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Abstract: Fault ride through (FRT) capability is an essential practice as per the present grid code demands for grid-connected
renewable energy-based distributed energy resources. Studies on FRT capability for grid-connected hybrid systems are rarely
found. This study considers a wind energy conversion system and a fuel cell system interconnected at a common dc bus. It
proposes a new feed-forward-based FRT control scheme for the inverter control where new current references in dg-axis frame
are derived by tracking the positive sequence power. The newly derived references are fed forward to the input of the current
regulator of the voltage source inverter. Second, fuzzy logic-based current controllers are suggested to improve the tracking
capability of the current references in the inverter control scheme so as to enhance the FRT capability of the hybrid system as a
whole. The proposed feed-forward-fuzzy control scheme for achieving an enhanced FRT capability is compared with the
conventional dg current control and feed-forward FRT control for various grid voltage sag tests, where the performance of the
combined feed-forward-fuzzy control is found better. The validation of the proposed FRT control scheme is performed in

MATLAB-Simulink environment.

1 Introduction

With the massive utilisation of renewable energy-based grid-
connected (GC) distributed energy resources (DERs), the grid
operators have imposed stringent measures and clauses for their
grid interconnection. The compliance of IEEE-1547 standard
demands a total harmonic distortion of the point of common
coupling (PCC) current profile within 5% along with the assurance
of grid stability under the event of momentary faults [1]. A bulk
DER is required to satisfy the same grid constraints as that of the
conventional power plants. Fault ride through (FRT) capability or
low-voltage ride through (LVRT) capability emphasises that a large
scale DER unit must remain connected or support the utility grid
for 0.625 s until a maximum allowable voltage drop at PCC is of
0.15 per unit (PU) [2]. LVRT curves are well defined for the wind
generators in the grid codes of Denmark, Germany, Canada etc.
The wind generator is expected to stay connected to the grid until
the PU voltage levels are above the LVRT curve [3, 4]. An
approach for operating multiple DERs in parallel offers the
advantage of enhanced system reliability and uninterrupted power
at the load end. These DERs may contain sustainable energy
sources like photovoltaic (PV) arrays, wind and fuel cell (FC) [5,
6] etc. FC offers appreciable features like modular configuration,
eco-friendly, salient operation, and potential to use it as a
cogeneration mix for harnessing heat and power both [7-10].
LVRT strategy for permanent magnet synchronous generator
(PMSQG) has been explored in the previous literature works where
two converters namely machine side converter (MSC) and grid side
converter (GSC) are controlled by swapping the maximum power
point (MPPT) function of the MSC with GSC. While the GSC is
made to achieve the ride through control by reactive power
injection strategies instead of dc-link voltage control [8, 9, 11, 12].
As per the existing literature, several approaches for the
incorporation of FRT in a DFIG-based, PMSG-based, or in a PV-
based GC DERs can be found. A general approach is to inject the
required reactive power or reactive current via the GC inverter
control algorithm as per the magnitude of voltage dip [13-16]. In
case of a two-stage configuration PV system, LVRT feature is
unified to the system by shifting the MPPT point of the PV panel.
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This is done by creating a momentarily short circuit across the PV
panels during voltage sag condition [17, 18]. Another popular
choice to assimilate the LVRT feature in case of DFIG-based wind
energy systems is by using additional hardware like a braking
chopper or crowbar. This can also be done by capturing the
additional energy in the rotor circuit in the form of inertia by using
a flywheel or superconducting magnetic energy storage device [19—
21]. Nevertheless, the cost of additional hardware, system
modification with the addition of new auxiliary devices adds to the
system complexity. Another method to include LVRT feature
involves the modification of inverter control algorithm where the
FRT capability is achieved in GC voltage source inverter (VSI)
systems by the generation of flexible current references after the
extraction of positive and negative sequence voltages or currents
[16, 22]. Flexible control targets are obtained by the GC VSI by
controlling the positive, negative, and zero sequence currents
simultaneously in [22]. However, the methodology assumes a stiff
dc source at the input of VSI and always considers a three-phase,
four-wire system which may not be applicable for every
distribution system configuration. The incorporation of active
power curtailment philosophy is performed in [23] where the
power generated from the sustainable power sources is curtailed
during a fault condition in order to limit the surge in dc-link
voltage. However, this technique is complex and the control
algorithm adds computation burden on the inverter control
algorithm. Recently, a feed-forward-based control approach along
with the conventional PI controller is utilised to mitigate the dc-
link fluctuations in PMSG-based wind turbines to provide ride
through and frequency support [24].

