dips (faults), instead of disconnecting
immediately. This capability is essential for maintaining grid stability. However, in this
paper, the authors propose an LVRT scheme for a grid-connected PMSG-based WECS. A
sequence of attempts was performed to validate the effectiveness of the proposed control
scheme under fault conditions and to improve its overall performance.

Keywords: nonlinear power transfer matrix; power control; PMSG; LVRT; WTs and
transient stability

1. Introduction

Wind energy is increasingly being utilized as a major source of power generation due
to its clean nature and is rapidly expanding across the globe. With the global population ris-
ing, energy demand is also growing [1]. As conventional energy sources are being depleted,
harnessing wind energy has become increasingly important, and its demand is expected
to rise in the coming years [2]. In a wind turbine energy conversion system, different
generators are commonly used, including DFIGs and PMSGs. DFIGs are more complex
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and costly compared to PMSGs. PMSGs offer high efficiency as compared to DFIGs [3].
PMSGs offer design features, including gearless construction, which decreases the cost of
maintenance. Their capability lies in producing power at varying wind speeds, making
them reliable for optimizing wind power generation [4]. However, PMSGs offer several ad-
vantageous characteristics, are widely used in wind energy systems [5,6]. The WTs function
at either variable or fixed speeds. Variable-speed wind turbines (VSWTs) are controlled
using power electronic equipment, and synchronous machines are employed based on the
control scheme [7]. The VSWTs have become more efficient and are widely adopted in
recent years [1,8]. In wind farms, grid voltage dips, whether symmetrical or unsymmetrical,
along with major faults, can adversely influence the working efficiency of PMSG-based
wind turbines. Maintaining system stability under such unbalanced conditions is essen-
tial [9]. However, conventional control strategies have failed to ensure stability during
voltage surges. For smooth and stable PMSG operation, protecting the stator windings
from overvoltage is crucial [10]. These windings may be damaged by power surges if not
properly safeguarded. Although much research aims to protect PMSGs from power surges,
current methods have proven insufficient for system stability. Traditional Proportional-
Integral (PI) controllers have also not improved performance or ensured stability during
fault conditions. To address this, Low Voltage Ride Through (LVRT) capability has been
introduced. LVRT refers to the ability of wind turbines to remain connected to the grid and
generate reactive power during grid faults [11,12]. A common method for protecting the
PMSG during faults is to connect a crowbar resistor to the rotor windings. This prevents the
machine side converter (MSC) from disconnecting during failures [13]. Crowbar circuits
shield electrical circuits from overvoltage caused by power surges [14], protecting the
generator’s stator windings and ensuring reliable PMSG operation. In PMSG-based wind
power systems, the short-circuit current (SCC) can be managed via the power converter.
However, SCC formulas are not applicable during transient states, as they cannot accurately
represent the system’s dynamic behavior under faulty conditions due to the complexity
of power system configurations [15]. Symmetrical short circuits are a common cause of
power failures in electrical systems. Despite symmetrical voltages, transient responses are
complex due to the variability of system parameters [16]. Therefore, a nonlinear dynamic
model of the PMSG, coupled with a feedback linearization control approach, is used to
achieve the desired performance under fault conditions [17]. This paper is organized into
ten sections. Section 1 provides the introduction. Section 2 covers the modeling of the
wind turbine’s mechanical power. Section 3 addresses the modeling of the PMSG wind
turbine system in the dg reference framework. Section 4 discusses the controller design and
analysis of the feedback control system. Section 5 offers an assessment of the stability of
the feedback control method. Section 6 focuses on the DC-link voltage controller. Section 7
addresses the angular speed operation controller. Section 8 provides system performance
evaluation and results, while Section 9 concludes the paper, and Section 10 addresses future
work and discussion.

1.1. Related Work

This paper proposes a nonlinear back-stepping controller for regulating the generator’s
rotational speed, with its stability verified through a Lyapunov-based analysis. A key
drawback of this approach is that it controls the generator speed without explicit knowledge
of wind speed, which limits its effectiveness [18]. To overcome this limitation, a nonlinear
sliding mode control strategy is introduced to enhance the dynamic performance of the
permanent magnet synchronous generator (PMSG), thereby ensuring stable power transfer
to the grid. In this framework, a proportional-integral (PI)-based sliding surface is designed,
and Lyapunov stability theory is applied to guarantee asymptotic stability of the closed-
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loop system [19]. Additionally, transient stability and DC-link voltage regulation during
LVRT are addressed. A time—frequency analysis based on the Hilbert transform is employed
to characterize nonlinear oscillations, and the study demonstrates that such oscillations,
along with system stability, are strongly influenced by active power variations [20].

