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Abstract: Low-voltage ride-through (LVRT) and grid support capability are becoming a necessity for
grid-tied renewable energy sources to guarantee utility availability, quality and reliability. In this
paper, a swap control scheme is proposed for grid-tied permanent magnet synchronous generator
(PMSG) MW-level wind turbines. This scheme shifts system operation from maximum power point
tracking (MPPT) mode to LVRT mode, during utility voltage sags. In this mode, the rectifier-boost
machine-side converter overtakes DC-link voltage regulation independently of the grid-side converter.
The latter attains grid synchronization by controlling active power injection into the grid to agree
with grid current limits while supporting reactive power injection according to the sag depth. Thus
grid code requirements are met and power converters safety is guaranteed. Moreover, the proposed
approach uses the turbine-generator rotor inertia to store surplus energy during grid voltage dips;
thus, there is no need for extra hardware storage devices. This proposed solution is applied on a
converter topology featuring a minimal number of active switches, compared to the popular back-
to-back converter topology. This adds to system compatibility, reducing its size, cost and switching
losses. Simulation and experimental results are presented to validate the proposed approach during
normal and LVRT operation.

Keywords: wind energy conversion systems (WECS); PMSG; LVRT; symmetrical voltage sag/dip;
machine-side converter (MSC); grid-side converter (GSC); swap control; grid interface; reactive
power control

1. Introduction

Climate change due to carbon emissions is a true global issue that needs strict actions
to reduce its threatening impacts. Shifting to renewables and transitioning to a low-carbon
energy are implicit for a more sustainable and cleaner environment. Although reaching net
zero emissions will demand serious measures by a large number of sectors and players,
wind power is placed to be a keystone in accelerating the global energy transition as one of
the fastest growing renewable energy technologies [1]. Despite the global pandemic, the
world added a record of 93 GW of wind power capacity in 2020, representing an increase
of almost 53% relative to 2019 installations and hitting a total global wind power capacity
of 743 GW [2].

The doubly fed induction generator (DFIG)-based WECS has been a popular topology
for medium-size turbines with a global market share. However, a new trend is directed
for taller and larger wind turbines, such as PMSG-based ones, to extract more power
and maximize energy captured via their associated full-scale converter systems [1]. This
configuration aims to achieve balance between generator size and maintenance effort,
where the need for a gearbox can be eliminated by using a high pole number-based
PMSG [3,4]. A comparative study of DFIGs and PMSGs showed that during the machine
early life, a PMSG has a failure rate 40% lower than that of a comparable DFIG [5]. With
full-scale converters and the ability to operate across the full speed range, the system is
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able to perform reactive power compensation and smooth grid connection. Moreover, the
generator is fully decoupled from the grid, which adds to its robustness against utility
faults. This makes the WECS better in terms of fault ride through compliance that can be
achieved without any additional hardware devices. In addition, wind energy conversion
efficiency is the highest compared to other types of turbines [6]. Finally, these systems
can achieve higher power density with multiple generators and by using the distributed
drive train concept [3]. To summarize, PMSG-based wind turbines have gained great
attention on wind farms due to their gearless operation, smaller maintenance cost, high
efficiency, as well as their full controllability range, which makes them more favorable than
their counterpart.

Normally, WECS feature two power conversion stages that employ an AC/DC
machine-side converter (MSC) at the generation end and a DC/AC grid-side converter
(GSC) at the grid side. PMSG MSCs are full-scale power converters that must be rated
the same as the generator capacity; thus, the system converter size, cost and complexity
increase. Commonly, there are two types of MSCs: active front-end converters or passive
front-end ones (diode rectifier) that can be assisted with a boost DC/DC converter. In an
attempt to reduce the converter size and cost, passive front-end converter topology can be
an attractive solution. It features less active switches and in turn less gate-drive circuits,
reducing converter implementation and control complexity. Moreover, less switching
losses are experienced, especially at low and average turbine speed conditions [7,8]. That
is why, for low and medium power ranges, passive front-end converters are considered a
predominant solution [9]. However, a trade-off for using this topology is met with higher
torque ripples due to the uncontrolled nature of the generator stator currents [7,9,10].

The dramatic scale-up of wind energy penetration and integration to the electrical
network result in several challenges in terms of utility, stability, and reliability. Conse-
quently, revised grid codes urge wind power plants to maintain system continuity even
under abnormal operation and transients. Among these challenges, LVRT capability has
lately gained much attention as one of the main integration issues that have been stan-
dardized in many countries. An LVRT requirement implies that wind power plants must
remain connected even in the presence of transient grid voltage dips. This maintains the
network voltage and frequency stability by injecting active and reactive power into the
grid under a predetermined profile related to the grid dip severity. Thus, LVRT is quite
a challenging requirement, affecting the design and control of WECS power converters,
for grid stability support and system reliability enhancement. Several studies have been
conducted to investigate the performance of various LVRT techniques on various WECS
during grid faults. Commonly, these techniques can be divided into hardware solutions or
software ones (modified control-based methods), which will be presented in the following
section [11-14].

In this paper, a PMSG-based MW-level WECS is considered, applying passive-end
MSC to achieve an economic fault-tolerant system able to compromise between generator
robustness against grid faults and converter cost-effectiveness. For LVRT, a swap feature
modification is proposed for the classical control scheme, enabling it to successfully work
during normal conditions or utility voltage sags. Normally at no fault, the MSC achieves
MPPT while the GSC regulates the DC-link voltage by controlling the grid current to
transfer the extracted active power to grid [15]. In this case, no reactive power (VAR)
control is required. However, during grid faults, if the classical non-swap control is still
applied, the GSC action will be affected as it is directly coupled to the grid. The GSC ability
to control the DC voltage becomes limited, since it can no longer deliver the wind power
extracted by the MSC to the grid. Consequently, the energy surplus must be dissipated into
the system, causing DC-link over voltages and grid current increase [15]. Meanwhile, the
GSC should satisfy grid requirements and inject VAR into the grid, as per the standards [16].
Thus, the GSC is required to achieve both functions of VAR control and DC-link voltage
regulation simultaneously. Since both control loops have different dynamics and different



Appl. Sci. 2022, 12, 964

30f29

time constants, this will affect the VAR control response since DC-link voltage dynamics
are slower due to the large DC-link capacitor size.

On the contrary, applying the proposed swap control action, system operation will
be shifted from MPPT mode to LVRT mode. In this mode, the responsibility of DC-
link voltage control is overtaken by the MSC rather than the GCS, which independently
controls grid current to inject the suitable active and reactive power into the grid based
on the sag depth. This increases the system capability of decoupling the grid current
controller from the DC-link voltage controller during LVRT conditions since both controllers
feature different time constants and dynamics. Moreover, this prevents any noise or power
oscillation propagation from one controller to another. Any surplus energy is stored in
the rotor inertia with no additional circuit required [13]. Finally, rises in inverter DC-link
voltage and grid currents are eliminated, thus maintaining power converter safety and
meeting system interconnection requirements. Compared to other alternative topologies
in the literature [15,17-23], the proposed approach features these merits, albeit with a
converter topology containing the minimum number of active switches. This in turn
reduces converter switching losses and cost, simplifies its implementation and minimizes
its control complexity. A simulation set-up is implemented along with an experimental
correlated prototype to verify the effectiveness of the proposed swap technique.

This paper is divided into nine sections. Section 2 describes the LVRT capability and
recent modified control-based mitigation studies. Section 3 describes the considered PMSG
WECS configuration and model. In Section 4, the authors explain the proposed mode-
shift LVRT control for grid faults. Section 5 depicts the simulation analysis of the studied
system using MATLAB/Simulink software, while Section 6 verifies the results through
experimental validation. A discussion is added in Section 7, along with a conclusion in
Section 8, and finally prospective future work is outlined in Section 9.

