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Abstract: This paper presents three advanced inductor current control'schemes for grid-
connected Quasi-Z-Source inverters with LCL filters in wind power applications. The first
scheme employs a sliding mode control (SMC)-based controller to regulateginductor
current via a shoot-through ratio. The second scheme intfoduces a fuzzy gain'scheduling
PID controller (FGS-PID), which replaces the SMC for induCtor current regulation. The
FGS-PID utilizes fuzzy rule-based reasoning to dynamically adjust PID gains based on
the error signal and its derivative, enhancing transient respansegreducing oscillations, and
ensuring system stability and accuracy. The perfarmance of these controllers is evaluated
against a traditional Pl controllersunder, identical conditions. Comprehensive simulations
on MATLAB/SIMULINK gand“experimental_hardware-in-the-loop (HIL) testing
demonstrate that: (i) SMC reduces capacitor voltage Tipple to +5V (0.35%)—a 62%
improvement over thedPI eontroller/ (=13 V, 0.92%)—and limits grid current total
harmonic distortion {THD) t0)<1.8%; (ii) FGS-PID achieves intermediate performance
(10 V ripple, <2.5% THD)Wwithfonly heuristic tuning; and (iii) SMC maintains stable
operation with 31.7% current overshoot during grid fault recovery, compared to 41.1%
for P1. The results provide valuable insights into the strengths and limitations of each
controller, offering a foundation for future advancements in wind power systems.

Keywards: Quasi®Z-Seurce inverter, Wind energy, Fuzzy PID controller, Sliding mode

controller, Hardware=in-the-Loop.

1 Introduction

Wind energy - conversion, systems (WECS) are widely
regarded as a‘promising alternative to fossil fuels.
Their advantages jinclude zero carbon emissions,
abundant availability, cost-effective operation, and high
energy output [1]. In these systems, the turbine captures
wind energy and converts it into mechanical torque,
which the generator then transforms into electrical power.
However, the fluctuating nature of wind speed poses a
persistent challenge to both the stability and efficiency of
WECS [2]. Wind turbines are broadly categorized into
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fixed-speed and variable-speed types, with the latter being
preferred for their ability to operate effectively across a
wider range of wind speeds [3]. Among the various
components used in variable-speed wind turbines, the
permanent magnet synchronous generator (PMSG) is
particularly notable for its advantages, including higher
efficiency, improved power factor, elimination of gearbox
systems, and reduced maintenance requirements.
Additionally, PMSG-based turbines enable flexible
control of active and reactive power, making them highly
suitable for wind energy applications. Despite these
advantages, there remains room for improvement in the

E-mails: k.mokhtari666@gmail.com, aliyari@kntu.ac.ir.
Corresponding Author: Mahdi Aliyari-Shoorehdeli.

Iranian Journal of Electrical & Electronic Engineering, Vol. XX, No. X, December YYYY 1


mailto:k.mokhtari666@gmail.com,
mailto:zzz@zzz.zzz.zzz

design and control structures of PMSG-based systems,
which can be complex and challenging to optimize [4].

Integrating wind energy into the utility grid relies
heavily on power electronic converters. Conventional
systems typically employ a two-stage topology,
consisting of a DC-DC boost converter cascaded with a
voltage source inverter (VSI) [5]. However, the quasi-Z-
source inverter (qZSI) has emerged as a more efficient
alternative, capable of performing both voltage boosting
and DC-to-AC conversion in a single stage. This
simplifies the system architecture and enhances reliability
[6, 7]. The gZSI is particularly advantageous for PMSG-
driven wind turbines, as it can effectively handle variable
wind speeds and grid disturbances [8]. Its continuous
input current feature also makes it ideal for wind turbine
applications, enabling maximum power extraction [9].
Furthermore, the qZSI mitigates dynamic issues in grid-
connected systems by reducing the damping of grid-
connected converters, which is essential for maintaining
system stability [10, 11].

The control objectives of the qZSI are diverse, focusing
on improving system performance and reliability across
different applications. Primary goals include maintaining
a stable DC-link voltage and delivering high-quality AC
output, which are particularly crucial for wind_energy
systems and electric vehicle applications® [12-14).
Variable Weight Coefficient MPC (V-MRC) and Finite
Switching Sequence MPC (FSS-MPC)  are applied) to
reduce current ripple and THD, thereby improving power
quality [15]. Other control schemes, such as inputedrrent-
based sinusoidal pulse width modulation (SP\WM), and
capacitor voltage, manage DC bus voltage and<shoot-
through states, enhancing robustness against parameter
variations [16]. Combining linear PWM and FCS-MPC
ensures high-quality waveforms and fast transient
response [17]. Proportional“intégral and Proportional
resonant control strategies arevalse implemented to
achieve simultaneous/control of both A€sand DC sides,
ensuringgstable opepation in buck andjboost modes [18].
Dualsloep lead—proportionalycontroflers ensure robust
DC-link “regulation and ™ suppress high-frequency
oscillations. [19]. In [20], a novel multi-objective control
strategy integrates 'sliding mode control (SMC) to
regulate inductor current/and maintain constant capacitor
voltage, ensuring low current ripple and pure sinusoidal
load current with low THD.

Among the various control objectives in the gZSI-based
wind energy system, the control of the DC side inductor
current is of utmost importance. This is because it has a
direct bearing on the ability to transfer energy from the
generator to the DC link and thus track the maximum
power point under varying wind speeds. In addition to
this, the inductor current is closely coupled with the
capacitor voltage and the shoot-through duty cycle,
making it a nonlinear control problem. Conventional Pl

controllers may have simple structures but may not
perform well in the presence of uncertainties. This calls
for the evaluation of advanced control strategies that can
address nonlinearities in the control problem to improve
robustness. This work proposes the design of a SMC and
a FGS-PID controller, both of which have significant
theoretical advantages for the control problem.

A principal goal in wind energy conversion is to create
a system that is efficient, robust, and reliable. The gZSI
helps achieve this by consolidating the entire DC-AC
conversion  process—including _buek and boost
functions—into a single stage. Thi§ consolidation reduces
architectural complexity and improves.everall efficiency
[9]. It also facilitates maximum_power point tracking
(MPPT) to optimize windenergy capture, often using
algorithms like hill«€€limbing or fuzzy” logic-based
optimization [21, 22]. Additionally, the control system
must manage active and reactive power to maintain grid
stability and_cemply with grid codes, often employing
techniquesglike Space Vectargiodulation adapted for Z-
source converters [23].\In stand-alone systems, advanced
control measures, such as Proportional-Resonant (PR)
regulators and modél ‘predictive control (MPC) with
optimized switching vectors, are implemented to enhance
dynamic performance and reduce thermal stress on power
devices [24]. Despite their advantages, conventional
MPC methods have several well-known limitations. They
typically impose a heavy computational load, suffer from
inconsistent switching frequencies, and require a
complex, manual process for tuning weighting
parameters.

This paper puts forward the following contributions:

e In order to address the coupled dynamics of DC-side
inductor current and capacitor voltage, which is one of
the major issues in the control of qZSl, this paper
presents a cascaded control strategy comprising three
levels of control: an outer voltage control loop with a
bandwidth of 5.31 rad/s, a middle grid current control
loop with 226 rad/s bandwidth, and an inner inductor
current control loop with 19.34 rad/s bandwidth. The
proposed control strategy facilitates the MPPT
operation under wind speed fluctuations from 6 to 12
m/s. The structure uses a main dual-loop to manage
DC-side capacitor voltages and active AC,
supplemented by two specialized feedback loops that
regulate the DC-side inductor and reactive currents.

Next, we developed a Sliding Mode Controller that
regulates inductor current by actively managing the
converter's shoot-through state. The core of this
controller is its switching surface, which we define as
a function of both the DC-side inductor current and
the capacitor voltage.

¢ A fuzzy gain scheduling scheme is proposed for the
PID controller to regulate inductor current, replacing
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SMC. A comparative analysis of the two control
strategies with a conventional PI controller is
conducted under identical operational settings,
evaluating their performance under fluctuating wind
speeds.

o Experimental hardware-in-the-loop (HIL) validation
verifies that the proposed sliding mode controller
(SMC) effectively minimizes the capacitor voltage
ripple to 5 V (0.35%) and the grid current total
harmonic distortion (THD) to <1.8%, which is a 40%
reduction compared to the performance of the
traditional PI controller under the same wind speed
and grid disturbance conditions. We confirmed this
HIL tests that pushed the system against a series of
difficult scenarios: fluctuating wind speeds, shifting
reactive power demands, and even grid disturbances
like voltage sags.