However, only the dc-link voltage is stabilised while the profile
of instantaneous active power is not scrutinised in the study.
Nevertheless, this approach is simple and gives credible FRT
features. Use of fuzzy logic controllers (FLC) proves to be
effective for the control of microgrid system as the amount of
nonlinearity in such system is large [25-28]. Fuzzy control is used
in [29] for achieving LVRT capability in multiple wind farm using
sets of shrinking span membership functions (MFs). However, the
discussion on the instantaneous active power profile is not
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Fig. 1 Schematic representation of the hybrid sustainable generation system

performed. In [11], interval type-2 fuzzy control is utilised to
achieve enhanced operation for a PMSG wind turbine, but the
monitoring of electromagnetic torque of the same is not executed
under fault conditions.

From the reviewed literature, it is perceived that the FRT
control largely uses a complex control algorithm or uses additional
hardware. Fuzzy control is a preferable choice for systems with
non-linearities like microgrids. Hence, this paper attempts to
contribute towards the enhancement of LVRT capability for a
hybrid GC wind/FC system by the following ways

(1). The presented FRT control utilises sequence components to
compute the feed-forward current references, which are used in
conjunction with the conventional dg-current control of the VSI
system.

(i1). The proposed FRT control does not use any additional or
external devices like series dynamic braking resistor, crowbar
circuits, DC link chopper controlled braking resistor, etc. Hence,
the use of extra hardware in the system is eliminated.

(iii). This paper proposes the use of FLC; and FLC, embedded in
the control scheme in order to track the newly generated feed-
forward current references.

The proposed FRT controller is incorporated for a GC hybrid
system consisting of PMSG-based wind generation and a proton
exchange membrane FC (PEMFC) system concatenated at a
common dc bus whose schematic diagram is as per Fig. 1. This
system inherits the technical advantage of rendering continuous
power as the PEMFC system may act as back up when power
generation from the wind is deficient. In the entire analysis, the
power-sharing algorithm between PMSG, PEMFC, loads at the
PCC, and the utility grid is not taken into account. Simultaneously,
the MPPT functionality of the wind energy conversion system
(WECS) under the FRT control phase is not taken into account, as
the scope of the paper is to evaluate the FRT studies with the
proposed control schemes.

The rest of the paper is organised as follows; the entire hybrid
generation system model is briefly discussed in Section 2, the GC
hybrid system's behaviour under grid fault and the limitations of
the existing FRT control schemes are explicated in Section 3. In
Section 4, a thorough discussion on the proposed feed-forward and
feed-forward-fuzzy control for rendering the FRT capability is
presented. Performance of the proposed FRT controllers is
highlighted by considering relevant case studies along with
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comparative analysis in Section 5. Finally, the conclusions are
drawn in Section 6.

2 Hybrid generation system model

A renewable energy-based hybrid generation system considered for
the study is depicted as per Fig. 1. The PMSG-based WECS is
considered as the primary source of power generation, whereas a
PEMFC is added in parallel to the system in order to improve the
system redundancy. The system intends to support its local ac loads
connected at the PCC and export its excess power during high wind
speed to the utility grid. The ac output of the PMSG-WECS is
conditioned to dc via an uncontrolled bridge rectifier having diodes
D;—Dg. The dc—dc boost converter-1 with inductor L;, diode D7
and controlled insulated gate bipolar transistor (IGBT) switch S;
performs the function of MPPT. Boost converter-2 with inductor
L,, diode Dg and controlled IGBT switch S, is used to control the

FC power as per the desired power reference PR such that the
power deficit between the WECS and load demand is met. The

controlled power conversion from dc to ac is performed by a three-
phase VSI having controlled IGBT switches S3—Sg.