2. Low-Voltage Ride-through Capability

As the capacity of grid-tied wind energy systems increased, such integration has en-
couraged power utility operators to revise grid codes and to include technical requirements
of interconnected wind power plants to ensure grid stability and reliability. These rules
vary from country to country, but they share some common requirements, such as LVRT
capability, voltage and frequency variation limits, active power and frequency control,
reactive power control, voltage regulation and power factor control [24]. As indicated
previously, LVRT indicates the ability of a wind energy system to stay connected to the
utility network for a short time during grid faults and at voltage dip instances to minimize
any power generation losses. Different grid codes are tailored accordingly and vary in
terms of voltage dip severity and the allowable operation time for wind turbines to remain
connected to the network.

A typical LVRT curve is shown in Figure 1, with a special focus on the (E-ON) code, as
set by the German Distribution and Distribution Utility operators [25]. In the presence of a
grid dip, the wind turbine generators must remain connected to the utility network if the
line voltage remains over the limit line in Figure 1a.

Besides satisfying the active power requirement, the WECS is required to inject reactive
current as specified in Figure 1b without exceeding the current limit of the converter, in
order to assist the utility in holding the grid voltage. The amount of reactive power to be
injected depends on the amount of grid voltage dip, the amount of reactive current present
before the dip occurrence and the rated grid current [16]. According to Figure 1b, LVRT
capability should start when a voltage sag is detected below 90% of its nominal value. For
voltage sags ranging between 50 and 90%, 2% reactive current needs to be provided for
every 1% voltage dip. The WECS must be able to provide 100% reactive current if the grid
voltage falls below 50% [26].
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Figure 1. LVRT requirement: (a) voltage limit curves; (b) reactive current injection during fault.

As mentioned earlier, LVRT enhancement techniques for PMSG WECS are typically
divided into types that rely on the control scheme modification and others that require
auxiliary hardware modification. External hardware-based methods include chopper-
controlled braking resistance [27], energy storage systems [28], fault current limiters [29]
and using FACT devices at the point of common coupling (PCC) [30,31]. On the other
hand, modified controller-based schemes rely on enhancing the applied control scheme
to include pitch angle control [32,33], generator de-loading control [34], or reactive power
control [7,13,35]. Hardware solutions usually feature less control complexity, yet with more
size and cost compared to the alternative software control modifications. Thus, the latter is
considered in this paper.

Table 1 presents the most recent modified control-based techniques introduced to
address the LVRT problem facing grid-tied PMSG WECS [15,29-35]. It can be concluded
that all presented techniques terminate the MPPT process during sag conditions to limit
grid current rises and maintain its value within the safe limit as per grid standards. Ad-
ditionally, during voltage sag, all techniques inject reactive power (VAR) into the grid as
required by grid regulations except [17], which shows deficiency regarding VAR support.
Coordinated control between both MSC and GSC for DC-link voltage control is achieved
in [18]. Additional auxiliary hardware devices are required in [17,19-21] to store the excess
power during sag conditions, which adds to system complexity and cost. Finally, [15,22,23]
prevent any active power injection during faults, thus limiting WECS efficiency due to the
loss of active power transferred to the grid during the sag.
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Table 1. Recent LVRT mitigation techniques in grid-tied PMSG WECS.

# Topology + Switches Number Action of LVRT Mitigation Technique during Fault Additional Devices Mitigated
Para
MSC GSC
MPPT is perceived to keep Ig within safe limit.
. AFER for V. control, Vi, control is achieved by dissipating excess power in
Active front-end e ! ;
grid crowbar Extra crowbar resistance :
07 (Ai];:gz]éosryl;PT interface resistor. is required Ig rises
" Active Sw.: 6 Grid synchronization is achieved by the GSC.
No Q support.
MPPT is seized via MSC and P grid is decreased to
AFER ftor dec conctir})l, keep I within safe limits.
[22] AFER for MP PT gridntertace and fg Grid synchronization and Q control is carried out by Not required I and V. rises
Active Sw.: 6 control i ¢
Active Sw.: 6 GSC for grid support.
Surplus energy is stored in rotor inertia.
Ve control is based on coordinated control between
the MSC and GSC according to the GSC active power
AFER for grid limit capability; GSC controls Vdc, and MSC works in Not required
[18] AFER for MPPT interface, Iy control MPPT mode. If the DC-link current is within the GSC (For 1 q di itch I AV
Active Sw.: 6 d lati active power capability limits, otherwise MSC and Or ‘onger dips pitc g and Vg Tises
and Vg, regulation P P Y control may be required)
Active Sw.: 6 GSC will both control Vdc and MPPT is seized. y q
Grid synchronization and Q control is carried out by
the GSC.
Vi, control is achieved by the MSC.
f AFER for MPPT, MPPT is sei.zed and no P is injgcted into the grid to Not required
23] AFER1 (i; Ve grid interface and Ty keep the grid currents I, within safe limit. (Pitch control might be L oand V. 1i
- Arcet%‘llleasxlfé, control Grid synchronization and Q control is carried out by required if generator g and Vg Tises
- Active Sw.: 6 GSC for grid support. speed was critical)
Surplus energy is stored in rotor inertia.
Vjc control is achieved by the GSC.
Grid interface and Q control is carried out by GSC
according to;
a. if Pgen < Pgrid, generator power is set
AFER for V, control, according to the maximum grid power
AFER for MPPT grid interface and g capability with no Q support (MPPT is kept Extra crowbar circuit is .
(211 Active Sw.: 6 control ° on). required I and V rises
Active Sw.: 6 b. if Pgen > Pgrid, crowbar action is activated
with Q support and generator power is limited
accordingly (MPPT is detained).
c. MPPT alongside crowbar circuit is used if
rotor speed is max.
V4. control is achieved by the MSC.
AFER for MPPT, MPPT is seized and no P is injected into the grid to .

15 AFER for lv de grid interface and I, keep the grid currents within safe limit. ) I}\‘I ot requllred b a4 .
[15] Actci(\)rgt‘g(v)\/' 6 control Grid synchronization and Q control done by GSC for (Plt.c dc;)ntio maydAe Iy and Vi rises
" Active Sw.: 6 grid support. required for longer dips)

Surplus energy is stored in rotor inertia.
V. control is achieved by the MSC along with an ESS.
AFER for V. control, MPPT is maintained as long as ESS has enough reserve . .
20 AFER for MPPT grid interface and I, to store active power surplus, otherwise MPPT is ESS and 1th ?SSOCIatEd L and Ve
[20] Active Sw.: 6 control ended to keep I, within safe limit. CS;‘ {greadre g and Vg rises
Active Sw.: 6 Grid synchronization and Q control is done by GSC for 9
grid support.
MPPT is seized and V. control is achieved through a
. super capacitor energy storage element (SCES) Chopper
X AFfER for grid operated according to dip severity. contr%}loled
[19] AEEF fOEMP gT interface IX Con'frol Grid synchronization and reactive power Q control is super— Iy and V, rises
crve ows: anc[l\Vdﬁ re ulégon carried out by the GSC for grid support. capacitor is ’
ctive Sw: Surplus energy is stored in rotor inertia in required
coordination with SCES.
MPPT is seized and V. control is done by MSC
Diode bridge Three-phase VSI for (De-coupled Action). Not required

rectifier + boost
Proposed chopper for MPPT
Active Sw.: 1
Passive Sw.: 7

V4, control, grid
interface and I
control
Active Sw.: 6

P is injected into the grid is limited to keep the grid
currents within safe limit in accordance to grid code.

Grid synchronization and Q control is carried out by
GSC.
Surplus energy is stored in rotor inertia.

(For longer
severe dips pitch control
may be
required)

I and Vj, rises
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3. System under Consideration

As shown in Figure 2, the system under consideration is a PMSG-based WECS inte-
grated to a three-phase grid via two conversion stages. An AC/DC conversion stage at the
machine side applying a diode rectifier-boost topology followed by a DC/AC conversion
stage at the grid side featuring a three-phase voltage source inverter (VSI).