This paper is structured as follows. Section 2 describes
the configuration and develops the dynamic model of the
PMSG-based wind turbine with qZSI. Section 3
elaborates on the proposed control strategies. Section 4
presents comparative studies along with the simulation
and HIL validation results. Section 5 presents the
simulation and HIL results. Section 6 presents Practical
Design and Stress Analysis. In conclusion, Sectien, 7
summarizes the paper's main findings.

2 Wind Energy Preliminaries

The system's layout, shown in Fig ¥ featuresya PMSG-
based wind turbine connected to the grid through'a qZSl.
The process begins with the PMSG, which converts, the
wind's Kinetic energy into variable-frequency electrical
power. This power is then handled by an AC-DC-AC
conversion system, which relies on two converters
working together: a Machine-Side Converter (MSC) and
a Grid-Side Converter (GSC), linked by a DC capacitor.
The overall performance of the“turbine hinges on the
coordinated action of/the MSC and GSC¥»The GSC's role
is espegially critical{ as it iswesponsiblefor regulating the
PMSG's rotational speed and pewer,output. To do this, the
GSC is constructed with its"@wn impedance network, a
three-phase Voltage, Source Inverter (VSI), and an LCL
filter.
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Fig 1. Wind turbine-based PMSG with grid-connected qZSI

In high-power wind energy systems, a diode rectifier with
a gZSl is a proven and effective solution for turbines with
PMSGs. This approach is well documented in [25]. The
diode rectifier offers several key benefits:

1. Reliability and Robustness: Diode rectifiers are
simple, passive parts that do not need active
switching. As a result, they are highly reliable and
less likely to fail, which is important in the tough
conditions found in wind farms.

2. Cost and Complexity Reduction: Removing the
controlled rectifier stage redu€es parts, simplifies
control, and lowers costs./ These advantages are
especially important for {large;  multi-megawatt
systems.

3. Compatibility with qZSI MPPT@Fhe gZSI can
boost voltage and trackethe maximum power point
(MPPT) using itsishoot-through control. This means
there is_nomneed for an extra active rectifier for
MPP T

4. Grid Cgde Compliance: With a well-controlled
gZSlyand an LCL filter, this setup meets grid
harmanicystandards like IEEE 1547. This eliminates
the needforan-active front-end rectifier, particularly
at megawatt levels.

The Single-stage conversion provided by the gZSl
facilitates the power conditioning process while
maintaining efficiency and control [9, 25].

2.1 Dynamic Model of Wind Turbine

The rotor blades initially transform Kinetic energy into
mechanical energy. The kinetic power of the wind B,
passing through a hypothetical area A at a velocity v, is:

1
By = EprTvv3v> Ar = TZ'T‘% 1)

Air density (p,,) is represented as the mass of air per
unit volume (kg/m?), with A, denoting the rotor-swept
area (m?), v, indicating the wind speed (m/s) and 77
representing the blade radius (m). The air’s density can
change due to altitude, temperature, and humidity.
Specifically, at sea level and a temperature of 15, the air
typically displays a density of 1.225 kg /m3.

Applying the principles of Betz's theory, we can express
the mechanical power (P;) derived from the kinetic power
of the wind (B,,) as follows:

1
Pr=Ph, X CpT = EPWATUV?/CpT (2

The power coefficient of rotor blades, denoted as C,r,
determines the proportionate increase in extraction of
power represented by P,. Betz stated that the highest
achievable Cpr value is 0.593. In the realm of high-power
wind turbines, the C,r values typically fall within the
range of 0.32 to 0.52 for newer models. Information on
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Cpr Values for different commercial wind turbines can be
referenced in [26]. The definition of C,r in relation to
turbine coefficients Cr, through Cr is provided below:

Cre

c Cre
Cor = Cr1 (ALIZ — Cr3Pr — Crafif — CTS) et +Crdr  (3)

The pitch angle, denoted by B, can be modified by the
pitch control system, while A, represents the optimal tip-
speed ratio (TSR). The value of A; is determined as
follows:

Ap=29P = jL: (4)

Wind turbines that adjust their speed operate at the
most efficient Tip Speed Ratio (TSR) value across all
wind speeds. The Eq. (3) introduces the intermittent TSR
denoted by A;, which is linked to A and B, as depicted
in the following manner:

1 _ 1 _0.035 5)
A Ap+0.088r  BE-1

Fig 2 illustrates how a wind turbine's power output (Pr)
and its power coefficient (P,) change in response to wind
speed (v,,). Due to unavoidable aerodynamic losses, the
actual power captured by the turbine, Py, is always lower
than the total power available in the wind, P,,.

Three key wind speed thresholds define the“turhine's

operation:

e  Cut-in Speed (3-5 m/s): Below thisSpeed, the turbine
is idle and generates no power.

e Rated Speed (10-15 m/s): Between thetcut=in and
rated speeds, the power output ( P; ) ‘increases
cubically with the wind speed. This is the turbine's
normal operating range for power generation.

e Cut-out Speed (25-30 m/s): Once the wind exceeds
the rated Speed, the turhine's,control system actively
manages the aerodynamicforces to keep the power
output constant afsits maximum level. For safety, if
the wind speed surpasses the cut-out lmit, the turbine
shuts down completely[25].

Py & I (W) P, Curve F, Curve

!

Rated 4

Parking Parking
Mode Mode

ty (MYs)
>
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T
Cut-in Rated Cut-out

Fig 2. Wind turbine power characteristic curves concerning
wind speed [25].

2.2 Dynamic Model of PMSG

PMSG is represented in the synchronous dgq-frame
through the voltage and electrical torque equations as
described in [27]:

. _ Rms - WrLgms . 1
laims = — lgms + lgms + Vams
Lams Lams Lams (6)
. _ _ rlams . _ Rsm . + 1 _ Wrr
lqms - L lams L lqms L qus L
qms qms qms qms

The variables vgp,s and v,ns represent the stator
voltages. The quantities ig,,s and iy, denote the stator

currents. Additionally, 1, is the magnetic flux, and w, is
the electrical rotor speed.

The dynamics of the mechanical, rotor speed are
described as follows:

jm(":)m + Bmwm = Tm - Te (7)

The symbol w,, represents the rotor mechanical speed
in radians per secondf while T, and, Tz denote the
electromagnetic and shaft mechanieal torques in Newton
meters, respectively’ Additionally, J,, and B,, are the
shaft moment of inertia in kilograms per square meter and
viscous frietion in” Newten_meters per second. The
relationshitp between the mechanical rotor speed w,,, and
the electricalgfotor speed w, is illustrated as follows:

Wi = Pmewr (8)
Khe symbol B,,, denotes the number of pole pairs in an
electric machine.

By merging equations (7) and (8), the dynamics of the
electrical rotor speed can be expressed as follows:

Im o = Pomer oy Bm

P oy == (T, — Te) o 9)
The electromagnetic torque is acquired in the following

manner:

T = E‘P% [lprl'qms ~ (Lams = Lqms)idmsiqms] (10)

Upon resolving equations (9) and (10), the behavior of
rotor speed is described by the subsequent mathematical
expression

3P5m

Ppm 3P%m i i
- 2im (Ldms - Lqms)ldmslqms -

W, = —— i -
= m T g Yrigms

Bm
E wr (11)

2.3 Dynamic Model of qZSI

The gZSI leverages a unique impedance network and a
"shoot-through" state to step up its input voltage. As
shown in Fig. 3, this creates two fundamental operating
modes for the inverter: non-shoot-through and shoot-
through [28].
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Fig 3. The circuit equivalent to the qZSI network (a) Shoot-
through and (b) Non-shoot-through states.

2.3.1The Generalized Averaging Model of qZSI

The Generalized Averaging Model (GAM) utilizes the
complex Fourier series to represent waveforms. This
allows for the expression of any periodic variable y(t) as:

X() = Tk o (). 7 (12)

the symbol w represents the fundamental angular
frequency, while y, denotes the factor of the kth
harmonic, as defined in mathematics.