1.2. Research Contribution
The research contribution of this paper is discussed as follows:

(1) In this paper, a nonlinear power transfer matrix approach is applied to model the
dynamic behavior of a PMSG-based wind energy conversion system. Unlike conven-
tional models that rely on voltage, current, and flux linkage as state variables, the
proposed nonlinear power transfer matrix employs instantaneous active and reactive
powers as the state variables.

(2) To achieve the effective regulation of active and reactive power, a Lyapunov-based
stability scheme is incorporated into the conventional controller, thereby guaranteeing
the stability of the nonlinear system under uncertain wind conditions.

(3) During the fault circumstances, the grid voltage can sag. LVRT-capable generators
inject reactive power to support voltage recovery.

(4) After the fault is cleared, LVRT ensures a smooth transition back to normal operation
without unnecessary tripping and reconnection delays.

2. Modeling of Wind Turbine’s Mechanical Power
The mechanical power extracted by a WT is given by Equation (1) [17,21].

1
Py = §P”R2Tcp()\rﬁ)v3wmd 1)

As p represents the density of air; Rt shows the turbine blade radius; v shows the
wind speed; and Equation (2) represents the WT power coefficient that can be computed by
employing the tip speed ratio (TSR) A and blade pitch angle §, and Equations (3) and (4)
become the following:

116 —12.5
Cp(A,B) = 022(— — 0.4B = 5)e—== 2)
1 1 0035 3)
A A+0088 BB+1
A (TSR) can be defined as follows:
A= wWrotRT (4)
Vwind

3. PMSG Wind Energy System Model Based on Power Components

The power converter adds an MSC for the generator’s speed control and a GSC for
inserting power into the system. Real and reactive powers for GSC with passive sign
convention in the synchronous frame of reference are given in Equation (5).

pg(t) _ § Usd  Usg igd
lqg(t)] 2 L’sq _vsd] qu‘| ©)
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where Vy; and Vs, represent the stator voltages, and igy and igg represent grid-side con-
verter currents appearing in the synchronous frame of reference, respectively. Resolving
Equation (5) will result in Equations (6) and (7), whereby we achieve the following:

igd _ Pg(t)

[igq Ky Qg(t)] (6)
ps(t) :_§ Usd  Usq | |isd

bt R el "

Correspondingly, the real and reactive power elements of PMSG resolved in about
stator currents are in Equation (8), and we achieve the following:

2 Usd  Us
K,=—2|"° 71, = /02 2
Y 3o [ —Usd] o AR, ®

Usq

Stator current components are provided in Equation (9):

is _ Ps (t)
b

qs(t)
3.1. Modeling of PMSG Wind Turbine System in dq Reference Frame

Voltage and flux equations are given in Equations (10)—(13) summed up as follows:

Vis _ Ags +w 0 -1 Ads Rs 0 Iys (10)
= s
Vs Ags 1 0 Ags 0 R Igs
Viar Adr )\qr 0 1 Ry 0|l
— _ 11
Vyr [/\-qr Flws=pwdt = o Tlo r | b
Ads _ Ls O Iy n Ly 0|y (12)
)\qs 0 Ls Iqs 0 Lm Iqr
Agr _ L, O] |l " Ly, O Iy (13)
Adr 0 Ly |l 0 Lp Igs

Replacing Equations (12) and (13) within Equation (10) for %S and {di:, we obtained
Equation (14) as follows:

Ids 2
a | _ e ws Igs ay a3 || lar | ’;LL’jfrr { o }
% ws a1 Igs as ap Iqr 0 ds
L pLiwr
4 oLsLy . Vdr + ap 4z Idr + oLsL, [IQ} (14)
0 (TL;”Lr Vqr as ap Iqr 0 ds
Ly 1
4| L Var | | o1 0 Vs
L 1
0 oLgL, VW’ 0 oLg VEIS
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Replacing Equation (7) with Equation (14), the subsequent Equation (15) can
be achieved:

- %0‘1/ by —Wslip P a1 Rrvdg a1 Ry ng )\ds
Wl —2a1b Q + A
slip 34191 s a1 R, Ve _D‘erVdg qs (15)
+paiLy Vas Vag Ads ] wy — a1 Ly, Vag Vag Viar +al, [Vﬂ
Vig- Vig || Aes Vi Vg »

The stator flux equations can be obtained by substituting I5; and Iz from Equation (7)
into Equation (10). Subsequently, A;; and As; are resolved and expressed in Equation (16).