+ Generator Side H ' Machine Side Converter E: Grid Side Converter E E Grid Side :
: I . R A A E :
: HH i I D WOSTICESs ESs Ly, Voo '
H HH D[l D;| Ds 7 de 'b 4 W . \r i L | agrid '
H B - S SRR RN Y S | i 1 lagrid +
Vs o I S s g 3 N N
. ! I | ) I— g 4 ' H i;,g,.,-d| R , L | Vbgrid ~+ |
: PMSG ' l| | V; [ N Cd Vdcl:: * l:*H b B2 :
: 3 B x v~ 4 |
' - G | e e X | Sw, I ‘e lcgrid' ’ L | Vegrid 4 !
A R R ——— ) sl —()
' [ A 4 ! " (] —

: A | S Se S it ! :
: Wind E | Dy, Ds D, | | IE: : N FE ! | _! 3-Ph_ase :
... Murbine i Diode Rectifier __Boost Comyerter _ f_ vl....ib.. GrdFie 70

Figure 2. Schematic diagram of considered PMSG-based WECS.
3.1. Wind Turbine
Power captured by a wind turbine can be represented by (1) [36]:
1 3
Py = EPACp(/\/ ,B)Vw 1)

where p is the wind density, V, is the wind speed, A is the wind turbine blade swept area
and C, is the turbine-rotor power coefficient that is a function of the tip speed ratio, A, and
the pitch blade angle . The tip speed ratio A is defined as the ratio between the blade tip
speed w, wind turbine blade radius r and the wind speed V;, and can be demonstrated

by (2): o
- @

Thus, the mechanical power of the wind turbines can be controlled by A and . For
every fixed B there is a corresponding (C, — A ) curve, where each has an optimum C, (i.e.,
Cp,,;) value corresponding to an optimum A (A,pt). By controlling these values, the turbine
mechanical power can be modulated to any power depending on the available wind speed.
Maximum C, is achieved at optimized rotational speed when f§ is equal to zero.

A

3.2. PMSG

The mechanical power from wind turbines is translated into electrical power using a
PMSG. The PMSG voltage and current equations can be defined as in (3) and (4):

Odgen = (Ra+ PLd)idgen — weLgiggen 3)

Uggen = (Ra + pLq)iggen + WeLgiggen + @ fwe 4)

where v, and vyg.n are the PMSG stator dq axis voltages, and igge, and iggen represent the
PMSG stator currents, respectively. Ly, L; and R, indicate the stator dq axis inductances
and resistance, respectively. w, is the electrical angular frequency.

The electromechanical developed torque T, is obtained as given by (5):

T, = 7 (g) ((Pfiqgen + (Lal - Lq)iqgenidgen> ©)

where ¢y is the amplitude permanent magnet flux linkage and p is the number of pole pairs.
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The torque and mechanical speed can be related using (6), where | is the moment of
inertia, w; is the rotor mechanical angular frequency and T} is the load torque.

(2 dw, 2
3.3. MSC

Since the generator output voltage and frequency do not match those of the grid,
the AC/DC conversion unit at the machine side, transforms generator output voltage
and current to DC values, thus becoming frequency independent. This conversion stage
features a three-phase diode rectifier that converts generator output voltage to a DC voltage,
followed by a boost chopper which normally achieves MPPT.

The mean value of the rectifier output voltage V; is given by (7):

- 13 3v2
V= /2 V2 Vypsin (wst n %)d(wst) - %VLL ~ 135V, @)
378
where V| is the rms value of the line-to-line input voltage and ws is the input voltage
angular frequency.
The rectified voltage V; is boosted to the DC-link voltage (V) via the boost converter
of transfer function given by (8) assuming continuous inductor current.

Vie 1
V, 1-d ®)
where d is the duty cycle, defined as (9):
q= Lo 9

T

where t,;, is the switch ON time, T' is the switching period and t, ff is the switch OFF time.
The inductor ripple current Aij, of the boost converter can be expressed by (10), while
the converter peak-to-peak output voltage ripple Avy, is given by (11):

Ay = d (1—d)Yae T (10)
de
dT V.
Avd = 5= (11)
‘ RroadCac

where Ly, C4. and Ry, are the boost chopper inductor, output capacitor and equivalent
load resistance, respectively.

3.4. GSC

For successful WECS—grid interface in accordance with grid regulations and standards—
a DC/AC conversion stage is applied at the grid side. A sinusoidal pulse-width-modulated
(SPWM) current-controlled three-phase VSI is adopted in this stage owing to its low cost,
ease of control and stable open-loop operation using constant V/Hz control. The maximum
amplitude of the line-to-line inverter output voltage, (VL Lim,) mays 0 the SPWM is limited

to (12):
V3

(Vitino) 0y = > Viae = 0.867 V. (12)
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3.5. Grid Side Filter

A first-order RL filter is applied for grid current smoothing; otherwise, current distor-
tions, if injected into the grid, can cause the malfunction of sensitive apparatus connected
to the same bus. Hence, the grid voltage per phase is given by (13):
digrid

Oorid = Rigrid +L dt

+Vpcc (13)
where vg,iq, igig are the grid voltage and injected grid current, respectively, R, L are
the equivalent resistance and inductance of distribution lines and applied passive filter,
respectively, and Vpcc is the voltage at the PCC.

3.6. Inverter DC-LINK

The inverter DC-link offers a buffering stage between the MSC and the GSC, where
the energy balance equation can be represented by (14):

AV .
Pgen = CchC + lgridzR + Pgrid (14)

where Pgen and Py, represent the PMSG generator extracted power and grid injected
power, respectively. It should be noted that in case of normal operation, both Pg, and Pg,g
are equal ignoring converters and grid losses. This should be guaranteed to maintain energy
balance at this link and in turn the DC-link voltage is regulated and system robustness is
maintained. Thus, this DC-link is considered the system core and the dynamic model at
this zone is derived to verify the proposed system stability as follows:

State-space models give a basic and powerful method for the dynamic modelling
of numerous systems (continuous and discrete, linear and non-linear, time-variant and
invariant systems). Thus, they are mostly convenient to model the steady-state and the
dynamic performances of the power electronic converters. The method of State-Space
Averaging was developed to characterize the transfer properties of switching converter
power stages. This method has been very well received by the power electronics industry,
in contrast to other approaches, which give little or no insight into the design and behavior
of the converter [37,38].

In the considered work, the boost converter output DC-link capacitor is also placed at
the input of the three-phase VSI. Hence, it is not only affected by the rippled DC waveforms
of the boost converter, but also by the VSI AC waveforms. Therefore, state space is the best
modeling technique to model the considered time-invariant non-linear system [39,40].

It is worth noting that the VSI output signals are AC waveforms while the VSI input
signals as well as those of the boost converter are DC waveforms associated with AC
component oscillating around the average value as shown in (15):

x=X+% (15)

The VSI input and output signals are related as follows:

m
Uiny = o Udc (16)

where the modulation index m = Msin (2750t + 6), v;,,, is the VSI output AC voltage,
while v, is the VSI input rippled DC voltage. For lossless VSI,

Viclge = vinvigrid (17)
. m .,
lde = o Lorid (18)

where ig;; is the VSI output AC sinusoidal current, while i4. is the VSI input rippled
DC current.
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The dynamic model of the considered system topology, at the DC-link, is derived

using State-Space Averaging. Switching periods of the boost chopper is described by two
circuit topologies (continuous conduction mode), i.e., two sub-models each addressing
system-specific circuit dynamics as shown in Figure 3. The first sub-model offers the
state-space dynamic equation of the system when the boost converter switch (SW1) is at
the ON state as shown in Figure 3a. On the other hand, the second sub-model shows the
dynamic model when the switch (SW1) is OFF, as demonstrated by Figure 3b. For the sake
of simplicity, capacitors and inductors” internal resistances are neglected while the diode is
modeled as a short circuit in ON-state and open circuit in OFF-state.

v

DC-link

VSI

(a)

R L Lgc ip ide
) TS 'o'a ' NG -
+ Lgrid T
Cdc
Viny Verid Vr —_ Va4
DC-link VSI
(b)

Figure 3. System’s sub-model circuits when SW1 is (a) ON and (b) OFF.

When SW1 is ON, applying Kirchhoff’s voltage and current laws, the following results
are found:

d i
deﬁ - Ur (19)
d 04 m
Cac dt <= ) Lorid (20)
d j Yi .
L% = %Udc — ZgridR - Ugrid (21)

where iy, v;, v, are the instantaneous boost converter current, rectifier output voltage
and DC-link voltage, respectively.