Xe(®) = 7 [y x(1). eI dr (13)

the period T = 2m/w aligns with the concept of a
sliding average. To provide evidence, we will employ the
subsequent notation:

Xc(8) = (e (0) (14)

Equations (12) and (13) give rise to two" essential
characteristics. The initial one pertainsgto the rate| of
change of the moving average articulated as

S 0) = (e (t) — e () (t) (15)

Additionally, the second characteristic pertainsito the
product of the variable:

Q-9 (®) = X (e (). (9):(0) (16)

The GAM is derived @analytically from the precise
topological model using/Fourier ‘series expansion. This
expansiond accounts/ for\ the average 'and first-order
harmopiC values of the ‘stateyvariables; For AC variables,
the primary harmonic (k= 1) of the pulsation ® is
considered,“@s outlined in Eq. (15). For DC variables,
which exhibit minor, variations, only the average value
(x = 0) is retained.

Regarding the study by [14], it is observed that in the

state of equilibrium¢the following conditions hold:
iy, =i, =0 Ve, =V, —Vin =0 (%))

Therefore, the ultimate dynamic representation of qZSlI
can be described as follows [28]:

. _  (r+R). (1-2d) 3R . ,
l,, =~ I3 lL, = Vc1 + oL (liqz[’)q + lidz[’)d)
a-a)
+ Vi
. _ (-2d), 3 . ,
Ve, = ¢ Wi, T E(liqzﬁq + iiazBa)
. . 1 Tr . 1
lig; = —Wwi; — Qv —V; —ljgz —— 7,
iqz idz + Lf( Ciz Ln)[’)q Ly iqz Ly fqz

. . 1 T . 1

ligz = Wligz + L_f (ZUCIZ - Vin),gd - L_flidz - L_fvfdz
— 1, 1,

Vrqz = —WVrqz + aliqz - C_flng

_— 1, 1,

Vfaz = WVfqz + alidz - C_flgdz

L 1 ol

lggz = ~Wlgaz + L, Ufaz = 1 jlaaz

. . 1 Tg . Vgadz
lgagz = Wiggz + L, Vfaz Ly lgdz L,

(18)

The variables d, Sgmand S, represent control inputs.
The eq. (18) is_ employed for the jpurpose of designing
sliding modecontrotler.

2.3.2 Small Signal Model of qZSI

In_ thesgSynchronausly rotating (d-q) frame, the
Generalized Averagéd Model (GAM) of the qZSI can be
expressed using the set of equations shown in Eq. (18).
Here, w=[d B, Pa| represents the input vector,
comprising the the dg components of the duty ratio S.
Meanwhile€,

X = [ile v(llz iiqz iidz quz vfdz igdz ing]
denotes the state vector. Through Eq. (18), the gZSI under
consideration can be analyzed from a control perspective
akin to a DC-DC converter.

The non-linear model in Eq. (18) is linearized around a
steady-state operating point. We define this point using
the constant setpoints for the capacitor voltage (v¢,,) and
inductor current (i; ), while assuming the grid current
(igqz) is zero. Solving the model with its derivatives set to
zero provides the remaining steady-state parameters
(noted with a subscript 'e"). This completes the fixed point
needed for linearization. The subsequent stage involves
deriving the linearized form of the Eq. (18) around this
equilibrium point, denoted by the symbol e, to indicate
deviations from the established stable condition.
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! _ (r+R) — _ (1-2d,) — + 3Rﬁqe —~
Liz — L Liz I3 Ciz 21 4z

3Rﬁde —~ ( vClZ Vm) 3R"“I€

+ Laz + Bq
2L
3Rijge 5=
4 —de
5L Pa

~ (1-2d,) — 318!19 — 3Bde ~ Zizlz 3
Ve, = c Liz ~ ¢ Ligz — 2C Lidz — d

3"“19 3llde

Bq 2C Bd
— 2v C1z —Vin > Zqu ~ _Tf ~ 1 -
Ligz = _wltdz :Bq Ly Ve, — Ly Ligz — L_fquz
— — Vm Zﬁde v Tf o~
Ldz = Whgz + ﬁd Ve, — L liaz — vfdz
— 42 1
Vfqz = —WVfdz ¢ ligz ¢ lgqz
—_— —~ 1 — 1 —
Vfaz = WVrqz + alldz - Elgdz
~ _~ 1 Tg ~
lggz = ~Wlyaz + T Vrqz 7 lgqz
g g

_ M 1 Ty
lgdz = Wlggz + Ly Vrdaz Ly lgd

(19)

The eq. (19) is utilized to design PID and FGS-PID
controllers.

3 Control Strategies

The resulting three-phase AC power from the PMSG is
immediately converted to DC. This is handled by a.diode
rectifier along with an input capacitor (Gg,),~which
together create the stable DC source voltagé (V;,,) forithe
qZSl.

The ability to operate a permanent magnet synehrenous
generator at variable speeds can be accomplished through
the utilization of the gZSI, which employs atconirol
scheme based on the current of an inductor. Fig. 4
illustrates the MPPT algorithms that rely on the spged
signal feedback (SSF).

Co$)—

Po—» P

op

Fig 4. Calculating the reference inductor current based on SSF.

The SSF MPPTalgorithm generates a reference speed
wrrer Dy utilizing the measured power B,.

A proportional-integral (PI) controller is employed to
produce the reference inductor current, represented as
ir1ref 10 keep the generator speed w, at its desired value

wrref:
iLlref = (kal + %) (wrref - wr) (20)

The PI controller’s proportional gain is denoted by
k,11, While its integral gain is represented by k;;,. The
reference inductor current magnitude varies with different

wind-speed conditions, allowing for MPPT operation by
tracking this variable.

The control system is designed to manage the power
injection into the grid. Its primary job is to regulate the
active power component while simultaneously providing
a specified amount of reactive power. To accomplish this,
we have implemented a three-loop cascade control
structure. The specific controllers within this structure
were designed and tuned using the linearized model from
Eqg. (19). So, the control system needs to establish a
balance of power between the DC _andhyAC components
while also preventing both regimes by maintaining an
adequate voltage in the DC capacitoig®g,, . Thus, the
initial necessity for power equilibrium translates into
regulating the capacitorvoltage v , to a copstant level,
guaranteeing the conVerter’s proper fumetioning. Fig 5
provides a schematic{of theqoropased control architecture.
All key specificationsifor-the qZSl-based wind power
system are distédnpin Table 1.4The design of these
parameters™ followed _ the*Umethodology outlined in
reference [29]¢

Table 1. Design Parameters of the wind power generation
system based on gZSlI.

PMSG and Rectifying equipment gZSI and grids
Rated ‘power 300 0 109
Input'rectified voltage 1100 [7 0 509
Stator Resistance 200 09 |O 17800 77
Stator Inductance 052 00 O 258 OO0
Pole Pairs 26 O 8500
Input Capacitors (L55) 17.8 OO | 05 835 00
Flux I|nkage 11.41 UD O 300

dq,
e

Fig 5. The comprehensive Schematic representation of a grid-
connected qZSI control block in Wind turbine-based PMSG.

3.1 Design of classical Pl-controller

Assuming steady-state operation and examining the
third and fourth components of Eq. (18), we obtain:

. . 1 1

ligz = —Wligz + L_f (ZUC1Z m).Bq llqz - L_f Vrqz

) . 1 1 (21)
ljgz = Wiz + L 2ve,, = Vin)Ba — L—f iz — 7, Vraz
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The inner control stage comprises two Proportional-
Integral (PI) controllers that regulate the d-q axis currents,
liaz and i;4,. The job of these PI controllers is to ensure
the measured currents precisely track the reference values
provided by the outer control loops. These PI controllers
are responsible for producing the compensatory terms
(uiqz and u;4,). By incorporating the decoupling terms as
depicted in eq. (22), autonomous manipulation of i;;, and
ljqz 1s achieved, thus enabling control over reactive and
active power via the 8, and 3.

1 .
ﬁq = —(ZU(; ) (uiqz + (J.)Lflidz + quZ)
1z (22)

Ba

= Gver. Vi (wigz — wLsiigz + Vraz)

By replacing the symbols 3, and 5, within the third and
fourth expressions of Eq. (21), correspondingly, we can
infer:

{Lfiiqz = Ujgz — rfiiqz (23)

Leiia, = Wigz — Trliaz

Eq. (23) delineates the characteristics of two separate,
initial-order, linear systems. By (23), the variables i;;,
and i;4, can be managed through the input variables u;q,
and w;q,, respectively. The schematic diagram depicted in
Fig. 5 visually represents the block diagram sh@wcasing
the current controllers for the d — and q —axis of the qZSI
network. Within this diagram, the resudlts of the two
corresponding compensators are labeledas wy, and .
The compensator operating along the d —axisyhandles
€iaz = Ligrer — Liaz and produces u;q,. Subsequently, in
alignment with (23), u;4, influences B,. Similarly, the
compensator functioning along the g-axis processes
€iqz = ligref — ligz and yields w;q,, which, as per (22),
impacts B,. The qZSI then_magnifies g, and g, by the
factor V,;. and produces df=and g—axis voltage on the
inverter side, thereby degulating ¥igzhand i;,, based on
(21). Within the control structure illustrated in Figure 5,
all signals), for control, feedback, sand feed-forward
purposes-are direct current'quantities in equilibrium.