Ads
Gt P, 0 ws||A
= s s ds
The nonlinear model of the PMSG equation of wind turbine torque and rotor model is
provided as Equation (17):

R/Vig —R/Vig
R/Vye —RVgg

d p p
where P, ] and T;, represent the number pole pairs, the rotor inertia, and the mechanical
torque, respectively. The electric torque is taken into consideration as in Equation (18),

yielding the following:
3
T. = Ep()‘dsldr + Ags Iqr) (18)

In Equations (12) and (13), the electric torque and the dynamic model input are
mechanical torque, as shown in Equation (18). It can be explicit in terms of active and
reactive power. By rearranging Equation (17) in Equation (18), the equation can be attained
as in Equation (19), and we get:

d p? p?

P
awr = *m}\sqps + mASdQS - TTm (19)

3.2. Grid-Side Converter and Filter Model
The filter and d; model of GSC in Equations (20) and (21) are given as follows:

digdq . . .
Vsdq = Vedg + Lfidi’ +]weszgdq + Tflodg (20)

where Ly and Ry show the inductance and resistance of the filter, respectively, and the
index weighs variables at the GSC. Replacing Equation (6) in Equation (20) produces
Equation (21):

Py Vag Vg V2
ar by — P, T, I | |V &
gf = l 3 b‘“S} [ 3] ~15 équ édfq Vdf +15 Lf] 1)
= Ws 3 g i, I, af 0
Active power P, dispatched to the rotor is given in Equation (22):
3
P = 5 [(Vialia — Viglyg] (22)

Using Equations (7), (12), and (13), P, can be computed as Equation (23).

vy vy + Vv Ls(VisVia + Vs A A
p = Sttt et p g et g 1508, 11555, (@)
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Power losses were ignored due to small quantities. By taking the identical actual
power of the dynamic model of PMSG, as it may be achieved in the DC converter and DC
link model node in Equation (24):

Vdc(t)ldc(t) = Pg(t) - Pr(t) - Ploss(t) (24)

where P;(t) describes the grid power; P;(t) describes the active power of the rotor; and
Pjss(t) describes the power losses, containing the copper losses and the converter switch-
ing losses.

4. Controller Design and Analysis of a Feedback Control System
Active and Reactive Power Controller Design

This research utilizes vector-oriented control alignment based on V¢ for the MSC and
GSC. Thus, the components of the flux of a PMSG in a field-oriented frame of reference
with Vdg = 0 and qu = V, = A (constant) can be obtained, i.e., Vj, qu, Vi, and Vdf
correlates with Ps, P, Qs, and Q. separately. Subsequently, a continuous controller with
PI output feedback is implemented, allowing the controlled input to individually manage
the states of power at the intended source. Hence, the subsequent Proportional Integral
controller’s feedback output is MSC, considering MSC. Proposed PI controllers for RSC
output feedback are given as follows in Equations (25) and (26):

1

Vir = kporQs + kigy [ (Q: — Q) 5)
0
i L
r
Vqr = kPPrPs + kIPr/ (Ps - Psrgf)df + mvg (26)
0

The grid-side converters, suggested for the feedback PI controller’s output, are given
in Equations (27) and (28):

1
Vig = kposQs +kigr [ (Qg = Qf)dr @)
0
1
Vos = kppPe + kips / (P, — Pl ydr + v, (28)
0

where the gains kpgy, kiof, kpps, kips are scalar and positive. The right-hand part, last
term Vqr and Vq f are attached for reliability reasons with the valuation of Vg constant
and specified.

Controller Equations (25)—(28) are built upon a general grid voltage-oriented control
(VOC) design. In an open-loop system, by integrating these controllers, the full model
is expressed in VOC alignment rather than the conventional field arrangement method.
This represents a notable advancement, as it eliminates the requirement for measuring flux
or estimation. Nonetheless, stability must be analytically verified since the established
benefits of the field-oriented approach for demonstrating stability are not applicable here.
To achieve this, the complete closed-loop representation of the system and controller is
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presented in a manner that allows for a thorough stability analysis in voltage orientation as
in Equation (29).