2.1 Modelling of a wind turbine, PMSG, and FC

The mechanical power generated by the wind turbine is given by
M,

Pu = 3Gy PpA )

where P, is the mechanical power developed by the wind turbine,
p is the air density in kilograms per cubic meter, 4 denotes blades
swept area in meter square, v represents wind speed in meter per
second, and C,, represents power coefficient which is function of
tip speed ratio (1) and pitch angle (5) [8]. In this work a salient pole
PMSG is considered, the modelling of stator voltage equations is
based on parks transformation which considers synchronously
rotating reference frame in the rotor axis expressed by (2) and (3)

(1]

@

Isq . .
Vsd = va + iaRs — welesq
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digq

va=bog

+ iqus + weLsisd + wep (3)
where R and L are resistance and inductance of the PMSG stator
winding, respectively; vgq, Vsqs isd» and igq are the stator voltage and
current transformed to dg-reference frame; ¢ is the magnetic flux;
and w, is the electrical angular speed.

2.2 Modelling of FC

The PEMFC system is modelled as per the Nernst equation, the
internal potential difference between two electrodes (E) is given
by (4). Here, E, denotes standard reference potential under
standard condition (1-atm and 25°C), taken as 1.229 V. Py,, Po,,
Pu,o are the corresponding partial pressure of Hp, O,, and HyO
respectively, R represents the gas constant (8.3143 J/mol K), T
stands for temperature of the electrodes in Kelvin, and F represents
the Faraday constant (96,487 C/mol). The value of voltage
developed at terminals of the FC (V) is given as per (5) where
Vact,cell 18 the voltage drop due to activation losses, Vohmic cell 18 the
voltage drop due to ohmic loss and Vegp cept is the voltage drop due
to concentration loss [9]

1/2

_ RT . [ Pu, X Po,
Ecen = |Ey + 55log “Puo “)
Vcell = Ecell - Vact,cell - Vohmic.cell - Vconc.cell (5)

The partial pressures of H, and O, are related with molar flow of
H; and O, (q}‘fz, qi(‘}z) and the stack current (Iy,e) as per (6) [7]

1/ky,
H — 1+ THZS

1/ko,
T 14+ 70,8

(qu - 2Krl slack)
(6)
(t]f% - 2Krlslack)

0,

where kp, is the hydrogen valve molar constant in (kmol/s-atm)
whose value is 4.22 x 1075, ko, is the oxygen valve molar constant
in (kmol/s-atm) whose value is 2.11 x 1075, 7y, is the hydrogen
time constant having value of 3.77 s and 7o, is the oxygen time
constant having value of 6.47s, K, is the modelling constant
having value of 9.07 x 1078,

3 GC VSl behaviour under grid faults

The primary objective of this paper is to investigate the FRT
capability of a GC hybrid generation system modelled as per
Fig. 1. The main contribution is towards the control of GC-VSI
during the faults occurring at high voltage side of the transformer.
When fault gets impinged in the system, there is a rapid fall of
power at the PCC side. This fall of power may slant to null
depending on the severity of the fault, the magnitude of the
network impedance, location of the fault etc. While the power
generated by the WECS and the PEMFC remains unchanged, the
power imbalance between the power generated by DERs and the
power at the PCC leads to a rapid surge of power across the dc-link
capacitor. This power surge appears instantly in the form of the dc-
link voltage surge.

3.1 Dc-link voltage surge and dc-link voltage ripple

The surge in dc-link voltage appears as addition of energy stored
by the dc-link capacitor and is accompanied by the presence of
voltage ripples. Voltage ripples occur due to the presence of
voltage and current unbalance happening because of the injection
of negative sequence voltage and current components in the power
system. The energy absorbed by the dc-link capacitor due to
voltage surge is expressed as per (7) [19]
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1 _ )
APy - At = Ecdc(vdc + AVdc)z - icdcvéc (7)

where APy is the change in dc-link power, At is the transient time,
Cyc 18 the dc-link capacitance, vy, is the mean value of dc-link
voltage, and Avy, is the surge magnitude of dc-link voltage. The

approximate analysis results in the magnitude of dc-link voltage
fluctuation as

APy, - At
Avge = ——— 8
dc Cdc Ve ( )

The dc-link voltage fluctuation is undesirable from the viewpoint
of the system's stability. A straight forward approach to remove the
fluctuations in dc-link voltage can be achieved by increasing the
value of dc-link capacitance. However, this approach is non-
feasible as it increases system cost and bulkiness.