The functions Gy, (s) and Cj,,(s) have the potential to
serve as a basiciproportiopal-integral (PlI) compensator
that facilitates the“ability to follow a DC reference
command.

plzs+kilz

k

Ciaz(s) = (24)

The parameters k,,, and k;;, denote the proportional

and integral gains, correspondingly. The s-domain

representation for an open loop can be described as an
outcome.

_ @ S+kilz/kplz
(o) = () e 25)

The pole located at s = —¢/Lg, near the origin, causes
a reduction in both the loop gain magnitude and phase at
a relatively low frequency. Consequently, the
compensator zero at s = —k;;,/ky4, initially cancels out
the plant pole, resulting in the loop gain taking the form
€iaz(S) = kp12/(Lss). Subsequently, the closed-loop
transfer function, denoted as €;4,(s)/(1 + £;4,(s)), can
be expressed as:

1

_ iaz(s) _
Giaz(s) = Ligrep(s) ~ Tis+1 (26)
if
k1, = L /7;
{ plz f/ i (27)
ki1, =16 /7

Choosing the Pl gaifis with Eq. (274).is"a powerful
simplification, as it makes thegsentire current loop behave
like a simple first-ordensystem defined by one parameter:
the time constant, 7;. This makes/the tuning process a
direct tradg<off. While a smallg#i is desirable for a fast
responsefthereds a hard physical limit. The controller's
bandwidth, which is 1/g;, cannot be allowed to approach
themgZSI's: switching' frequency, or the system will
become unstable® Therefore, the choice of 7; s
constrained: 1t~must be small enough for good
performance, but large enough to keep the bandwidth at
least & decade (ten times) below the switching frequency.
The“converter’s switching frequency, denoted as t;, is
commonly chosen between the range of 0.5 to 5
milliseconds, contingent upon the specific demands of the
application. The compensator C;,,(s) can also be utilized
as the compensator for the g-axis, C;q,(s).

For a given closed-loop time constant (z; = 1.0 ms),
Eq. (27) yields the following d- and g-axis compensators:

Ciaz(5) = Ciga(s) = 22 (28)

The external loops represent the grid dq current control
loops, in which two proportional-integral controllers are
employed to govern iy, and ig,, by the specified
reference values from the external control loops. These Pl
controllers are responsible for producing the reference
inverter currents (i;grer and ijgrer)-

The small-signal equations reveal a key symmetry in the
system: the transfer function from the d-axis control input
(g to the d-axis grid current (L5454 is
structurally identical to the transfer function from the g-
axis control (iq) to the g-axis current (L7555). These two

transfer functions, which we will refer to as 757~ and
oono
Do fespectively, are both given by the form shown

in Eq. (29).
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Gigdz(s) _ 12252 +1515+120
tidz 0245*+01353+02252+0215+020

. 29
Glng(s) — L2252+1213+120 ( )
iiqz

0245*+02353+0225%+0215+020

To explore the process of tracking time-varying
commands more deeply, one can analyze the closed-loop
grid current control system of qZSI by examining its
transfer function.

Igaz(s) £gdz(S)
Gy = 2220 = Lot 30
gaz Igdref(s) 1+£gdz(s) ( )

where the loop gain €44, (s) is specified as follow:
£942(5) = Coaz()G, 2 (5) (31)

Cgaz(s) and Cyq,(s) can act as a straightforward Pl
compensator in order to facilitate the DC reference
command tracking. Let

Kp2z5+Kizz
Cgaz(s) = 2= (32)
The selection of parameters for PI compensators in the
igaz control loop is determined by the lower bandwidth of
this loop compared to the i;;, control loop. The
compensators for the d- and g-axis are as follows:

Cgaz(s) = Coqu(s) = 2= (33)

The system is stable, with a phase pfargin of 90° and a
closed-loop control system bandwidth of 226 rad/s.

To regulate the voltage across a capacitor, a, Pl
controller is utilized to control the value of v  in‘ordes
to track its reference value and produce the desired grid
currents (Iygres)-

As per the small-signal equations; the transfer system is
represented as G; Cdlz in.eq. (34) describes the relationship

between the input i 4, @ndthe d-axis grid current vc, .

3 2
Gvclz(s) - 13353 F338%% 15, 5+i30 (34)
lgdz 0365%:+0355°+0345*+0338°F 03252 +0315+030

Examine how the transfer function regulates the
capacitor voltage on theyDC side of a closed-loop gqZSI
system.

ORI O)
GW:Z - Veirer(s) - 1+8pcz(S) (35)

where the loop gain €,,.,(s) is specified as
Cucz(8) = Coea ()G or () (36)

The transfer function C,.,(s) can act as a basic
proportional-integral (PI) compensator to assist in
pursuing a DC reference command tracking.

Cocz(S) = @ (37)

When designing the Pl compensator for the outer
voltage control loop (v, ,), we follow a key principle of
cascaded control: outer loops must be significantly slower
than inner loops. This creates a clear bandwidth hierarchy
for the system. As specified for this design, the v¢ , loop
is the slowest, the grid current (iy4,) loop is faster, and the
d-axis current (i;;,) loop is the fastest of all. Based on this
principle, the compensator we use is:

65+800
Coez () = T

(38)

The control system with feedback operates within a
bandwidth of 5.31 rad /s

Fig 5 shows the feedback logp.designed to regulate the
input inductor currenty Thefmeasured inductor current is
compared to its reference*value, and the resulting error
signal is fedginto ayProportional-lntegral (PI) controller.
The contfoller jprocesses this error to calculate the
necessary sheot-through duty cycle (7). To ensure
optimal performance, the Pl controller is tuned using the

: : B 5 . .
system's transfér function, /'~ as defined in Eg.
(39).

L4787 14650 +14555 +1445 +14353+1425% +1415+140

0hsS8+04757 +0465+0455°+0445* 04353 +0425% +0415+040

39)

Examine the closed-loop regulation of inductor current
by analyzing its transfer function.

13
Gyils) =

Gstz — I’-lz(s) _ Lstz(S) (40)

Iaref(s) — 1H+€ses(S)
the loop gain £, (s) is given by
250(5) = Cse ()G, 2 (s) (41)

The regulator’s transfer function Cg,(s) is defined as

_ KpazS+Kiaz

Cstz = (42)

N
The selection of the parameters for the PI compensator
to control i, is determined by ensuring a suitable phase
margin while ensuring that the control loop bandwidth
exceeds that of the v, control loop. Consequently, the
compensator can be derived in the following manner:

0.0022
Csez(s) =

(43)

The system displays stability, with a phase margin of
62.7° and a closed-loop control system bandwidth of
19.34 rad/s.

The reference for the g-axis current control loop is
determined using Eq. (44) in the dq reference frame.
Under the assumption of a stiff grid where the grid voltage
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(vgaz) remains constant, regulating the g-axis grid current
(iqgz) is equivalent to controlling the reactive Q, [29].

3 .
{Pg 2 V3dgzldg'z (44)
Qg = _Evdgzlqu
The pitch angle of blade (B) is adjusted by the wind
turbine’s pitch angle controller to decrease Pr, which
limits the power produced by the wind turbine when wind
speeds are higher than the rated value [9].

3.2 Sliding Mode Control of Inductor Current

SMC is particularly suitable for the gZSI inductor
current loop due to three fundamental considerations.
Firstly, the gZSI has two distinct topological states: the
shoot-through state and the non-shoot-through state. This
variable structure is naturally compatible with the
discontinuous nature of the control action in SMC.
Secondly, the sliding surface in Eq. (45) has the advantage
of combining both inductor current error and capacitor
voltage error, utilizing the inherent coupling relationship
between the two to simultaneously regulate the inductor
current. Finally, SMC has the advantage of robustness
against matched disturbances and parameter changes.
This is particularly important as the wind speed changes
continuously, thereby altering the operating peint:The
invariance principle of SMC ensures thatgthe System
dynamics, once the system is on the sliding surface,
depend only on the choice of the sliding Surface and are
completely immune to uncertaintieS. Thig iSyin direct
correspondence with the experimental results where the
capacitor voltage ripple and THD have been reduced:

In this section, we replace the PI controller for the
inductor current with a more robust Sliding Mode
Controller (SMC). The design process for an SMG/has
two main steps, the first amdmgmost critical being the
selection of the sliding-mode surface. This surface defines
the ideal trajectory for the system's state variables. The
controller’s” primary jobis to force the system onto this
surfacedand maintain “it there, which is crucial for
satisfying._the, sliding-mode yreaching condition and
ensuring stable centrol.