Ps = —[3a1b + a1bokpp,] Py

(29)
—ws1ipQs — pa1 Ly VeAgswr + a1 Ry Vg gs — aqegrzyr

By exchanging Equations (25) and (26) within Equation (15) for Ps, the following
Equation (30) can be obtained:

: . 2
Qs = wsslipPs — [3“1b1 + alekPQr} Qs + pay Lrvg)\qswr + llerVg)\ds —wagzg  (30)

Now replacing Equations (25) and (26) with Equation (21) for Py, yields the succeeding
Equation (31):

3

Replacing Equations (25) and (26) with Equation (21) for P, yields Equation (32), and
we get the following:

3
Qg = wsPg — {bs + 2b4kPQf:| Qg — dafzaf (32)

Re-arranging Equations (16) and (19), Equations (33)—(35) can be obtained as follows:

b 1
Wr = Pa2LrVg)\dsPs - P“ZLrVg/\qus - 7(‘71‘ - 7Tm (33)
Ags = —0(3R7Vng + ws/\qs (34)
/\qs = —thRngPS — ws)\ds (35)

5. Stability Analysis of the Feedback Control System

Considering the 11th feedback control system and taking into account the following
Lyapunov function H in Equation (36):

2 2
H = g (P24 Q) + 5 (P)” +3(Qe)" + ;7 36
oy (G + M%) + 2(28, + 25 + 25 +25))
H is the time derivative, denoted in Equations (29)-(35), and can be defined as
H = —ngdxd < 0. The derivative of H is computed from the utilization of
Equations (20) and (37):

H = —[2by + bpkPPr] P? — [2b; + bpkPQr] Q2

37)
—(bs + %b4kppf)(Pg)2 —(bs+ %b4kPQf)(Qg)2 —bs + yTucl

See Appendix A for detailed parameters of Equations (29)—(37). Since the parameters
are positive being functions of the grid voltage magnitude, the generator, and the controller
gain the first five quadratic terms of the time-derivative of the storage function in Equa-
tion (37) are non-positive. Consequently, Equation (37) leads to the following proposition.

To begin the analysis of stability, and to determine that the system of the eleventh
order is Input-to-State Stable (ISS). Concerning, it is to evaluate the unforced feedback
control of the eleventh order, by setting ucl = Os1. The objective is to demonstrate that
the method possesses a Global Exponential Stability (GES) balance at the beginning of the
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point, which subsequently guarantees the Input-to-State Stability (ISS) of the 11th-order
system influenced by certain bounded external factors ucl.

Establishing Global Exponential Stability (GES) beginning of the unforced system is a
challenging endeavor because identifying an appropriate Lyapunov function is quite com-
plex. Therefore, we will begin by employing the previously identified storage function H.

It is clear through Equation (37) for the unperturbed method, a derivative of the time of
the function of storage is non-positive, i.e., H < 0. That certainly demonstrates Lyapunov’s
stability; the subsequent suggestion is valid.

The eleventh-order unforced feedback control possesses a state vector [x,z] T that is
independent, and may be expressed in Equations (38) and (39):

x x
M [ .2] = (J(x2) - R)[ ’ (38)
z z
M Osxel| [%a| _ |Jaxa)—re D x4
S = (39)
Opx5 Moz | |xu -DT ]| [*u
T
With x; = [Ps Qs Py Qg w,} being the r = 5 damped states and

T
X, = [/\ds Ais  Zdr Zgr  Zaf zqf} being the n — r = 6 un-damped states of the

T
n = eleventh-order state vector x;, = [xQ z} = [xd xu} , the matrix expressions are
related to Equations (38) and (39).

6. DC-Link Voltage Controller

The voltage controller used is as follows:

1
B = —kpacVie + ke [ (Vi = Vaoydr (40)
0

Equation (40) defines the DC-voltage dynamics, and it is noted that the usual method
of evaluation regarding the grid-side converter takes into account the DC current as a
disturbance input on the opposite side. The closed-loop transfer function is taken as
follows in Equation (41):
Vie _ a1kyge
V‘;Sf g2 + alkpdcs + alkldc

(41)

Duty ratio m,y is taken to be reliably identical to its stable valuation m; .. Transfer
function (41) permits to attain the controller designer to develop a closed-loop transfer
function with { damping factor, w;, natural frequency and unity static gain given below in

Equation (42):
2
VdC — 5 wn 5 (42)
V;Ef §% + 20 wps + wj

o kraemyy kpacrg . o . .
where w; = ——" and 2{w;, = Vet - Employing the 2% standard, the required settling
& T
time T; is related to { and w;, by Ty = ﬁ, resulting in the subsequent gain expressions:
' 8CVeria n 16CVeyig
Pdc = ¥ Pde = 5 070
M T my fg T
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To prevent dependency on gain m; fr which is changing in a broad operation scope of
the PMSG, the above-mentioned gain expressions acquired division is used in Equation (43):

k Pdc €2 T;
= (43
kldc 2 )
Mathematical statement (41) can be revised by utilizing (43), as in Equation (44):
1
Vie Veria (44)