3.2 Active and reactive power ripple

The grid codes demand the injection of reactive currents by the
inverter during the detection of voltage dip at the utility side for
FRT accomplishment. The basic mathematical foundation is based
on expressing the instantaneous powers in terms of the positive-
negative sequence current and voltage components in a suitable
reference frame and to perform appropriate current control
functionality. During ideal condition, i.e. in the absence of grid
fault, the apparent power delivered by the GC VSI contains only
the positive sequence voltage and current components. The same
may be expressed in synchronous reference frame (SRF) quantities
as

s =V (i) ©)

where the subscript ‘dg’ denotes the quantities in dg-axis frame,
prefix ‘p’ denotes positive sequence quantities, ‘*’ represents the

complex conjugate term, vf,’q denotes the PCC voltage in dg frame,

igq is the PCC current in dg frame. During the presence of grid

unbalance, the instantaneous apparent power can be expressed in
positive and negative sequence quantities in the SRF frame as

s = (Ve + Ve )(ih,el + ige ) (10)

where the prefix ‘n’” denotes negative sequence quantities, operator
/> means the 90° phase shift in the electrical quantities and 0 is the
electrical phase angle. The instantaneous active power P(?) and
reactive power Q(?) is represented as (11) and (12) [22]

P(t) = P, + P.,cosQwt) + PysinRot) (11)
o) = Q, + QpcosRwt) + Qy,sin(2wt) (12)

The terms P,, O, in (11) and (12) represent the average active and
reactive power, Py, Py, O, and Oy, represents the second order
ripple components in the active and reactive powers, respectively.
The conventional approach involves the converted quantities of
(11) and (12) in the SRF quantities as per (13)—(18) in order to
achieve flexible control strategies

P, = L5004+ v0il + Viiy + viil) (13)
Pe, = L5V + vEiy + vijil) + viib) (14)
Py, = 1.5(vi) — vhil — vDig + vbiy) (15)
Q, = L50ily — viil + Vi — Viiiy (16)
O, = L50E1 — vhig + Vil — viil) amn
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Oy, = LS5O + vhiy — viil) — Vi) (18)

The terms of (13)—(18) can be represented as per the matrix
equation given in (19) while the current references are generated as
per (20) according to the desired FRT requirement. It is significant
to note that the calculation of the inverse matrix of (20) increases
the quantum of computational effort of the digital processor used
for the inverter control algorithm

V4 n n
vy vE i vy
Py )
P no e
0o vh vg Vg va|ih
n N _ P P .p
Ps| 3| vq v vy vg ||
PC2 - E n n P P n ( 1 9)
va Vg Vi v ||
s: —vi —vp v v |l
Oc . ,
Vg —va v =V
A A
d q d q P
ref P 0
P 4 — n - 1
i’ v Vv vy vil | 0,
. n . P
A 2| Va Vi —Vq V4| |Ps 20)
i 3 vioovp vl Pc,
i R S P 4 QS 2
iy Vi —Vg Vg vy
. . ) Oc»
Vg —va v =V

The above equation can be used to extract the current references
for achieving various desired flexible control objectives like (i)
smoothening of active power ripples, (ii) elimination of reactive
power ripples, (iii) elimination of simultaneous active and reactive
power ripples, and (iv) injection of balanced grid currents etc.

The approach of obtaining the flexible control objectives in
FRT involves a good amount of computations such as referring the
three-phase quantities to SRF quantities, extraction of sequence
components of corresponding voltages and currents etc. Moreover,
the computation of the inverse matrix as per (20) even further
complicates the reference current computation process. Another
challenge involves around the tracking of the current references. In
general, the PI controllers are the widely acceptable controller
variant. The reference tracking functionality is performed by four
sets of PI controllers as reported in the literature [22]. However,
faults are dynamic in nature and occurrences happen for a range of
short span. Hence, the smooth tracking of current references in
such cases possesses a considerable amount of challenge. Looking
specifically to the challenge of computational burden and effective
current reference tracking, this paper attempts to eliminate the
above limitations by proposing a set of modalities via introducing

feed-forward and fuzzy control. The proposed control approach is
named as feed-forward-fuzzy control which is elucidated in the
next section.