In this manuscript, the concept of the sliding surface is
described in the following manner:

Sstz = €iy,, + Yeéye,, (45)

Where eL'le = iLlref - ile, e”C1z = UClref - Uclz and
RC
L . .
The rate of change of the switching functions can be
represented using Equations (45) and (18). This formula
can be expressed as follows:

Sstz = iLlref - ile - Vﬁclz (46)

The sliding surface in Equation (45) uses both the
inductor current error and the capacitor voltage error. This
approach is based on the coupled dynamics of the quasi-
Z-source inverter. In the gZSI network, the inductor
current i, and capacitor voltage v, , are linked by the
circuit’s shoot-through and non-shoot-through states. If
only the inductor current is regulated and capacitor
voltage variations are ignored, unwanted DC-link voltage
deviations may occur, affecting system stability and
power quality.

The chosen surface S, togetherhwith y, keeps a
balance between current tracking and voltage regulation.
Using several variables helps the controllersmaintain the
energy balance in the impedancesnetwork and| respond
well to sudden changes and outside disturbances. This
method matches established slidipg-mete control
techniques for impedance-soureeseenverters, where using
multiple state variablesghas been shown to make the
system more robust and'fmprove itsdynamic performance
[18, 20, 30]¢

By adgptinggthis coupled sliding surface, the proposed
SMC not only achieves precise inductor current tracking
but also inherently® limits capacitor voltage stress,
contributing_ to the” overall reliability of the 3 MW
wind-energy conversion system.

This study will utilize a control input comprising a
comparable control regulation and a discretized

component. The comparable control regulation
establishes Ss;, = 0.
deq — Liparef+7ip, ,+Vc,,~Vin (47)

2v¢,,~Vin—2RiL,,

An additional discrete term of —Ksgn(Sg,) is
introduced into the equivalent disturbance input d., to
counteract unforeseen disturbances in a system, such as
unaccounted dynamics or parameter deviations. This
inclusion works towards improving the system’s
robustness. The resultant control input is labeled as d.

d =deq + Ksgn(Ss,) (48)

The switching gain parameter, denoted as K, is a key
element in the SMC system. It is a positive numerical
value that influences the system’s robustness. A higher
value of K can enhance the system’s robustness, but an
excessively high value can lead to increased chattering,
which is undesirable. Therefore, selecting an appropriate
value for K is crucial in the design of Sliding Mode
Control (SMC). The choice of K impacts on the ST ratio,
with a larger value of K resulting in a noticeable increase
in inductor current ripple.

Selecting the Lyapunov function V=%S§tz and
computing its derivative leads to
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V' = Sst2Sstz
_ . Vin—riL,—Ve,,
= Ostz \lLiref — L

— How T2 (4, + Ksgn(Ssez)) + )

(49)

2Ve,,~Vin—2RiL,,
= Stz (ClszLKSgn(Sstz) + ¢)
The unknown disturbance ¢ comprises primarily
parameter deviation and unmodeled dynamics. It is
assumed that ¢ is limited, with ¢, <n. Certain
conditions need to be satisfied to guarantee the sliding
condition.
K>—2 >0 (50)

2Ve,,~Vin—2RiL,,

3.3 Fuzzy Gain Scheduling-P1D Controller of Inductor
Current

The widely used PID controllers dominate the industrial
control domain because of the simplicity of the control
algorithm and the fixed switching frequency. However,
the gains of the controller cannot be varied, which is a
drawback in the context of the wide range of operation of
wind turbines. The FGS controller overcomes the
drawback of the traditional PID controller by relating the
gains of the controller to the error and the derivative of
the error using heuristic knowledge of the system. In the
context of qZSI current control, the FGS-PID¢€ontroller
represents a compromise between the simplicity of the
control algorithm of the traditional controller and the
complexity of nonlinear control algorithms. Although/the
FGS-PID controller cannot offer the robustness of the
sliding mode control algorithm, it can be implemented on
the existing hardware of the system, which represents a
significant advantage of the controller.

This segment employs FGS-PID to calculate a shoot-
through duty cycle (d). As depicted in Fig. 6, the fuzzy
inference block consists of ‘@ fuzzy, interface, rule base,
fuzzy inference mechanism, and defuzzification interface
[32]. Fuzzification plays a crucialk role in FGS-PID
controllérsy, as it facilitates the handling of system
nonlinearitiesyand uncertainties, Fuzzification entails the
representation ofisystem inputs and outputs as fuzzy sets,
thereby enhancing the controller’s ability to interpret the
system more flexiblyhandsrobustly. Nonetheless, FGS-
PID controllers can adapt their real-time parameters
according to the system’s current condition, which
enhances their ability to effectively manage these
nonlinearities and uncertainties.

|
K}, o

Fuzzy Inference |&
Mechanism

Ko

Fuzzy inference block

Fuzzifier
Defuzzifier

| K+ K

Fig 6. Structure diagram of inductor current control based on
fuzzy inference

The representation of the transfer function for a PID
controller is outlined as follows:

Kis
Cstz(8) = Kpst + % + Kpsts (51)

The values Kpg, Kpspyn and K, represent the
proportional, derivatiye, and integral gainsyrespectively.
Another relevant alternativegrépresentation of the PID
controller is:

1
Cota () = KA + Togss) (52)

The relatighship between the derivative and integral
timesconstants, denoted as T, and Tpg, respectively, can
be“expressed astfollows: T, = Kps: /K and Tpg =

KDSt/KPSt'

The tuning of PID gains is conducted in real-time
concerning” the fuzzy inference and knowledge base.
Subsequently, the PID controller produces the control
signal. The FGS-PID controller is distinguished by three
corrective actions, namely Kpg, Kps:, and K. It is
presupposed that Kpg; and Kp, fall within specified
ranges [KPst.min-KPst.max] and [KDst.min-KDst.max]
respectively. A linear transformation is applied to
normalize Kpg, and Kpg, to a range from zero to one for
ease of use.

Kl — (KPst_KPst,min)

PSt ™ (Kpstmax—Kpstmin) (53)
K! _ (KDst_KDst,min)

Dst —

(KDst,max_KDst,min)

The scheme introduced in the study calculates PID
parameters by considering the current value e error and
its initial difference Ae. Determining the integral time
constant is based on the derivative time constant, thus
establishing a relationship between the two.

Tise = aTpge (54)

The integral gain is obtained through an acquisition
process.

— Kpst — KFz’st
Kise = == (55)
aTpst aKpst

The error (e) of the inductor current and the rate of
change of error (ec) directly indicates the state of the
gZSl. Thus, they are chosen as input parameters for the
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fuzzy inference wunit. Upon completion of the
fuzzification, fuzzy inference mechanism, and
defuzzification processes, the parameters Ky, Kp:, and
a required for computing the ultimate PID gains are
determined. The input parameter is classified into seven
fuzzy sets, which are denoted as: "Negative Big" (NB),
"Positive Big" (PB), "Negative Middle (NM)," "Positive
Middle" (PM), "Negative Small" (NS), "Positive Small
(PS)", and "Zero" (ZE). The output parameters Kz, and
Kp,, are categorized into two fuzzy sets, specifically:
"Small (8)" and "Big (B)."

NEB NNV ~NS sy rs ! [ B

m

Degree of membership
=]
o

Degree of membership

™

Degres of membership

Fig 7. membership function ofg(ee),F and EC; (kpd)Kpg, and
Kpse; (alpha) a.

Fig 7 defines the membership functions” for the fuzzy
controller's,inputs and outputs.

Fuzzy rules play a crucial rolesn the current control
framework of theyinductor outlined in this study, which
comprises a sequence of fuzzy conditional statements.
The fuzzy inference proeess incorporates error and its rate
of change as variables, which are then processed to
generate fuzzy outplts Kjg., Kj, and a based on the
established fuzzy rules. The application of fuzzy logic,
presented in IF-THEN format, is articulated as follows:

if E=NSand EC = N, then Kpg, = Bg (56)

E, EC, and Kpg; represent fuzzy sets that are defined on
fuzzy input and output domains. Consequently, a
collection of rules, as depicted in Table 2, can be utilized
to adjust the proportional gain (Kpg:). Tables 3 and 4
present the tuning guidelines for K}, and a, respectively.