Vil s+ o S+ o

This is evident from (44) that the behavior of the closed loop may be altered with the
criterion y = W, which shows that the design of the controller has to be followed
along a generalized root locus of the nonlinear system with changing criterion v, so for
steady-state operation, this complete anticipated performance scope of the PMSG system is
achieved. Since m;‘ 5 is anticipated to stay in a calculated domain of values. The root locus
evaluation gives a recognized significant range for the dominant pole of (44) that is to be
related to the expected settling time T;. Moreover, during the expression of the parameter
7, a suitable value for the integral gain kj;. can be chosen, although the value of kp, is
resolved from (43), which provides the required settling time and the damping factor.

7. Angular Speed Operation Controller

Through P; it may be determined that for values under P — Pérsig’ref , an exter-
nal speed controller can be applied to obtain the angular speed. This method can be
implemented using a PI controller as follows:

1
P_Zef = —kPwwr + klw/ (w:ef — wr)dt (45)
0
where wzef = Wi according to Equation (4) for the angular speed function. For evaluating

its function, the initial two differential equations of (17) are accounted stable under VOC
arrangement, providing the following:

R

AF = =
qs wWs

I}, and
Vgn’d —Rs If;s

A=
ds ws

(46)
For PMSG of MW ratings, the stator resistance is estimated at the extent of (m(}),
although for 50 Hz utility grids ws = 1007 rad/s. Consequently, the g-axis stator flux
component has a value that is small in number, having a stable value; thus, the d-axis stator
flux component supposes a fairly steady state value A4, shown as follows:
N VA
AL = Ay, = 8 47)

S

Thus, near-stator-flux-oriented control is anticipated for the machine-side converter.
Accordingly, by applying Equations (7), (12), (13), (18) and (47), the equation below-
mentioned electromagnetic torque is achieved as follows:

n:ig (48)
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That is dependent directly on the stator active power. Adjusting the stator power con-
trollers Equations (25) and (26) being quicker than the angular speed controller, considering
P, =P; of utilizing the timescale division assumption. In view of only the slow dynamics
of w, from Equations (17) and (48), the block diagram in Figures 1-3 derived analytically.
Recognizing the mechanical torque T}, as a disruption, the transfer function given below is
obtained for the closed-loop system:

Wy ]%sklw
- b, 7 P (49)
which can be written in the form of Equation (42) with w? = Kicop /(Jwy) and

20wy = [b/]+ kpop/ (Jws)] employing the 2% standard, angular speed controller gains are

measured below: . by T 16 ]
ws ws

Using the phrase ?/], the proportional gain is supposed to be negligible in large-scale

wind energy conversion systems, which cannot be considered in the gain selection method.
Moreover, | is a prominent variable of the system.

— Control Scheme for ~ Control Scheme for Grid

MSC GSC
Ps Power Converters

AC DC
_l_ —— FILTER

DC T AC

Vdc

Wind turbine control
system

Figure 1. PMSG-based WECS.

PgefEPs

(l)ref Te w]’
—Ar Ul ko v ! >
_ s 2 Js+b

Figure 2. Schematic diagram of the rotor dynamics and the proposed angular speed.
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Vde

ﬁ_ﬁ GSC
PMSG — A;

e i

MSC vacdt

. Vaia
Computation :
of
! Veic
ﬂ‘qs ﬂds ™ Clarke
Transformation

Figure 3. Control variables for MSC and GSC.

Concluding, it is observed that a new design method for DPC has been developed,
which ensures stability while providing reliable simplifications to the structure of the
controller and the comprehensive nonlinear implementation. As signified by the evaluation,
only voltage alignment is needed on the GSC and MSC, which further make it simple the
controller design. The whole system and controller configuration are illustrated in Figure 4.

N

<——Fault at one second

[

1
[
T

Phase "A" stator current (pu)

Phase "A" stator current (pu)
(=]

oM
ill T

0.5 1 1.5 2 2.5 3 3.5 4 0.7 0.9 1.1 1.3 1.5
Time (s) Time (s)

@) (b)

Figure 4. (a) Stator Symmetrical fault current. (b) Enlarged outlook of the stator fault current controller.