4 Proposed feed-forward-fuzzy control

The idea proposed in the paper to improve the FRT capability
especially for a GC hybrid sustainable GC energy systems is based
on the concept of elimination of negative sequence current
components and tracking the positive sequence active power. The
details of feed-forward current reference generation are elaborated
below.

4.1 Feed-forward current reference generation

The generation of the feed-forward current reference is based on
the fundamentals of power balance between the generated power
by the hybrid sustainable sources and power absorbed by the grid.
As depicted in Fig. 2, the quantum of power flow is from hybrid
generation system to grid, where the sum of power generated by
WECS (Pw) and power generated by FC (Pgc) is taken as Pgys.
This total power is supplied to the dc-link referred as (Ppc), meets
various losses in the dc—dc converters, goes to the inverter referred
as (Piny), LC filter bearing the filter inductance Ly and filter
capacitance Cr and eventually transmitted to the utility grid. The

power balance between the dc-link capacitor, and power injected to
grid (Pgrip) neglecting the converter losses is depicted by

Psys = Ppc + Pinv + Prip @21

Assuming a lossless condition where the inverter power losses
are neglected, (21) can be expressed as

Psys = Ppc + Pgrip (22)

The grid active power can be expressed as the instantaneous
summation of sequence powers in positive sequence (P,), which is
further composed of positive sequence voltage (ep) and positive
sequence current (ip). The negative sequence power (P,) is
composed of negative sequence voltage (e,) and negative sequence
current (i,) and zero sequence power (P,) is composed of zero
sequence voltage (e,) and zero sequence current (i,). This is
expressed as

Psys = Ppc + 3(Pp + Py, + Py) (23)
PSUS = PDC + 3(epip + enin + eoio) (24)
Since a three-phase, three-wire system is considered, zero sequence

quantities are inherently absent. Due to the absence of neutral
terminal, the zero-sequence power term is not included in (24).

Hybrid Sustainable
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* | “r{pc L i
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Ip ) Grid
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Fig. 2 Schematic representation of the proposed controller
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During unbalance fault, the presence of negative sequence current
and voltage component gives rise to double frequency oscillation in
the power delivered to the grid. Thus, in order to incorporate an
inverter mechanism which suppresses the oscillating negative
sequence power, appropriate current reference needs to be
generated. In (24), the negative and zero sequence currents are
made null which brings the new expression for Pgyg as per (25)
and (26). This equation aims to obtain the current references for the
grid side inverter such that the negative sequence currents do not
appear. The prediction of new current reference (i ") depends on

the extraction of positive sequence voltage and its calculation is
performed as per (27) and (28). The extraction of e, is as per the

multivariable structure sequence detection scheme algorithm of

[13]

Psus = Ppc + 3(epip) (25)
Let

Psys — Ppc = APm (26)

substituting (26) in (25) leads to a new expression as (27)

3(eis") = APm (27
ot APm
b= (28)

The desired positive sequence reference current is obtained as per
(28). This current is translated to the instantaneous current phasors
‘abc’. The positive sequence reference currents need the input of
sequence factors (a and a?) which gives phase shift of 120° and
240° to generate the current references as per (29)—(31). The terms
of (29)—(31) are complex quantities which cannot be processed by
a PI controller. Hence, the modulus operator is applied and the
magnitude terms |tr5f| and |tr5f| are being used for processing. The

reference currents are translated to current reference in the dg
frame as per (32)

ref _ APm

o =3, 29

oo

=(=0.5 - jO. 866)(AP ’") (30)
P

= [ros{ S 537

ref (APm)
i =a=
¢ 3ep

G

= (-0.5 + O. 866)(APm)

%

= [ros{ S o 557
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ref
cosf cos(@ — 120°) cos(@ + 120°) | rof
—sinf—sin(d — 120°)—sin(d + 120°)

(32)

.ref
l ret‘ \/7
i = \/g [cosO - [iE"] + cos(0 — 120°) - |i5"| + cos(6 + 120°)
(33)

iref | = sin(@ + 120°)

ref _ 9 - .
= (3[-sin o

—sin(@ — 120°) -
|lref ]

The current reference term obtained in (33) is added to the output

of the de-link PI controller it obtained after processing the error of
f

.ref|
.l{_e

reference de-link voltage vi¢ and actual dc-link voltage vpc to
generate the intermediate d-axis current as per (35). The
proportional and integral gains of the dc-link PI controller are
denoted as Kl‘;/ and KIV , respectively.