Table 2. Fuzzy Tuning rules for Ky,
EC

NB NM NS Z0 PS PM PB
NB Bg Bg Bg Bg Bg Bg Bg
NM Sl Bg Bg Bg Bg Bg Sl
NS Sl Sl Bg Bg Bg Sl Sl
E| ZO Sl Sl Sl Bg Sl Sl Sl
PS Sl Sl Bg Bg Bg Sl Sl
PM Sl Bg Bg Bg Bg Bg Sl
PB Bg Bg Bg Bg ,Bg Bg Bg

Table 3. Fuzzy Tuning rules for K, 4
EC

NB NM NS ZO©PS PM PB
NB Sl Sl Sh SIS Sl Sl
NM Bg Bg SLaSL SU Bg Bg
NS Bg BgwwBg “Sl\ Bg Bg Bg
E|\ Z0 Bg Bg~“Bg Bg Bg Bg Bg
PS 4Bg 'Bg Bg Sl Bg Bg Bg
PMg Bgg Bgy SIS Sl Bg Bg
PB. Sl Sl Sl SUL Sl Sl Sl

Table4. Fuzzy Tuning rules for «
EC

NB NM NS ZO PS PM PB
NB 20 20 20 20 20 20 20
NM 30 30 20 20 20 3.0 3.0
NS 40 30 30 20 30 30 40
E| Z0O 50 40 3.0 30 3.0 40 5.0
PS 40 30 30 20 30 30 40
pPM 30 30 20 20 20 30 3.0
PB 20 20 20 20 20 20 20

The defuzzification procedure involves inputting the
aggregate output fuzzy set and generating a singular
numerical result. While fuzziness aids in assessing rules

at various stages, the ultimate goal is to have a solitary
numerical value for each variable. Nonetheless, a fuzzy
set’s aggregate encompasses a spectrum of output values,
necessitating defuzzification to derive a singular output
value from the set. This study uses the centroid method as
the technique for defuzzification.

4 Comparative Study

A comparative study in table (5) comprehensively
compares the proposed control strategies with
conventional methods. The table clearly demonstrates
that the proposed cascade control strategies achieve the
lowest grid currents THD even in the worst control
scenario (conventional PID controller). Among the three
control approaches, the SMC control strategy offers the
lowest possible THD and a small ripple in DC capacitor
voltage. This thorough comparison instills confidence in
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the research. Conversely, few studies have utilized the
grid-connected qZSl structure in wind power
applications.

Table 5. Comparison of traditional and proposed control strategies for wind turbine based the three-phase grid-connected qZSI
Control methods Advantages Drawbacks
* Harmonic Reduction. » Complexity in design.

Predictive control

[23, 24, 31-33] * Dynamic Performance. « Sensitivity to parameter changes.
e * Reduce switching frequency. * Design Challenges.
* Improved Power Quality. » Computational Demand.
* Robustness and dynamic response ¢ Intricate mathematical modeling.
Sliding mode control * Optimal performance. * Potential for chatfering.
[18, 20, 30] * Decrease the switching frequency. ¢ Complexity it implementation.
» Enhanced power quality. * Has not been usedqin WECS.

Direct power control

« Straightforward control structure.
» Fast dynamic response.

» Need for switching noise filters.
+ Influénced by parametricgvariations.

[34] » Disturbance rejection * High THD' oo
« DynamiC switching frequency.
P1 based controller » Ensures seamless implementation. _+ Needs a dynami€ model.
[11-13, 35, 36] « fixed switching frequency. » Intricate caseade PI tuning.

» High Dynamic Accuracy.
» Simple design of cascaded PIs.

Proposed methods

» Simplicity in design ofSMC.
* Good reference tracking.

»_Noft easy to implement FGS-PID.

* Low THD in gridide currents.
+ Stabilitysimdisturbanceiconditions.

5 Simulation Results

In this section, the dynamic efficacy of the three
proposed control methodologies is systematically
assessed and juxtaposed in the context of variations in
wind velocity and reactive power reference, in addition

to ajvoltage sag as a perturbation within the grid.
Furthermore, an experimental Hardware-in-the-Loop
HIL) validation of the proposed control methodologies
is delineated in this segment. All controller parameters
repesent in Table 6:

Table 6: Controller parameters of each control methods

Cstz CU

Cyez ngz = ngz Cigz = Ciqz

Control methods

parameter§ “value), parameters value parameters value parameters value parameters value parameters value

05 Ky, -6 Ky 0 Ky, 0085

K 0
P4z

PID Kiap\ 0.0022 < Kyg, 15 K
Membership

a function

SMC K 0.007 K, 6 Kis,

[J 076899

10 Ks, -800 Ky, 2261 Ky, 1

5.1 Long Simulation with Variable Wind Speed

Our research utilizes the Matlab/Sim-Power Systems
toolbox for carrying out simulations and thoroughly
assessing the effectiveness of the suggested control
strategies. A thorough examination evaluates the
effectiveness of the GSC’s PI-controller, SMC, and
FGS-PID in varying wind conditions. The specifications
of the PMSG can be found in Table 1. The Pl-controller
parameters of the GSC are established using the
methodologies outlined in Section 2. The GSC relies on

the proposed control method to manage the capacitor
voltage (vc,,) of the overall gZSI and maintain a unity
power factor.

Fig 1 illustrates the block diagram of the proposed
system. The wind turbine model calculates this
configuration’s mechanical torque by analyzing the
wind velocity and generator rotor speed. The PMSG
converts the mechanical torque into active electric
power, which is then delivered to the grid via a three-
phase diode-bridge rectifier and qZSl. The system for
generating wind energy is assumed to be linked to the
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utility grid at a low voltage of 690V and operates under
conditions typical of our specified target area. The
system operates at a switching frequency of 10800 Hz,
with an output frequency of 60 Hz.

The performance of the three controllers is evaluated
when subjected to changes in wind speed, as depicted in
Fig 8.

0 5 10 15 20 25
t(s)

Fig 8. wind speed variation.

The PMSG functions in a mode of maximum power
point tracking, whereby the control of its electrical
rotational speed is predicated on the optimal active
power curve. Variations in wind speed lead to changes
in the electromagnetic torque and DC inductor current.
The g —axis grid current is kept constant at zeregto
maintain a unity power factor. The Pl-controller,"SMC,
and FGS-PID simulation results are depigted in Fig'9.
This illustration showcases the waveferms, of various
parameters, such as the dc-link Avoltage WVciidk),
capacitor voltage (v, ,), inductor current (iy,,),»shoot-
through control signal, inverter phase currentS(Z;gie),
grid phase currents (izqpc), and electrical rotational
speed (w,). In steady-state operation with a constant
wind speed of 10 m/s, it is found that all three controllérs
regulate the capacitor voltage, within +1% of the
reference voltage, which is set'tg 1400V, while keeping
the total harmonic distortion (THD) of the,grid current
under 3%4¢ Quantitative differences ‘hetween the three
controllérs are significant, as,it is foupd that, among the
three7 SMC has the smallestripple voltage, equal to 5V
(0.35%), while it also has the lowest THD, equal to
1.8%, as compared'to a ripple’voltage of £13V (0.92%)
and a THD of 3% fonthesPI controller. The FGS-PID
controller has a ripple voltage of £10V (0.71%) and a
THD of 2.5%. The actual values of capacitor voltage,
electrical rotational speed, inductor current, and LCL
currents closely follow the reference values. A
comparison of the results of the three controllers is
presented in Table 6, revealing that SMC delivers
superior performance.

N—— “"‘\-_,, N ,_,-———\.\“‘_‘
Fig 9. Obtainednlong simulation results of the 3 MW WECS
based three phase qZSI using the conventional Pl and FGS-
PID and the SMC controllers, where the dc-link voltage
(Vaguini) with zoom for some switching cycle, the inductor
currenty(iz/ ), the capacitor voltage (vc,,), the shoot-through
control”signal, the inverter phase currents (ij,pc), the grid
phaseé currents (iyqpc) and electrical rotational speed (w;.) are
shown from top to bottom.

The conventional Pl and FGS-PID and the SMC
controllers, where the dc-link voltage (Vgeink) With
zoom for some switching cycle, the capacitor voltage
(v¢,,), the inductor current (i, ), the shoot-through
control signal, the inverter phase currents (i;,,.), the grid
phase currents (igqsc) and electrical rotational speed
(w,.) are shown from top to bottom.