The established feedback control function controls the stator current related to a
PMSG and is also used to accommodate the actual values of the controller. The PMSG-
wind energy conversion system can be linked with a compensation network and a power
electronic converter. Figure 4a,b present the phase A fault current of the stator. A collection
is observed regarding of stator current. The proposed model is validated by plotting a
conventional model and employing it as a standard model. The proposed model is verified
by utilizing simulation as represented in Figure 4a,b.

7.1. Short Circuit Current Behavior

The response of the PMSG under three-phase inherent faults is illustrated in
Figure 5a,b. During this fault condition, the breaker is open when the crowbar protec-
tion circuit is activated. An increase in crowbar current indicates that the upper cut-off
threshold has been reached due to the rise in DC-link voltage. Consequently, the MSC is
disabled and remains non-operational for a brief period while the crowbar resistance is con-
nected to the rotor circuit [22]. If the DC-link voltage drops below the lower threshold, the
crowbar is deactivated and reconnected to the rotor circuit, allowing the system to resume
normal operation. Transformer saturation occurs when the terminal voltage falls below
the LVRT threshold, triggering the unit breaker to isolate the faulted system [23]. Figure 5c
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shows the impact of transformer saturation under three-phase permanent faults at the
Point of Common Coupling (PCC). The figure presents a comparative analysis of terminal
voltage behavior with and without the influence of transformer saturation, highlighting its
effect on system voltage stability.

E s o
] i & N\{WMMMN
) 1 1=}
: i Los
S 0.5 =
= s
= 0 = O0f
= S
= VYV
S
g AW I Z0s
: v e, WA
- B -1
i 15 =——Phase "A' ——Phase ""B'" =——Phase ""C"' ﬁ 1 =———Phase "A'" ——Phase "B'" ——Phase "C" |
i i L i
0.5 0.7 0.9 1.1 1.3 1.5 0.5 0.7 0.9 . 1.1 1.3 1.5
Time (s) Time (s)
@) y (b)
g 03 -
o= | I R B
@ —_
= 0.25 EHI% . . 2 5| Exceed upper threshold i
i) H -Breaker trip unit =, ‘Pussi\'e crowbar current
- 3 N
gb 0.2 el A\ ! Terminal voltage (pu) > Below lower threshold /
S s R | 2 s
S . erminal voltage (pu) ! oN / 2 1.5
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Figure 5. (a) Current in the stator at the time of a three-phase fault. (b) Voltage in the stator during
a 3-phase fault occurs. (c) Saturation effect of the transformer on the terminal voltage while a fault
occurs. (d) DC-link voltage behavior during a fault situation is brought into an asymptotically stable
position at a natural, uncertain wind speed.

7.2. Crowbar Protection

A thyristor-based crowbar actuation circuit can be triggered using a gate signal,
enabling it to enter conduction mode. Once activated, the crowbar remains conducting
until the current through it is extinguished. In more advanced configurations, active
crowbar circuits employ Insulated Gate Bipolar Transistors (IGBTs). Unlike thyristors,
IGBTs can be turned off by reducing the gate-emitter voltage below the threshold level [24].
Although the passive and active crowbar schemes differ in their activation mechanisms,
both manage extreme rotor currents through a bypass resistor. Crowbar activation can
be controlled using DC bus, either voltage or rotor current measurements. To prevent
excessive voltage on the converter terminals during faults, the bypass resistor must have a
low value, although it does not need to be highly precise. Therefore, adjusting the bypass
resistor value is necessary to meet the desired protection characteristics [25]. The passive
crowbar configuration is illustrated in Figure 5a, while the operational differences between
passive and active crowbar schemes during fault occurrence and recovery are shown in
Figure 5d. A back-to-back converter that helps regulate stator current and voltage profiles
supports the LVRT capability. The fault behavior of a PMSG under such conditions is
depicted in Figure 5c. The short-circuit response of the PMSG varies depending on the
type of crowbar circuit and the LVRT strategy employed. In some PMSG configurations,
a chopper resistor is installed in the DC link capacitor as an alternative to a rotor-side
crowbar circuit for dissipating fault energy.
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7.3. Current Limiting During a Fault