Equations (19)—(21) are rearranged to obtain the state-space sub-model shown in (22):

Vdc = Ay Vdc + By [ ' } (22)
i o i Z)grid
gnd ngd
where
0 0 0 - 0
Ay=|0 0 —gf |andBi=| 0 0 (23)
o m~ _R ‘ o -1
2L L L
e  When SW1 is OFF applying Kirchhoff’s voltage and current laws, the following results

are found:

deﬁ = Ur — U4c (24)
doy . m..
CdcTC =1p— D) Lorid (25)
di ri .
L ;gt 4 — % Vde — lgridR - Ugrid (26)



Appl. Sci. 2022, 12, 964 10 of 29

Equations (24)—(26) are rearranged to obtain the state-space sub-model shown in (26):

l.b iy ;
Vdc = Ay Vdc + By [ ’ } (27)
] . i Ogrid
gnd grld
where ) .
0 e O r;
Ay=| & 0 - |andBy=| 0 0 (28)
0 m _R o -1
2L L L

The state-space averaging approach offers clear insight into the entire system dynamics,
where: _
A=A xd+Ayx(1—d) }

where d is the boost converter duty ratio.
Hence, applying the latter to system state space sub-models, presented in (22) and
(27), the total averaged state-space model of the considered system is given by (30):

lb ip
Udc =A Udc +B |: :| (30)
] " i Ugrid
grid grid
where (1)
— 1
_ 0 N Lgc 0 _ LTIC 0
A= | (=4 0 _m andB=1| 0 0 (31)
Cdc 2%0 1
0 T -1 L

From matrix A, proposed system stability constraints can be determined. First, get the
model characteristic equation by setting the following:

AI-A]=0 (32)

where A is the model eigenvalues, while I is an identity matrix of dimension 3 x 3. Then,
Routh’s stability criterion is applied. From the latter, it can be deduced that for the proposed
model to be stable, both criteria, demonstrated in (33) and (34), should be fulfilled:

(1—d)*R

>0 (33
LdeCdc )

M2R L= d)’R _ (- d)’R
8L2Cdc LdeCdc LdeCdc

(34)

4. Proposed LVRT Control Scheme

For successful grid interface, the WECS must satisfy the grid requirements during
normal and low voltage conditions [41—43]. In this paper, a control scheme is proposed,
enabling the MSC and GSC controllers to fulfill the following control goals during MPPT
and non-MPPT (LVRT) operation modes shown in Figure 4, where V is the grid voltage
d-axis component.
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Figure 4. Operation modes of system under consideration.

MPPT mode (during normal grid conditions):

MPPT for maximum wind energy harvesting.

DC-link voltage regulation.

Grid synchronization and active power injection into utility.

Grid current control to ensure high quality and unity power factor.

LVRT mode (during voltage sag conditions):

e  MPPT is seized and output active power is limited to eliminate grid current rises to
avoid the tripping of the inverter overcurrent protection [31].
DC-link voltage regulation.
Grid synchronization and reactive power injection into the grid, according to grid
regulations, to support grid voltage during recovery.
Grid current high quality is preserved during LV conditions.
Any mismatch, between generator and grid powers, is stored in rotor inertia.

4.1. Converters’ Controllers

In the considered grid-tied wind energy system, there are two main current controlled
converters, which are the diode rectifier-boost converter at the machine side and the three-
phase voltage source inverter at the grid side. Four control variables need to be tightly
controlled, which are the generator active power, the DC-link voltage and grid active and
reactive powers. This is done by the MSC and GSC controllers as shown in Figure 5.

o  The rectified voltage produced by the diode rectifier V; varies with generator speed.
However, the DC-link voltage must be regulated at a constant value in order to main-
tain energy balance at the DC-link; thus, active power transfer to grid is guaranteed.
DC-link voltage control is carried out by GSC during MPPT mode, then it is swapped
to the MSC during LVRT mode, as will be discussed later.

e  Generator power is controlled via the MSC PI controller, which forces the boost
chopper current I, to follow a command value I;;. This reference signal depends
on system operating mode, i.e., at MPPT mode it is determined to satisfy maximum
power extraction from the wind turbine, whereas during low voltage it is chosen to
extract the active power adequate to just regulate the DC-link voltage.

e  Grid synchronization during different operation modes is achieved via the GSC PI
controllers, which control the active and reactive powers injected into the grid by
controlling the grid current d and g components. This control strategy is the dgq
synchronous reference frame control, which uses a reference frame transformation,
from abc — dg to transform the grid current and voltage waveforms into a reference
frame that rotates synchronously with the grid voltage using the Park’s and Clark’s
transformations. Transforming the AC quantities into DC values leads to easier
filtering and control. However, these transformations require the instantaneous grid
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voltage phase-angle 6, , which is detected by synchronizing the PLL rotating reference
frame to the utility-voltage vector [44].

4.2. Currents” Reference Generation

As discussed earlier, to control the generator power, the MSC controller forces the
boost current to follow a certain set point, whereas the GSC controllers force the grid
current dq components to follow certain references for grid interface. In the proposed
control scheme, currents’ references vary according to operation mode to guarantee safe
and efficient operation of wind turbines and meanwhile meet the grid codes. The proposed
currents’ reference generation scheme is presented in Figure 6 and is explained in each
mode as follows:

Boost converter
(MSC) controller

Diode Rectifier Boost converter VSI
Iy La
l > _ iagrld Grid
0 Vegrid T /
Ibgrid
Sw —>- dh —
T Cr A T Ctlc ‘—{ﬁ chrid AN Vbgrid 9
L g g _ Vagrid
Z _wW, J7 g
NG by ¢ Vdc Sie ﬁ
PI—| k %PWM—lfi
|
[ Vd ¢Vd Clarke pLL* T 9
-—7 PI Transform 0, ¢
1y - 7 Vi< o
VSI @ abe Vmb V- abc [«
s — > PWM
Gso) | wl dg0™. | Vme L=l o
controller = i - 7 q
L4l 5 PI - f 6y 'l
L + qu Park Transform )

Figure 5. MSC and GSC controllers for the considered PMSG WECS.
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Vai(p.u.)<0.9 X
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_______________ . 0
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e |
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Figure 6. Reference generation for system converters’ controllers during normal operation and grid
voltage dips.
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4.2.1. During MPPT Mode

For the optimal operation of variable speed wind turbine power systems, MPPT is
mandatory. Hereby, the optimum relationship-based (ORB) sensorless MPPT approach is
applied [45-47]. In this method, instead of relying on mechanical sensors to measure wind
and generator speeds, parameters are calculated from available electrical parameters at
the generator output terminals. For every wind speed, there is a peak power Pppp, which
corresponds to an optimal DC power at rectifier output Py, , i.e., corresponding to an
optimal rectified voltage value V;_,p; and current I, ¢ , as shown in (35):

Prfopt =1 Pmpp = Vrfoptlrfopt (35)

where 7 is the conversion efficiency from the generator to the rectifier DC-side and is
assumed to be a fixed value.

The rectified current in the considered system is the boost converter current Ib. Thus,
using the sensorless ORB technique, the optimum relationship between the rectifier output
voltage V, and boost chopper current I}, is recorded in a lookup table for different wind
speeds. In the MPPT mode, the boost current reference is determined according to the ORB
sensorless approach to guarantee maximum wind power extraction. On the other hand, the
GSC should guarantee DC-link voltage regulation, grid synchronization and grid current
control to achieve a high level of quality and unity power factor. Thus, the reference of
grid current d component I} is determined via the DC-link voltage regulation loop, while
the grid current g component reference I; is set to zero to allow only the harvested active
power to be injected into the grid.

4.2.2. During LVRT Mode

In this mode, the MPPT is seized to limit rises in grid current and the boost chopper
overtakes DC-link voltage regulation. Thus, the reference for the boost converter current
I, is produced from the DC-link voltage regulation loop. On the other hand, according to
grid regulations, reactive power should be injected during sag conditions. The amount
of reactive power that should be injected is dependent on the voltage sag depth and the
inverter rated current, noting zero reactive grid current before the voltage dip. Thus, the
reference for the grid current g-axis I; component varies, as shown in (36), in accordance
with Eon-Netz grid codes [25,48].