B = KYOBE - vpo) + KV / 5k — wpo)ds 35)

The current reference obtained from (33) and (35) is fed forward in
the summer block, after which it is subtracted with the actual d-
axis current (iy) and is processed further to the inputs of the FLC;

to generate the intermediate d-axis voltage (v}). Similarly, the error

between g-axis current reference zq obtained from (34) and the
actual g-axis current i, is pushed to the FLC, for obtaining the
intermediate g-axis voltage term ().

4.2 Fuzzy logic controller design

Since the hybrid generation system has many non-linearities, the
reference tracking capability of the PI controller is a challenging
aspect. For transient events like faults, the challenge increases
manifolds. The paper proposes the use of two FLC controllers
FLC, and FLC, in the VSI control algorithm for tracking the new

f
d-axis current reference (iy ) and g-axis current reference (i)

generated as per (33) and (34). FLC which possess the advantages
of easy variable gain generation can work on uncertain system
models where the exact mathematical model is unknown. FLC is
parameter insensitive and is accompanied with fast convergence
[29]. The steps involved in the implementation of FLC consists of
fuzzification, design of the fuzzy inference engine and
defuzzification, respectively.

4.2.1 Fuzzification: In the fuzzification process, the input signals
to the FLC are mapped in the range of [~1 1] and are subsequently
assigned MF variables. As the inverter control is based on the
sensing of per-unit quantities of voltages and currents, the input
variables of FLC are inherently in the range of [—1 1]. Triangular
MFs are selected due to the ease of assigning crisp range for
different membership variables and these MFs are more sensitive
to small signal variations [28]. The input variables for the FLC;
and FLC, are error and change in error, respectively which are
shown in Figs. 3 and 4.

The error function for the FLC; at the kth sample instant is
given by e (k) = [mf(k) + zref(k)] [i;(k)] and the change of error
denoted by Ae,(k) = e,(k) — e,(k — 1) is obtained by processing the
error through a unit delay block and subtracting the error ¢,(k).

Similarly, the error function of the FLC, at the kth instant is the
difference between the reference g-axis current and the actual g-
axis current given by ey (k) = iff' (k) — i,(k) and the second input of
FLGC, is the change of error denoted by Ae,(k) = e)(k) — e)(k — 1).
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Fig. 4 MF for input variable ‘change in error Ae (k) and Aey(k)’

Change in Error

Membership function degree

| [NB NM NS

05
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Fig. 5 MF for output variable vy and v,

Table 1 Fuzzy rule base for FLC¢ and FLC»

Output

Output variables vzand v,

Input variable-2 Ae(k)
NB NM NS ZE PS PM PB

Input variable-1 e(k) NB
NM
NS
ZE
PS
PM
PB

NB NB NM NM NS ZE ZE
NB NM NM NS NS ZE PS
NM NM NS NS ZE PS PS
NM NS NS ZE PS PS PM
NS NS ZE PS PS PM PM
NS ZE PS PS PM PM PB
ZE PS PS PM PM PB PB

Output

ChangeinError
Fig. 6 Fuzzy rule base surface view

The output variable of each fuzzy controllers is being represented
with the MF as per Fig. 5.

4.2.2 Fuzzy inference engine: The fuzzy inference engine
primarily consists of a knowledge base or the rule base which is
based on the ‘if-then’ prepositions. The Mamdani fuzzy inference
is used for the design of the proposed FLC; and FLC, which is
based on rules and its related consequents. Crisp output can be
fetched after processing the rules, provided overlapping of the
neighbouring MFs are ensured [27].