To enhance performance in tracking and extracting maximum wind power and to
maintain system stability under normal operating conditions, a structured controller de-
sign procedure is implemented [26]. This controller is responsible for improving overall
system performance while ensuring stability. It also addresses the rejection of disturbances,
uncertainties, and un-modeled dynamics [27]. In addition to the controller design, LVRT
and start-up algorithms are incorporated to protect against faults or severe oscillations.
Algorithms such as the active crowbar, series dynamic restorer, and dynamic voltage
restorer are considered effective options for implementing LVRT functionality. During
normal operating conditions, these protection algorithms function independently of the
main control approach. This independence makes them suitable for integration with the
proposed power transfer matrix method. A feedback loop is included in the system to
monitor converter currents and to reduce power reference commands during oscillatory
conditions. This loop works in conjunction with LVRT algorithms to mitigate overcurrent
scenarios during transients. Importantly, the feedback loop operates without compromis-
ing controller performance under normal conditions and is thus an integral part of the
controller design.

8. System Performance Evaluation—Results

This section presents a comprehensive evaluation of the proposed system and the
controller’s performance, using results obtained from real-time data. Table 1 summarizes
the specifications of the 1.5-MW PMSG system.

Table 1. PMSG wind energy system parameters.

Symbol Quantity Value
Rs Resistance (stator) 0.01 O
Rr Resistance (rotor) 0.00840 OO
Ls Inductance (stator) 0.005310 H
Lr Inductance (rotor) 0.0053135 H
Lm Mutual inductance 0.0051836 H
P No. of pairs poles 3.2
Rf Resistance of grid filter 0.03 2
Lf Inductance of grid 0.002H
C Capacitance (DC-link) 0.02F
RT Blade radius 36 m
B Coefficient of rotor 0.00016 Nm s/rad
Total rotor inertia 765.5 kg.m?
Ng Ratio of gearbox 62.1
B Pitch angle 0°
P Air density 1.2 kg/m?3
Aopt Tip-speed ratio optimal 6.323
ws Angular frequency grid 2mnfrad/s
Vg Voltage grid 575V rms

The recommended method of the nonlinear dynamic model to verify the efficiency of

the simulation results has been performed. At first, the performance of the dynamic system

was validated using small changes in real power.
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The gains of power are specified in Table 2. Furthermore, Table 2 holds the gain of
PI controller operation, which was measured for T; = 2.6 s and ¢ = 0.707, for the speed
of wind response of the system is simulated by the feedback control in Figure 6, which is
based on real information.

Table 2. Gains of the controller.

Gain Value Gain Value Gain Value
kPPr 0.001 kPPf 0.01 kPw 32,100
kIPr 0.001 kIPf 0.1 klw 6400
kPQr 0.001 kPQf 0.001 kPdc 10,000
kIQr 0.01 KIQf 0.01 kldc 4000

Time (s)

Figure 6. Variation in wind speed versus time.

Adjustments regarding references of reactive power for both the stator and the GSC
are being examined. Specifically, the combination of active and reactive power references
is initially established at zero. All along 3 s, the stator reactive power reference Qs gets
0.2 pu and at time instant 3 s, that supposes valuation at —0.1 pu. Alternatively, the reactive
power is exchanged between the GSC and the grid Qg becomes 0.2.5 pu, at that time 2.5 s,
and —0.01 pu at that time 4 s. Additionally, Figures 7 and 8 illustrate the feedback of
the stator flux elements. The assumptions made regarding the stator flux components
regarding speed control of the rotor apply to the studied operations, although a near
stator-flux orientation has been successfully attained. It is clear from Equation (35) that the
stator power expression in Equation (29) concerning the closed-loop control system, A, is
connected directly with P; and Ags is connected directly with Qs, which can also be verified
by inspecting Figures 7 and 8.

2.5 T T T
| | |
| | |
| | |
e e e S B |
H I |
1 | |
-~ 15F-------- - - - - -~ :
= | |
g ; | |
&£ P L R 7
| [RLLLLLL Conventional model
| |
Proposed model
| |
0.5F--------—- e —
| | |
| | |
0 1 1 1
0 2 4 6 8

Time (s)

Figure 7. Stator flux Ags (pu) vs. time (s).
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Proposed model
Conventional model

A, (W

Time (s)

Figure 8. Stator flux A4 (pu) vs. time (s).