0 09 < Vy(pu.) <11
Iy = —kIN[1=Vi(pu)] 05 < Vy(pu.) <09 (36)
—Iy Vi(p.u.) < 0.5

where k is a constant given by (37):

r— Al;(p.u.) -

 AVy(pau) T 57

where Iy is the nominal grid current limited by the inverter maximum rating current, Al,
is the change in grid current g-axis component and AV} is the change in grid voltage d-axis
component. Thus, based on voltage sag depth, I is determined and, accordingly, the
reference for the grid current d-axis component [} is calculated from (38).

I =11 (38)

It is clear that the proposed scheme features grid current control decoupled from the
DC-link voltage control during LV conditions. This can be concluded from Figure 6, where
I; and I; are computed independently of V. loop. This improves the robustness of the
applied control system during faults and prevents the transfer of noise and power ripples
at the DC-link into the grid, thus preserving the grid current’s high quality.
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5. Simulation Results

A PMSG-based WEC grid-tied system is considered in simulation work for validating
the proposed approach. Simulated system-rated parameters are listed in Table 2, where the
wind turbine is driven at a fixed wind speed of 12 m/s and constant blade pitch angle § = 0.
The turbine drives a 1.5 MVA, 80 poles, 11.5 Hz, gearless PMSG at 690 \/3 V line-to-line
generator voltage, and fixed rated speed w; of 1.8 rad/s. The diode rectifier converts the
generator voltage to a DC voltage, which is then boosted by the boost chopper of 5 kHz
switching frequency. During normal operation, the boost chopper controller guarantees
MPPT, whereas the three-phase VSI, operating at 5 kHz carrier frequency, is responsible for
DC-link voltage regulation to 5500 V and WECS integration to a 480 V, 50 Hz utility grid at
unity power factor and 4% THD. For wind speed of 12 m/s, the tracked power, which is
injected into the grid during normal conditions, reaches almost 765 kW.

Table 2. Rated parameters of the WECS considered for simulation.

Variable Parameter Value
Py Turbine rated Power (MW) 1.5
Vw Rated wind speed (m/s) 13
R Turbine rotor diameter (m) 54.4
A Swept area (m?) 2324.27

n Number of blades 3
Peen Generator rated power (MW) 1.5
fgen Generator frequency (Hz) 11.5

P Pole pairs of PMSG 40
Vgen Generator phase voltage 690
Hz Frequency 11.5
wy Mechanical angular frequency (rad/s) 1.8

] Generator Inertia constant (M kg.mz) 0.92

T, Generator torque (M N.m) 0.83

ok Permanent magnet flux linkage (V/rad/s) 8

Ly d-axis inductance (mH) 4 %103

Lg g-axis inductance (mH) 4 %103

R, Stator resistance (Q) 0.000317

Cr Rectifier output capacitor (uF) 5000

fe Boost chopper and VSI switching frequency (Hz) 5000
Lyje Boost chopper inductor (mH) 10
Cac DC-link capacitor (1F) 6000
Vie DC-link voltage (V) 5500
Vgrid Grid voltage (V) 480
ferid Grid frequency (Hz) 50

R Grid filter resistance (Q}) 0.02

L Grid filter inductance (mH) 10

The system has been simulated using MATLAB/Simulink during two voltage sag
cases: 30% and 70% grid voltage dips. For comparison, the WECS was simulated once with-

out the proposed technique, then when applying the swap proposed control methodology.
Table 3 briefs simulation results during both dip cases.

5.1. Case 1: 70% Symmetrical Grid Voltage Dip

System performance has been investigated for a 70% three-phase symmetrical voltage
sag occurring at the PCC at t = 0.6 and was cleared at t = 0.75 s (i.e., sag duration is 150 ms),
and the results are demonstrated in Figure 7.
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Table 3. Simulation performance results.

Results during

Fault During 70% Voltage Sag During 30% Voltage Sag
No Mode-Shift Control With Mode-Shift Control No Mode-Shift Control With Mode-Shift Control
I (A) 1 0 1 0.6
I; (A) 1.2 0 1.1 0.6
I; (A) 0 -1 0 —0.8
Leria, peak (A) 1.2 1 1.1 1
%THD 6% 3% 5.5% 4%
Vie (V) 1.2 1.05 1.1 1.02
Pyria (W) 0.336 0 0.77 0.325
Qgria (W) 0 0.28 0 0.45

During the dip incident, the MSC continues to extract maximum power from wind,
while the GSC achieves DC-link voltage regulation and grid synchronization at unity
power factor. Due to the drop in grid voltage vei4 to 0.3 p.u., the grid currents i¢,;; will rise
accordingly to almost 1.2 of its rated value, while the active power injected into the grid
Pq;ig is reduced significantly. At the generator side, the MSC does not sense or detect the
sag incident; thus, the boost chopper current I will continue to track the chopper reference
current [} corresponding to the MPPT operation. MSC control is unaltered; therefore, no
observed changes are indicated in the generator speed, torque, output line voltage vgpgen,
or its line current i, g¢, meaning the generator maximum power P, is still extracted. Due
to the energy imbalance, the PMSG will inject its active power into the DC-link, causing a
rise in the DC-link voltage Vj, that exceeds its rated value by almost 20%. In response to the
DC-link voltage rise, the GSC d-axis current I;l‘ controller command rises, to maintain the
energy balance and deliver all the energy stored in the DC-link capacitor to the grid, thus
hitting the grid current limitations. Meanwhile, grid reactive power Qs is maintained to
zero due to unity power factor operation; thus, the g-axis current | jl‘ controller command
remains at zero. In real systems, grid current rise can hit the converter thermal limits, and
this may destroy the power converters due to voltage and current stresses on the power
modules. As the fault is cleared at t = 0.75 s, grid voltage v,y recovers to 1p.u. DC-link
voltage V;. takes time for recovery as it is governed by the dynamics of the DC-link
voltage control loop and the DC-link capacitor C. value. Grid currents and power return
to pre-fault values and the system fully recovers at t =1.45s.

To validate the proposed approach’s effectiveness, the system is retested when swap-
ping the control during the dip duration. Figure 8 shows the system response after applying
the proposed control methodology for a similar 70% symmetrical voltage sag. During the
sag, the MSC and GSC will switch actions as previously explained, where the MPPT is
seized and the MSC takes charge of DC-link voltage regulation, which is achieved decou-
pled from the grid current control achieved by the GSC. This decoupled action prevents
DC-link voltage ripple propagation to the grid, reducing grid current THD during the dip
from 6% (when applying non swap control) to 3% (with the proposed swap control). The
GSC takes control of the grid interface and supports by injecting reactive power into the
grid while limiting active power injection. Thus, DC-link voltage rise and grid currents’
increases are eliminated. According to the voltage dip depth, the GSC will operate to
provide full reactive power support with no active power exported to the grid. In order to
achieve the latter, the grid g-axis current reference I; is adjusted to —Iy in accordance with
Equation (36), while the d-axis current command I} is set to zero; thus, grid current increase
is eliminated. The DC-link voltage V;. is now being regulated solely by the MSC to its
rated value. Meanwhile, MPPT is halted, so the boost converter current I, will drop to zero,
allowing the energy surplus to be stored in the generator’s rotating mass. Accordingly,
PMSG line current i gen, and PMSG active power P, are reduced to zero in response to
the MPPT termination. Consequently, there is a torque mismatch in the mechanical system
turbine-generator, which causes the PMSG rotor speed 7 to increase due to the reduction
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in the electromagnetic torque T, [27]. However, due to the large inertia of the mechanical
wind turbine system, speed increase is maintained within the safety operating margins of
the generator and does not exceed 130%.

After the dip is cleared, both converters switch back to their normal control actions
prior to the fault. The MSC achieves MPPT, controls the PMSG active power and maintains
the generator speed. Speed n is recovered as well as the electromagnetic torque T, and the
energy stored in the inertia is transferred smoothly to the grid. DC-link voltage regulation,
as well as grid synchronization at unity power factor, is restored by GSC, and the system
recoversatt=1.1s.