A total of 49 rules is considered for making the correlation
between the linguistic variable inputs and outputs of the two fuzzy
controllers as presented in Table 1. The linguistic variables are
abbreviated as negative big (NB), negative medium (NM), negative
small (NS), zero error (ZE), positive small (PS), positive medium
(PM), and positive big (PB), respectively. The rules of FLC are
selected such that the rise time, overshoot, and settling time of the
desired system parameters are minimised as per the required FRT
conditions. The surface plot representing the behaviour of the
fuzzy rules with the inputs and output variable is shown in Fig. 6.
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4.2.3 Defuzzification: The fuzzy controllers have only one output
variable which is fetched from the input variable sets. The widely
used method for defuzzification is the centre of gravity method.
This specific method is selected as it is simple and accurate which
calculates the output by calculating the weighted average of the
fuzzy functions after the process of the fuzzy rules as per the
formula of (36), where, x* denotes the fuzzy controller's output, x;
is the value of the input variable and u(x;) is the value of the grade
of MF [28].

% = 2?:1)@'/4()61‘)

— 36)
iz h(x)
The output voltage terms of FLC; and FLC, are v; and vy,

respectively. These are summed up along with the cross-coupling
voltage terms, d-axis voltage v; and g-axis voltage v, to give the
final dg-axis voltage references V' and v{ff as per (37) and (38).
The phase angle of the PCC voltage € and the corresponding
angular frequency w provided by the phaselocked loop is also used
in the voltage reference generation. The new dq voltage references
are translated to abc-references, which are then compared with a
PWM bearing a 20-kHz frequency of the carrier signal in order to
generate the gate pulses for the VSI. Comparison between the feed-
forward FRT control and feed-forward-fuzzy FRT control is
presented in Fig. 7

v = v v — i Ly 37
v,'ff = vy + v, + wigly (38)

5 Case studies and FRT controller validation

The validation of the proposed feed-forward-fuzzy logic fault ride
through (FRT) control is performed by attempting series of test
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Feed-forward based FRT
control

Feed-forward-fuzzy FRT
control

It refers to the inverter current
control in order to achieve FRT
requirement which is done using
the philosophy deliberated in
Section 4.1. Here the fuzzy
controllers are not used to
regulate the current references,
instead they are regulated by the
conventional PI controllers.

It refers to inverter control done
to achieve the FRT
requirement by using the
philosophy deliberated in
Section 4.1 and 4.2 where the
new current references for the
d-axis and g-axis are
controlled by the fuzzy logic
controllers namely FLC; and
FLC,.

In the feed-forward based FRT
control, the derived current
references of Eq. (33) and (34)
are controlled in a manner

where the current reference iff

is fed-forward at the output of
the Pl controller regulating the
dc-link voltage. Further the
controller in the inner-loop are Pl
controllers which regulates the
d-axis and g@g-axis current
reference.

In the feed-forward-fuzzy
based FRT control, the derived
current references of Eq. (33)
and (34) are controlled in a
manner where the current

reference i is fed-forward at

the output of the PI controller
regulating the dc-link voltage.
Further the controller in the
inner-loop are Fuzzy Logic
Controllers (FLCy and FLC,)
which regulates the d-axis and
g-axis current reference.

,,,,,
| Feed forvard |
reference |

4 Current reference regulation
performed by PI controllers

if =
| Feed forward
| reference

Current reference regulation
performed by Fuzzy Logic controllers

The feed-forward control will
render the FRT feature, but will
lag performance in terms of
effective reference tracking,
settling time, over shoot of the
dc-link voltage etc. This is due to
the inability of the PI controllers
to perform effectively on a non-
linear system like a grid-
connected hybrid generation
system as considered in this
paper.

The proposed feed-forward-
fuzzy-based FRT  control
performs better since fuzzy
logic controller has a better
performance while controlling
a non-linear system. Hence, to
handle the \voltage sag
problem on a system with high
non-linearities like microgrids,
the proposed feed-forward-
fuzzy based FRT control
performs better.

Fig. 7 Comparison between feed-forward FRT control and feed-forward-fuzzy FRT control

cases in the MATLAB-Simulink simulation environment. The
entire schematic is modelled as per Fig. 1 with the system
parameters presented in Table 2. The snippet of the controller part
implementation is illustrated in Fig. 8. The case studies involving
unbalanced and balanced voltage sag cases viz (a) single phase sag
(b) two-phase sag, and (c) three-phase sag are undertaken. Each
case is tested for the FRT capability of the hybrid generation using
the conventional dg-current controller, using only feed-forward
FRT control where the current references are completely regulated
by the PI controllers and lastly by the proposed combined feed-
forward-fuzzy control. In the subsequent sections, the various
system parameters for each test cases are portrayed simultaneously
on a common axis in order to understand the differences in the
individual controller performance with ease.