Table 7. Comparsion between the three controllers’
performance.
Pl FGS-PID SMC
v, ripple  + 13V (0.92%) + 10V(0.71%) + 5V(0.35%)
Grid current
THD

<3% <25% <18%

5.2 Short Simulation Involving Alterations in
Reactive Power Setpoint and Grid Voltage Sag

This simulation assesses the performance of three
proposed control systems during potential short-term
conditions, including variations in the reactive power
setpoint directed by the system operator and a grid
voltage sag of 0.70 p.u at 3.5 second lasting for 50
milliseconds.

Fig 10 delineates the grid’s reactive and active power
ascertained within this case study, wherein the system is
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modeled under the subsequent operational parameters:
1) a constant wind velocity is posited at 12 m/s; 2) the
operational requirements of the system operator
stipulate an active power output of 2.7 MW; 3) The
system functions at a unity power factor, where reactive
power is effectively zero, except for the interval ranging
from 2 to 3 seconds, during which the system operator
requisitions a reactive power of -0.56 perunit,
corresponding to -1.7 MVar. About the voltage sag
phenomenon, the system functions with an active power
level of 2.7 MW and exhibits a unity power factor
immediately preceding the disturbance. During the 0.70
p.u. grid voltage sag, the active power increases to 3.1
MW for the PI controller, 2.95 MW for FGS-PID, and
2.9 MW for SMC. This increase is attributed to the
reduced grid voltage, where the controllers maintain the
injected currents, resulting in an increased power output
due to the reduced voltage. The greater overshoot for the
Pl controller (~41.1%) compared to SMC (~31.7%) is
attributed to the reduced phase margin (62.7°) and the
absence of the disturbance rejection characteristic for the
linear control strategy.

T B T M 1T
1 m ?T = L m

- i
e T e T

.......

Fig 10. Obtained short simulation results of the 3 MW WECS
based three phase gqZSI using the conventional Pl and FGS-

PID and the SMC controllers, where the measured grid reactive
power (Q,4) and active power (F), the grid voltages (vgqapc),
the inductor current (i, ), the capacitor voltage (vc,,), grid
currents (igapc ), the modulation indices ( [75), shoot
through duty cycle (d), the inductor current error signal
( Ogioom ) and  the capacitor voltage error signal
(T 51000) are shown from top to bottom.

After the disturbance is resolved and the grid voltage
is restored, the active power returns to its normal level
and remains stable. The Pl and FGS-PID exhibit
diminished variability in the transient,phase and reach
the conditions prior to the fault mére efficiently than the
SMC.

Fig 10 depicts the influence of'woltage sag on the grid
voltage (vgqp) and comresponding current (#;,,.). The
transient behavior ofithe grid current noted for the Pl and
FGS-PID is marginallyssmore pronounced than that
observed in the SMCeontrollers. Regarding the DC
capacitor oltage, (v.,,) depiCted in this figure,
minimuprripple’is evident'before the fault event with the
SMC controller, and after that, this controller fluctuates
more. Ultimately, stabilizing the grid current after the
fault signifies thatthe wind turbine’s operational control
Is adequate‘once the grid voltage has been restored.

The results indicated the exact tracking capability of the
reactive power command. There was very little, almost
no, ‘evershoot, and an extremely fast settling time. Also
presgnted are the control command signals 7~ and
LI, which exhibit smooth responses and modulate
values that remain bounded throughout dynamic events.
Finally, during the disturbance, the shoot-through duty
cycle [7is stable and well-regulated, preventing
excessive voltage and/or current stresses on the
electrical power devices, and enabling the quasi-Z-
source network to function properly.

Overall, the short-term simulation results show that the
proposed  control  schemes  effectively  reject
disturbances, effectively decouple active and reactive
power, and exhibit very good transient performance for
grid-tied applications.

5.3 Experimental HIL Results

This section delineates the empirical findings that
facilitate evaluating and juxtaposing the real-time
efficacy of the three proposed control frameworks.

Fig 11 illustrates the experimental HIL configuration
established to corroborate the simulation outcomes. The
power generation facility operates in real-time within a
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FPGA!-based simulation apparatus. The control
architecture runs on a Texas Instruments Sitara AM5728
development board, while a desktop computer is
employed to observe the relevant signal parameters.
Lastly, the data depicted in this section are acquired
through a SIGLENT SDS1202X-E oscilloscope, which
quantifies the inputs and outputs from both real-time
simulation environments.

HOST COMPUTER!
e,

.

Fig 11. The proposed HIL configuration

As shown in Fig 12, the results from the ex

previously reported analysis. This figur
active and reactive powers ad

and phase-A grid voltage are also represented in #
figure. When active and reaetive powers change, the
SMC shows similar resp Pl and FGS-PID
controllersyvith no significant di

[Eres)

Fig 12. Obtained experimental HIL results of the 3 MW
WECS based three phase qZSI using the conventional Pl and
FGS-PID and the SMC controllers, where the measured grid
reactive power (Q,) and active power (), the grid current
(iga) and capacitor voltage (vc,, ) with zoom for some

I, field-programmable gate array

switching cycles, the inductor current (i, ) and grid voltage
(vg4q) are shown from top to bottom.

The outcomes of the experimental setup, illustrated in
Fig. 12, show the impact of a 0.7 per unit grid voltage
sag sustained for 50 milliseconds. The reactive and
active grid powers, along with the instantaneous current
and voltage of phase A, are depicted for all control
methods and all three controllers return to steady-state
operation within 400 ms of fault cleagance.

5.4 Comparative Analysis and
Interpretation

The performance differences

ncellation methods,
ance. Nevertheless,

controller, designe
guarantees nominal
the linear na

le and the inductor current. As a
ynamics introduced by the wind
e observed +13V voltage ripple
. On the other hand, the robustness

ifold that constrains the system trajectories over the
ing points. As a result, the invariance property

of the high-frequency chattering phenomenon, observed
on the shoot-through control signal, is a fundamental
trade-off related to the robust performance of the SMC.
Nevertheless, the chattering phenomenon is observed to
be within acceptable limits for the chosen switching
frequency.

The FGS-PID controller is seen to have an
intermediate position between the Pl and the robust
performance of the SMC. The gain scheduling employed
in the FGS-PID controller guarantees a better
performance in terms of the voltage ripple compared to
the PI controller; the observed voltage ripple is reduced
to £10 V. Nevertheless, the performance is still
dependent on the FGS control law and lacks the
robustness guarantee of the invariance property. As a
result, the FGS—PID controller is observed to have a
slightly higher overshoot in the grid current waveform
compared to the SMC during the grid voltage sag
condition in Fig. 10.

From an applied point of view, the outcome of this
comparison suggests that, for any given application
where the minimum THD and maximal disturbance
rejection are desired, SMC should be employed,
regardless of the associated 'chattering' and increased
complexity of implementation, since it offers the best
possible outcome. If, instead, ease of implementation
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and existing PID-based infrastructure are of primary
concern, then the FGS-PID method offers significant
improvements over the fixed-gain Pl method with only
moderate additional complexity. Finally, the Pl method
should be considered for applications where conditions
are benign and stability margins are high.

6 Practical Design and Stress Analysis

In order to determine the practical viability of the
proposed @qZSI in high-power applications, a
comprehensive design and stress analysis of a 3-MW
system will be presented in this section with the
following working assumption:

- DC voltage input, 755 = 1100V

- Reference capacitor voltage, [77;577 = 1400V
- Switching frequency, 757 =10.8 kHz

- qZSl inductance, [7,= [J,= [7=25.8 yH

- gZSI capacitance, [7,= [1,= [7=17.8 mF

- Modulation scheme: Simple Boost Control (SBC)
- The digital sampling frequency, [/~ = 100 kHz

The work relies on existing steady-state, dynamic, and
loss equations for impedance-source converters as
described in [29].

6.1 Operating Point and Steady-State Stresses

The steady-state operating point is determined_bysthe
shoot-through duty cycle (D) and the boost factor(B).