5.2. Case 2: 30% Symmetrical Grid Voltage Dip

The system performance has been assessed for a three-phase symmetrical dip of 30% at
the PCC occurring at t = 0.6 s for 150 msec. Similar to the 70% case, the system response was
analyzed first with the conventional non-swap control methodology as shown in Figure 9,
where the MSC continues to extract maximum power during the dip interval. The grid
voltage v,y drops to 0.7 p.u., while the grid current i3 will increase above the nominal
value. The GSC is unable to maintain the DC-link voltage V. regulated level due to the
energy mismatch between the grid active power Pg,;;, which has been significantly reduced,
and the extracted generator power Pge,,. No reactive power support is provided during the
fault; thus, the grid reactive power Qg4 is maintained at zero.

Figure 10 shows the system responses when the proposed control is applied during
the same three-phase 30% symmetrical voltage dip. At t = 0.6 s, grid sag is detected, MPPT
is seized, and power converters control duties are swapped. The MSC will take control
of the DC-link voltage regulation while the GSC will control reactive and active power
injection into the grid. According to the proposed control scheme, since the grid voltage
Vgriq falls between 0.5 and 0.9 p.u., reactive power support is required, and active power is
set, accordingly, to prevent grid over currents.

This is achieved by setting the g-axis current I; controller command using (36) the

d-axis current command I, which is set as to / IIZ\] — 1;2 to keep the grid currents ig,;; at
nominal value. Grid current THD during the dip decreased to 4% due to the proposed
decoupled control. Meanwhile, the DC-link voltage V. is maintained by the MSC within
safe limits for safe ride-through and limiting the rise compared to the conventional control
technique. After the fault is cleared at t = 0.75 s, GSC and MSC actions are restored, MPPT
by MSC, while GSC injects the extracted power into the grid and maintains fixed DC-link
voltage. Speed and torque are retained, and the system fully returns to normal operation at
t=11s.
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Figure 7. Simulation results during 70% symmetrical grid voltage without the proposed control
scheme: (a) abc grid voltages v¢,;; and d- axis grid voltage Vj; (p.u.); (b) abc grid currents ig,;; and
d- axis grid current I; (p.u.); (c) d- axis currents I; and reference I with g axis currents I; and

reference I;; (d) DC- link voltage Vj;. and reference V. (p.u); (e) grid active power Pg,;; and reactive
power Qgig (p-w); (f) boost chopper current I, and reference I; (p.u); (g) PMSG Line- line voltage
Ugb—gen and phase a— current iy gen; (h) PMSG active power Pgey, (p.u); (i) PMSG speed n and torque

T (p.u).
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Figure 8. Simulation results during 70% symmetrical grid voltage dip with the proposed control
scheme: (a) abc grid voltages v¢,;; and d- axis grid voltage Vj; (p.u.); (b) abc grid currents ig,;; and
d-axis grid current I; (p.u.); (c) d- axis currents Iy and reference I with g— axis currents I; and
reference I 75 (d) DC- link voltage V. and reference V. (p.u); (e) grid active power P¢ig and reactive
power and (p-w); (f) boost chopper current I, and reference I; (p.u) (g) PMSG Line-line voltage
Ugp- gen and phase a-current iy gen; (h) PMSG active power Pg, (p.u); (i) PMSG speed n and torque

T, (p.u).
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scheme: (a) abc grid voltages v,y and d- axis grid voltage V; (p.u.); (b) abc grid currents ig;; and
d- axis grid current I (p.u.); (c) DC-link voltage Vj;. and reference V. (p.u); (d) grid active power

Perig and reactive power Qgria (p-u).
1.i5 : 1/ —
B ym it n v n \ it n i i m B s v nuu.uwwuwwuwm g
(a) (b)
iﬁl‘z‘ o Voo : P
08 \ Vg Vee O: Qgrid

02 04 06 08 10 12 14 16 18 20 22 24 26 28 3
Time

(c)

(d)

Figure 10. Simulation results during 30% symmetrical grid voltage with the proposed control scheme:
(a) abc grid voltages v,,;; and d- axis grid voltage V; (p.u.); (b) abc grid currents i¢,;y and d-axis
grid current I; (p.u.); (¢) DC-link voltage V. and reference V. (p.u); (d) grid active power Peyid and

reactive power Qg (p.u).

6. Experimental Verification

Practical validation of the proposed approach has been applied to a low-power pro-
totype of schematic diagram presented in Figure 11 and the rig photograph shown in
Figure 12. The experimental rig parameters are listed in Table 4. Two mechanically coupled
machines are employed (a DC-motor and a PMSG) to emulate the PMSG-wind turbine
system. The experimental results are obtained when the PMSG is driven at a constant speed
n of 900 rpm and produces a balanced 3-phase output voltage Ugen at a frequency fgm of
30 Hz. The difference between the prototype PMSG and the simulated system frequency is
the reduced number of poles available in the experimental prototype. Assuming that the
MPPT algorithm for the wind turbine is at a steady state (fixed wind speed), the system
is tested at a constant driven rotor speed instead of using a mechanical wind turbine.
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Correspondingly, the boost converter current I is set to 2A and the generator extracted
power P, is 100 W. To ensure a safe test rig operation, a 100 V V. has been selected
since DC-link voltage might increase above this threshold during voltage dip, reaching
over 200 V. The system is connected to a 50 Hz, 40 V line-line grid voltage vg,;;. Grid
active power Py,;; reaches 95 W, while the grid injected current i,y corresponds to 1.4A
(2A peak).

The control system and the switching strategy for GSC and the MSC have been
implemented using a 32-bit TriCore microcontroller TC1796 from Infineon. Voltage dips
were emulated using a coupling, multi-turn step-up transformer connecting the GSC to the
grid through the primary side.

Due to the limited power level of the experimental test rig, the moment of inertia of
the experimental prototype is lower than that of the simulated system. As a result, the
rotor speed might cross the overspeed limit during the sag. Therefore, the fault duration is
adjusted to 60 msec to avoid PMSG speed increase while keeping same depth of the voltage
dip (70%) and thus validating the proposed technique concept.

Experimental results for the proposed technique have been compared to the results
obtained with the conventional non-swap control action as shown in Figures 13 and 14.
Table 5 summarizes experimental performance results during the 70% grid voltage dip.

Motor PMSG Diode Rectifier I VSI Three-phase Coupling
n Vac-gen i de Iy .1 Transformer
::) I a-gen + lgrid Lgrid
| Vab-gen ib-gen ) + . J
Vbe—gen is-gen - ﬁ \
F — - | thf _
@ H Ci:) igrid vg”-d BB ’
Iy
=4 DSP i
N % Tri Gate Drivers and PWM Signals +
]Vr__r._:: C (r)i_e ) Interface Veasgrid
de G Transceducer =)
Vorid —Lpal Board 19768 -
Lorid —I\»JI

Measured signals

Three-phas_e Grid

Figure 11. Block diagram of experimental set-up.

Figure 12. Photograph of the experimental prototype: (A) coupling transformer; (B) power converters;
(C) prime mover and PMSG; (D) grid side and filter; (E) voltage and current transducer boards;
(F) DSP Tri-core 197.
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Table 4. Experimental set-up parameters.

Variable Parameter Value
Peen Rated power (kW) 0.31
a Stator Resistance () 12.5
Pf Field Flux linkage 0.36
J Moment of Inertia (kg.m?) 0.016
Vgen Nominal Voltage at 1500 rpm (V) 200
P Number of poles 4
fe PWM switching frequency (Hz) 5000
L. Boost converter inductance (mH) 10
r Input boost converter capacitor (1F) 1200
Cac DC-link capacitor (1F) 2200
Vi DC-link reference voltage (V) 100
Vgrid Line-line grid voltage (V) 40
Grid filter and coupling transformer inductance (mH) 2
R Grid filter and coupling transformer resistance ((2) 15
feria Grid frequency (Hz) 50
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Figure 13. Experimental results during 70% symmetrical grid voltage dip without the proposed
control scheme: (a) phase “a’ grid voltage v,,;; and d-axis grid voltage V;; (b) phase ‘a’ grid current
i¢rig and DC-link voltage Vj,; (c) d- and q-axis grid currents I; and I; (d) grid active power P,y and
reactive power Q4 ; (€) Boost chopper current I, and PMSG speed n; (f) PMSG Line-line voltage
Vab—gens phase a-current i;—gen and active power Pgey,.