In Figure 9, the optimal speed of rotor reference, alongside the response of the angular
speed, is presented. The stable transient reaction is revealed by observations that align with
the rotor’s speed controller design and arrangement. In Figure 10, illustrates the DC link
voltage attained between the MSC and grid sides. In the case of conventional controller , a
noticeable peak value occurs at 1.3 s as compared to the proposed controller suppresses
successfully. In Figure 11, the GSC, total PMSG active power, and stator responses are
given. A consistent result appears to be achieved with minor overshoots, and the negative
value signifies an insertion into the grid. Figure 12 shows the reactive power responses for
the GSC, the stator, and the total PMSG. A rapid transient is noted without any fluctuations.
Despite the lack of decoupling terms in all the controllers, the variations in reactive power
have a minimal effect on the dynamics of active power. The GSC reactive power, as well
as the stator, is immediately found within less than 1 s. As a reference to the change,
however, the reactive power dynamics are disturbed slightly by the changes in active
power. Ultimately, Figures 13 and 14 illustrate the results across all ratios of duty that are
constrained and take on values reflecting the linear functioning of both converters.

0.9 T
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085~~~ af -~ Tk | e Conventional model | |
|
|
-~ 08r---¢4---r-——-"H%-"-"“"T7T-""""~"--- AT
=
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-
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I 1
| .
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Time (s)

Figure 9. Rotor speed w; (pu) vs. time.

Lo ___ 1L __ d_ Lo _
| | | | |
1 1 1 1 1
3 4 5 6 7 8
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Figure 10. DC link voltage V. (pu) vs. time.
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Figure 11. Active power of the stator Ps (pu) vs. time.
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Figure 12. Reaction of the stator Qs (pu) vs. time.
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Figure 13. Active power of the grid P; (pu) vs. time.
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Figure 14. Reactive power of the grid Qg (pu) vs. time.

At every instance, the response of the system stabilizes at equilibrium after a brief
transient period, thereby fully confirming the stability analysis.

In Figure 15, the generalized root locus is given. The high negative value is at —5 Hz.
The arrows show the movement of the poles.
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Figure 15. Root locus for dc-link.

Figure 16 The frequency response curve is shown. Frequency response shows magni-
tude (top), phase (bottom), shows frequency response with respect to magnitude and phase.
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Figure 16. Frequency response.

9. Conclusions

In this paper, the LVRT capability of PMSGs is focused on by limiting stator current
oscillations and stabilizing the DC-link voltage during voltage dips. The proposed control
technique improves the transient response of the PMSG under fault conditions. Specifically,
the paper investigates real/reactive power control using a PI controller, with system reliabil-
ity enhanced through the Lyapunov stability method. Simulation results demonstrate that
the proposed nonlinear control scheme effectively increases real power output and reduces
current oscillations. The advanced Lyapunov-based stability analysis ensures the DC-link
voltage remains stable and the rotor speed is maintained for maximum power extraction,
even under disturbances caused by variations in real and reactive power references.

10. Future Work and Discussion

Although the Permanent Magnet Synchronous Generator (PMSG) WTs have proven
to be an effective and reliable solution for WECS, there are still several areas that can
be further investigated for systems, reliability, and efficiency under dynamic WTS and
power grid environments. However, some of the recommended future directions include
the following:
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Fuzzy Logic Control (FLC): These types of controllers can be applied to grip the
nonlinear and uncertain behavior of WTs, and it does not require any accurate mathe-
matical model.

Neural Network (NN) Controller: the NN controller is a well-known controller for
many applications, such as solar/wind and other renewable sources, and it can also
provide self-learning and pattern recognition that can enhance PMSG performance
under variable wind profiles. However, the research could discover the use of Al,
machine and deep learning architectures for predictive control, system identification,
and adaptive optimization in order to maintain the wind turbine systems’ stability
and performance.

Model Predictive Control (MPC): These types of controllers can be used to handle
various system variables with limitations, making them highly suitable for grid-
connected WTs. In PMSG systems, MPCs have the ability to optimize maximum
energy at minimum wind speed, and they can also minimize the system’s losses and
deliver smooth power during grid disturbances.

Hybrid Intelligent Control Systems: A combination of fuzzy logic, neural networks,
MPC, and Al could be integrated to create hybrid controllers that exploit the strengths
of each approach. For instance, fuzzy logic can provide robustness, while neural
networks add adaptability, and MPC ensures optimal control under constraints. Such
hybrid schemes may offer superior performance in terms of efficiency, reliability,
and resilience.
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Abbreviations
Cp Power coefficient of wind turbine
Rs  Resistance of stator
Ids d-axis Stator current
Igs  g-axis Stator current
Rr  Resistance of Rotor
Idr d-axis Rotor current
Igr  g-axis Rotor current
Appendix A
al = RS
V7 UL,
dn = RyLm
27 oLiL,
wyL
a3 = pwyLim
oL

by = RsL, + R,Ls
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