6.1.1 Shoot-Through Duty Cycle and Bogst Factor
From the gZSI voltage relationship:

1-D

1-2p i

Ver = (57)
Solving for D with [75;,=1400V and 75~ = 1100 Vi
1400 = ——>x1100 = D ~0.1765 (58)

The boost factor and the pgak,DC-link voltage across
the inverter bridge are:
1 1

B=E=m%1545 Vo= B, Vi, = 1.545 x

1100 = 1700V (59)

6.1.2Voltage Stresses

e Semiconducter devices (IGBTs and anti-parallel
diodes) in the inverter bridge:
Maximum voltage'stréss = Vpy = 1700V

e (ZSl diode :
Maximum reverse voltage = Vg +Vey =Voy =
1700V (during shoot-through)

e (ZSI capacitors (Cy, Cy):

Rated DC voltage = (Vo = 1400V) and (V,
L2y, ~300V)

1-2D

6.1.3 Current Stresses

e Input and inductor average current: For an output
power (P =3 MW),

P _ 3x10°
lin =5 =100 = 2727A Iy =li3 = I, (60)

e Inverter bridge average input current (Ipy):
Estimated from power balance,

P 1765A (61)
Vey 1700

e (ZS diode average current: During shoot-through,
the diode conducts the sum of the two inductor
currents minus the inverter input current :

Ipavg = 21, = Ipn.ang = 2 X 2727 — 1765 ~ 3689A  (62)

The RMS current will be lower due to the duty cycle

(D =0.1765), but remains in the kiloampere range.

e (ZS capacitor RMS current: Approximating the
capacitor current waveform:

Igoms =D - If + (L=D) - (Ipy £ 11)? ~ 144kA s (63)

IPN.avg d

6.1.4 Ripple Calculations

e Inductor current sipple ((Al)): Using” the volt-
second balancef during shoot-through (duration
(DTs), where (Toy=1/fs = 92.615)):
_ (Vip+Vc2)-DT, _ (11004300)x0.1765X92.6X10~°
25.8x105°

Al

(64)
The peak inductor eurrentiis (I peqr = I, + Al /2 =

3171A).

oam Capacitor voltage ripple (AV;):

__ Ipn+DTs Mp1765%0.1765x92.6X107¢
A ~—= =5 17.8x10-3 ~ 162V (65)

62 Transient Behavior and Mitigation Strategies

Startup ,conditions must not damage the QZSI;
therefore, several new methods have been implemented
in series and improved gZSI topologies to provide
additional protection for the gZSI.

e Through improvements in topology, the series
gZSl/Improved gZSI has enabled controlling and/or
eliminating low-impedance charging paths to
charge the gZS capacitors by using different sites
for the input diode. Therefore, the improved gZSI
topologies will regulate current during operation by
preventing the low-impedance charging path.

e Soft Start Controllers - The enhanced qZSlI
topologies use an improved digital control soft start
sequence to control the startup sequence. The shoot
through duty cycle increases at a predetermined rate
to the rated/normal duty cycle during startup.
Therefore, increasing the control voltage allows the
gZS Capacitor(s) to stabilise at the proper voltage
and prevents the qZSI from experiencing excessive
current and/or over-voltage during Startup.

e Protective circuits - The control board and gate
Driver are both designed with overcurrent and
overvoltage protection. This protection is provided
using Hall Effect sensors and voltage dividers.

~ 888A,_,

6.3 Component Selection and Practical
Implementation

To verify compatibility with commercially available
components, the calculated stresses were compared with
commercial semiconductor device specifications.
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6.3.1 Semiconductor Devices

e The inverter bridge consists of press pack IGBT
modules rated at 3300 V at 1200 A. The voltage
rating of each module exceeds the 1.9-volt margin
required for reliability (3300 V vs 1700 V). To meet
the kA current requirement, each IGBT module
position in the IGBT modules has three IGBT
modules connected in parallel. Each IGBT module
has its own gate driver and uses a symmetric busbar
layout, enabling both static and dynamic current
sharing.

e To accommodate the average current of 3700 A
during shoot-through, four 3300 V, 1000 A fast
recovery press pack diodes from the SSiC 3300 V
series were connected together in a bank
configuration to form one diode.

6.3.2 Passive Components

e (ZS Inductors (L = 25.8uH): Custom-designed,
liquid-cooled inductors are required. The core will
use amorphous metal (e.g., Metglas) for its low core
loss at 10.8 kHz and high saturation flux density.
The windings will be made from hollow copper
conductors, enabling direct water cooling to reduce
copper losses. Mechanical bracing is included to
withstand Lorentz forces at peak current (~ 32K#4).

e  (ZS Capacitors (C = 17.8mF): This is realizedas a
parallel array of high-ripple-current,/DC-link film
capacitor modules (e.g., TDK B25620 series, 2 mF,
1500V). Nine such units per’ capacitor, branch
provide the required capacitance and voltage'fating
while distributing the 1441 Amps. Low-inductance
busbar connections are critical.

6.3.3 Control Hardware

A Texas Instruments TMS320F28379D dual-core
DSP (or equivalent) is spegified. Its, 200 MHz clock rate
easily supports the 100 KHz sampling frequency (f;),
enabling the cascade-loop control, SBC medulation, and
protectigh routines t0 execute within 10us.

6.4 Justification of Switching and/Sampling
Frequencies

e Switching Frequency (f;,, = 10kHz): 10.8 kHz is a
design decision_thatrbalances increased frequency
with the more classic range of 1 to 3 kHz. This
decision was mdde to reduce the physical size of the
passive components in the qZS design, since
inductance and capacitance are inversely
proportional to the switching frequency. As such,
reducing passive component size was imperative in
applications with strict size and weight limits,
especially in offshore wind turbine nacelles and
propulsion systems. The increase in switching
losses associated with this decision is countered by

the new advanced liquid-cooling system previously
discussed.

o  Sampling Frequency (f; = 100kHz): This provides
over 9 samples per switching cycle, which is
sufficient to implement accurate double-loop
control, space vector modulation, and rapid fault
protection. It is well within the capability of modern
DSPs and ensures control bandwidth high enough to
manage the dynamics of the qZS network and the
grid interface.

6.5 Conclusion on Practical Feasibility:

Using current power electrohics technelogies, this
report presents a thorough analysisgof all”stresses and
components that prove a3 MW'gZSI can operate at all
specified conditions. Jhe“stresses on the veltages and
currents will be high; however, these stresses will
remain within the |specifications of the 3300 V class
press-pack IGBT, diade, and specially manufactured
passive componeénts available onsthe market today. This
report will also” address<the three main obstacles,
including managing Kiloampere currents, generating a
high-frequéncy ripple in the magnetics, and managing
thermal ‘dissipationt All three of these challenges have
been resolved by applying high-power engineering
techniques, such as paralleling devices, designing
magnets specifically for this application, and using
forced\liguid cooling to prevent device overheating. This
report shows how a qZSI system can balance high power
density (achieved through higher switch frequencies)
with high power efficiency, making this type of system
a viable option for future compact renewable energy and
drive systems.

7 Conclusion

A GAM model of the gZSI, has been employed. This
model enabled the implementation and assessment of
three different control strategies for a wind turbine-
based PMSG utilizing vector control. The performance
of the PI controller, SMC, and FGS-PID was assessed
under identical operational conditions, revealing
significant differences in their capabilities. All three
control mechanisms were tested in standard grid
scenarios, providing valuable insights into their
operational effectiveness. The following quantitative
findings are established:

Capacitor voltage ripple:

- PI: £13V, 0.92%

- FGS-PID: £10V, 0.71%

- SMC: 5V, 0.35%

The SMC controller reduces voltage ripple by a
significant 62% compared to the PI controller.

Grid current THD:

- PI: <3%

- FGS-PID: <2.5%

- SMC: <1.8%
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The SMC controller reduces THD by a significant 40%
compared to the PI controller.

Transient response (grid fault recovery):

- Pl overshoot: 41.1%

- FGS-PID overshoot: 36.2%

- SMC overshoot: 31.7%

While the PI controller performs well under stable
conditions, it struggles to handle wind speed
fluctuations, leading to notable voltage fluctuations in
the capacitor. During transient recovery following a grid
fault, the grid current measured for the Pl and FGS-PID
controllers is slightly higher than that of the SMC
controller. An HIL setup was developed to validate the
performance of the three controllers under diverse
operating conditions, confirming their satisfactory
operation.

In contrast, the SMC demonstrates smooth operation
under varying wind speeds, consistently outperforming
the other controllers. It exhibits superior performance in
terms of stability and transient response. Although the
FGS-PID is perceived as a straightforward controller, it
has limitations and requires significant computational
resources. In conclusion, the SMC emerges as a highly
effective and reliable control strategy for wind turbine-
based PMSG systems, offering robust performance
under dynamic conditions.
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