Using the proposed control technique, the DC-link voltage V. is preserved at a con-
stant value to 100 V, while phase a-grid current i, g,z at 1.4A (2A peak), during the dip,
compared to V. =160 V and i, g,y = 2.8 A (4A peak) without the suggested control as
shown in Figures 13b and 14b, respectively. This DC-link rise is successfully limited for con-
verters’ safety; in addition, grid currents are maintained within their nominal value during
normal and LVRT operation. Since the voltage sag is less than 50%, I; = 0, I; = 2A during
the dip when applying the proposed technique resulting in Pjy = 0, Qgig = 30 W
compared to the values of Pg,jy = 60 W, Qgig = 0 VAR without the proposed technique.
Since MPPT is terminated in the proposed technique, boost inductor current I, changes
from I, = 2A to I, = 0, and generator current becomes i, g, = 0; thus, the generator active
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power Pge,, will be zero. The shaft mechanical speed 7 increases from 900 to approximately
1012 rpm with the suggested control technique, equivalent to 1.1 p.u.

After the dip is cleared, the MSC recovers back the PMSG speed while the GSC
retakes the charge of the DC-link voltage. Energy stored in the rotor inertia during the dip
incident is being released into the grid while the generator and grid currents reach their
pre-fault values.

Experimental grid current results, for both cases (swap and non-swap schemes) are
analyzed during LVRT as shown in Figure 15. Grid current THD is enhanced during LVRT
from 12% with the non-swap scheme to 5% using swap control. This confirmed the ability
of the swap to decouple the DC-link voltage control dynamics from the grid current one
during LVRT, thus enhancing THD during fault.

25 ms/div, ch1: 20V/div, ch2:20V/div

/™ [ i ]
- - R i - -
EoL R i : ‘ ¢ ?
P i Pyia
3 O ‘

A ekl PR TR S T §
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; Poon Sy Nymmattsenll ]
25 ms/div, ch1: 300 rpm/div, ch2:2A/div 25 ms/div, ch1: 100V/div, ch2:2A/div, SOVA/div
(e) ()

Figure 14. Experimental results during 70% symmetrical grid voltage dip using the proposed control
scheme: (a) phase ‘a’ grid voltage v,,;; and d- axis grid voltage Vy; (b) phase ‘a’ grid current ig;;4

and DC- link voltage V; (c) dq—axis grid currents I; and I; (d) grid active power Pg;;; and reactive
power Qgig ; (€) Boost chopper current I, and PMSG speed n; (f) PMSG Line-line voltage vy gen,

phase a— current i;—ge; and active power Pgey,.

Table 5. Experimental performance results.

DuI:iensgu}:t:ult During 70% Voltage Sag
No Mode-Shift Control With Mode-Shift Control
Iy (A) 2 0
Iq (A) 4 0
I; (A) 0 -2
Leria, peak (A) 4 2
%THD 12% 5%
Ve (V) 160 100
Pyria (W) 60 0

Qgria (W) 0 30
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FFT Analysis

100%

Good agreement can be found between the simulated system results and those of the
correlated experimental prototype, which verifies the proposed approach’s effectiveness.

FFT Analysis 100%

Fundamental (50Hz) =2 97, THD= 12 26% Fundamental (50Hz) =1 408, THD=5 3%

10

10.7%

3.7%
3%

4%

- N W A~ 00 N

(a) (b)

Figure 15. FFT analysis of experimental grid current during 70% LVRT for (a) non-swap control and
(b) swap control.

7. Discussion

At present, DFIG and PMSG are two mainstreams of wind turbine generators that
dominate the energy market. However, the PMSG option facilitates the elimination of
the gearbox, which is easily broken. Besides featuring high energy conversion efficiency
compared to other types at low maintenance costs, PMSG WECS offer high-power density
and complete active and reactive power control. However, these features are met at the cost
of larger and heavier generators. For grid integration, PMSG are employed with full-scale
power converters that feature isolation from grid disturbances, thus adding robustness to
their fault ride through capabilities. Hence, the PMSG-based WECS is considered in this
paper. In [49], a review on commercialized drivetrain system technologies of wind turbines
is performed. It was found that direct driven PMSG is the dominant technology of Siemens
Gamesa and GE for fixed/floating offshore platforms.

PMSG power converters must be sized at the full-scale rating of the generator capacity,
thus adding cost and size to the overall system. To manage the trade-off between the PMSG
fault tolerance capabilities and its high converter cost, the PMSG WECS considered in this
paper applies an economic converter topology rather than the traditional back-to-back one.
The considered converter topology is a passive front-end converter (diode rectifier) assisted
with a DC/DC boost converter for the MSC stage and a three-phase VSI as the GSC stage.
The considered MSC topology features seven passive switches with only one active switch
and one gate-driver, compared to the classical active front-end topology featuring six active
switches and six gate-drive circuits. Thus, the considered MSC converter size and cost
are reduced as well as its implementation and control complexity. Besides, less switching
losses are exhibited, especially at low and average turbine speeds, making it a predominant
solution for low and medium power ranges. However, this is achieved at the cost of higher
generator torque ripples and generator current harmonics, as this converter experiences
limited generator-side control.

To achieve a fault-tolerant PMSG-based WECS featuring efficient LVRT, a swap control
feature is proposed to modify the classical converters’ control scheme during voltage dips.
During LVRT mode, the proposed modification shifts the role of DC-link voltage regulation
to be overtaken by the MSC independently of the grid current control and VAR support
achieved by the GSC. This feature has the following benefits. First, the MPPT is seized, and
only adequate wind power is extracted by the MSC sufficient to maintain DC-link nominal
voltage level and prevent any rises. Second, the VSI prime focus is VAR injection instead
of performing two control functions. VAR injection is achieved according to dip depth
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at fast dynamics, which is totally independent from the slow dynamic V};, control. Third,
computing the grid current’s d-component from the I; — I; relation, rather than from the
affected DC-link voltage loop, improves grid current THD as well as fastens grid current
control dynamics. Fourth, the proposed swap enhancement is quite flexible since it can be
implemented on the existing systems without any hardware modifications. It is applicable
to any existing WECS involving full-rated converters such as synchronous generator-based
WECS, which are the considered systems in this research. Finally, any rises in DC-link
voltage or grid current during dips, due to energy mismatch, are mitigated by storing any
surplus energy in rotor inertia without needing an extra hardware device, which adds to
system cost-effectiveness.

At voltage dips, using the proposed swap control, VAR injection for grid support
reduces the amount of transferrable active grid power, following Equations (36)—(38).
Thus, the grid current is maintained within the system nominal values for safe power
converters’ operation. However, power imbalance occurs due to the mismatch between the
generator shaft mechanical torque T}, and its electromagnetic developed torque T, as per
the synchronous generator swing equation demonstrated in (39) [50]:

T — Te = Ta = ] Wgen 39)

where T; is the rotor accelerating torque, | is the moment of inertia and wyge is the
generator angular speed of rotation. Hence, energy mismatch and speed deviation can be
represented by (40):

1 2 2
(Pm - PE)dt = E J (wgen, fault — wgen, rated) (40)

where Py, is the generator input mechanical power ignoring the rotational losses, P, is the
generator electrical output power ignoring electrical losses, weey, rateq is the rated generator
speed (before fault occurrence), wgey a1t is the shaft speed during fault and ¢4, is the
fault duration in msec [35,51].

Assuming maximum energy mismatch when Pg,;; ~ 0 (grid voltage dip < 50%), the
maximum generator speed during fault ween, max can be calculated using (41):

2Pgent
- gent fault 2
Ween,max = \/ ] + wgen, rated (41)

For simulation work, the value of fault duration t¢,,; is set to 150 msec, corresponding
to the maximum permissible fault duration without tripping the wind turbine as per the
Eon-Netz grid code requirements shown in Figure 1a. Thus, theoretically, for the considered
1.5 MW turbine, combined mechanical system inertia is chosen as | =5 ngm2 [52]. Given
that wWeey rated = 1.8 rad/s, the expression (41) gives wgen,max = 1.824 rad/s corresponding to
1.24 rad/s and a speed increase of 0.24 rpm. Using these values, it is noted that the PMSG
speed increase is 1.36% above the rated value owing to the inherit characteristic of the
large turbine and generator inertia. These results demonstrate that the concept of storing
energy in the rotating mass can be applied to real WECS. Compared to other energy storage
techniques, no power is being dissipated as in the chopper-controlled crowbar method and
no additional hardware is needed as in systems that use super capacitors or batteries [51].

In addition, the stored energy during the fault can be injected once again to the grid
upon grid voltage recovery. Moreover, it is a safe approach since most commercial wind
turbines are equipped with an overspeed capability, which offers overspeed protection at
130% above nominal speed [7]. It is worth mentioning that the above calculations depend
on the grid dip profile and length, i.e., if the fault duration is too long, the generator may
cross the overspeed capability limit. If this scenario happens, pitch mechanism can be
employed to trip the turbine.
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For the correlated experimental prototype and using the experimental values found
in Table 4, similar calculations’ procedure yields to wgen,max = 105.5 rad /s when ¢ Fault 18
set to 60 msec compared to Weep, rateq = 94.24 rad/s. Thus, the speed increase is 107.45 rpm
corresponding to 10.66% increase, which is still within machine-safe speed limits.

To sum up, Table 6 compares the features of the considered PMSG versus the popular
DFIG one. Moreover, it lists merits and limitations of the applied MSC topology, versus
the popular active front-end one, as well as showing the superiority of the proposed swap
control. Finally, simulation-set-up results as well as those of the correlated experimental
prototype verify the effectiveness of the proposed swap scheme.

Table 6. Comparison between the considered WECS components and applied control versus those of
classical WECS systems [3-10].

Generator Type
DFIG PMSG
Components’ limitations Gei.ar box and sl.ip rings Multi-pole PMSG
(require more maintenance) (heavy and big)
Reliability Less More
Failure rate More Less
VAR and P control Partial control Complete control

LVRT capability Less More

Converter capacity Partial power converter Full power converter
Converter size and cost less More

MSC
Active front-end Passive front-end+ boost chopper
Active switches and gate drives number More Less
Size and cost More Less
Implementation complexity More Less
Control complexity More Less
Switching losses at low and medium speeds More Less
Switching losses at high speeds Less More
Generator-side control Full Limited
Generator torque ripples and noise Less More
Generator current harmonics Less More
Action during LVRT
Non-swap Swap
MSC MPPT DC-linkssi)Zlial\é[eP Fe{;ulation
asc DC-link voltage regulatio:oilzrc:) 1grid current d-component Grid current d and g components’ control
Decouple between_ Vie and Ig,iq No Yes
dynamics
VAR injection No Yes

Surplus energy

In DC-link causing V. and Iy, increases, otherwise extra
hardware device is required

In rotor inertia with no need of extra hardware mitigating
Ve and Loy rises

8. Conclusions

This paper introduces a cost-effective WECS featuring efficient LVRT capability via
a proposed modification to the classical control technique without adding any auxiliary
hardware devices. The PMSG is addressed rather than DFIG due to its superior fault
tolerance capabilities. However, the PMSG-based WECS requires a full-power converter
topology, which makes it an expensive alternative. To compensate for this tradeoff, a
passive front-end rectifier assisted by a boost chopper is used as the MSC followed by
a three-phase current-controlled VSI as the GSC. This topology is employed rather than
the popular back-to-back topology since the former topology is assisted with fewer active
switches, gate drive circuits and switching losses, especially at low and average wind
speeds. Thus, converter cost, size, and implementation and control complexity are reduced,
making it a favorable solution for low and medium power ranges and for distant WES
generators. However, these merits are achieved at the cost of higher torque pulsations
and noise.
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During voltage dips, the mode-shift (swap) LVRT feature, proposed in this paper,
maintains the DC-link voltage and grid currents at safe boundaries without any need for
additional hardware requirement. Moreover, it decouples the DC-link voltage control from
grid current control during faults, which adds to system robustness. This modification
serves the main objective of achieving an economic fault-tolerant flexible fault-ride-through
solution applicable for existing or future PMSG-WECS. Besides, any energy surplus is
stored in the rotor inertia; thus, the proposed approach is most favorable for MW direct-
driven PMSG wind turbines, which possess a large moment of inertia

Simulation results of the considered 1.5 MW PMSG-based system, under 70% voltage
dip, verified the superiority of the proposed swap approach over the classical non-swap
one. Comparatively, the former was able to mitigate a 20% rise in grid current and DC-link
voltage nominal values. Moreover, grid current THD is reduced from 6% using the non-
swap control to 3% using the proposed swap one. The simulation set-up was correlated
to an experimental prototype and tested for the same circumstances. The proposed swap
control was able to mitigate a 60% rise in V. and almost a 100% rise in grid current as well
as reduce the THD from 12% to 5% during a 70% voltage dip. Thus, the simulation and
experimental results verified the effectiveness of the proposed approach during normal
and LVRT operation modes.

9. Future Work

For enhancing the considered WECS performance, authors may wish to address
unsymmetrical grid faults and wind energy generator disturbances in future work.
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Nomenclature

The following abbreviations are used in this manuscript:
AFER Active front-end rectifier

DFIF Double fed induction generator
FACT Flexible AC transmission devices
GSC Grid-side converter

LVRT Low-voltage ride-through
MPPT Maximum power point tracking

MSC Machine-side converter

ORB Optimum relationship-based control
PCC Point of common coupling

PLL Phase-lock loop

PMSG Permanent magnet synchronous generators
SPWM Sinusoidal pulse width modulation
SW Switch

SW1 Boost converter switch

THD Total harmonic distortion

VSI Voltage source inverter

WECS Wind energy conversion systems

The following symbols are used in this manuscript:
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A Blades swept area, m?

Cac DC-link capacitor, F

Cr Rectifier output filter capacitor, F

Cp Power coefficient

d Boost converter duty ratio

In Normal grid current, A

Igpe— gen 3-phase stator currents, A

L, Iy Chopper inductor current reference and actual, respectively, A
I3, Iy Reference and actual active grid current, respectively, A

lgrid 3-phase grid currents, A

i VSl instantaneous input DC current, A

] Moment of inertia, kg/ m?2

L Grid inductance, H

Ljc Boost chopper inductance, H

Lag Generator dq axis stator inductance, H

m Inverter modulation index

Pr—opt, Pppp Optimal rectifier output power and peak power, respectively, W
Peyid, Active grid power W,

Peen, Active generator power W,

P, Mechanical shaft power, W

Py Extracted power by wind turbine, W

Qgen reactive generator power, VAr

Qgrid Reactive grid power, VAr

r Windmill blade radius, m

R Grid resistance, Q)

Ry Stator windings resistance/phase, ()

Te, Tr, Ta Electromechanical, load and accelerating torque, Nm

Vi, Vicopt Rectifier output voltage and optimal value, respectively, V
Vier v4e,Av4.  DC-link capacitor voltage, instantaneous and voltage ripple, respectively, V
Vi, Va Reference and actual d-axis grid voltage, respectively, V
(VLLino) max  Maximum amplitude of the line-to-line inverter voltage, V
Vpce Point of common coupling voltage, V

Vi Vy Reference and actual reactive grid voltage, respectively, V
Ugbe—grid Phase-to-neutral grid voltages, V

Vidg0—gen Generator voltages in dq0 rotating reference frame, V
Vgrid 3-phase grid voltages, V

Vinw VSI output AC voltage, V

Ay Boost inductor current ripple

B, w, A Pitch blades angle °, blade tip speed m/s, tip speed ratio
o, Viw Wind density kg/m?, wind speed, m/s

@f Permanent magnet flux linkage, V/rad/s

Ween Generator angular speed, rad /s

Wy , Wy PMSG rotor angular and electrical velocity, respectively, rad /s
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