5.1 System performance under unbalanced sag: one-phase
sag

The performance of the hybrid sustainable energy system when a
50% voltage sag at phase-a occurs due to an unbalance fault event
at the transmission line is discussed. The PCC voltage of phase-a
drops as per Fig. 9a during the sag event from 1-1.2's. The PCC

2872

current is shown in Fig. 95 for the case when the proposed feed-
forward-fuzzy control is used.

It is inferred that the currents are balanced and are limited
during the voltage sag span which is due to the effective tracking of
the current references by the FLC; and FLC, unrestricted from
negative sequence components. The dc-link voltage profile for
three different controllers is presented simultaneously on a
common axis as per Fig. 9¢ where the rise and ripples in dc-link
voltage profile is prominent for the conventional dg-control and
feed-forward FRT control, whereas the proposed feed-forward-
fuzzy controller outperforms the rest two controllers. The profile of
active power delivered to the PCC is as per Fig. 9d. In the
presented system the rated electrical angular frequency of the
instantaneous positive sequence current is 314 rad/s while the
negative sequence currents possess an angular frequency of 314
rad/s, which comes to the system during unbalance fault condition.
Thus, the resultant angular frequency of the current becomes 314
rad/s—(—314 rad/s) =628 rad/s, i.e. twice the rated angular
frequency. This appears as a form of ripples in the active power
profile. The frequency of ripples is such that the instantaneous
value of power will be oscillated at a rate of twice the rated angular
frequency. Thus, the power ripples possess a frequency of 100 Hz.
From Fig. 94, it is established that the proposed feed-forward-fuzzy
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Table 2 System Parameters

PMSG wind energy system

rated power 40 kW
rated speed 314 rad/s
rated torque 126 Nm
base wind speed 12m/s
PEMFC stack [9]
power rating 1200-W
DC voltage range 22-50V
rated voltage 26V
rated current 46 A
number of cells 48
nominal stack efficiency 46%
operating temperature 55°C
nominal supply pressure of Ho 1.5 Bar
nominal supply pressure of Oy 1 Bar
system electrical parameters
base voltage (line to line) 415V
VSI switching frequency 20-kHz
Add Gain M-I
Fuzzy Logic
Controller2
Theta PLL
Vdref
Tzﬂ‘"‘“;“’f{““ Varef Uetrl_grid_conv 1; Uit P ms
i
" Subysem

Productd

Fig. 8 Matlab-Simulink implementation of the feed-forward-fuzzy controller

control achieves a much smoother profile with less power
oscillation and power surge. The effectiveness of the proposed
feed-forward-fuzzy control over other FRT control method is due
to the minimisation of the magnitude of the negative sequence
currents as per Fig. 9e. Table 3 shows the comparative analysis of
various controllers used for the FRT provisions where it is evident
that the combined effect of the proposed feed-forward-fuzzy
control gives a better FRT behaviour compared to the conventional
dgq- control and with only feed-forward FRT control.

5.2 System performance under unbalanced sag: two-phase
sag

In this case, a more stringent condition is applied to test the LVRT
efficacy of the proposed feed-forward-fuzzy FRT controller.
During a two-phase voltage sag, the magnitude of the voltage dip is
much more as compared to a single-phase voltage sag. As observed
from Fig. 10a dip in phase-a and phase-b voltages are present
during the span of 1-1.2 s. The PCC currents are balanced during
the faulted span as per Fig. 105 due to the proposed feed-forward-
fuzzy control. A larger inrush of active power from the DER during
two-phase voltage sag leads to a larger surge in the dc-link voltage
when no FRT control is applied. While the feed-forward FRT
control is unable to mitigate the surge in the dc-link voltage due to
the poor regulation of its PI controllers, the proposed feed-forward-
fuzzy control FRT control enables a better dc-link voltage profile
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free from oscillations which is evident as per Fig. 10c. Similar
behaviour is found in the case of the profile for generated active
power where the power oscillation magnitude is much lesser for
the proposed feed-forward-fuzzy controller during the faulted span
which is as per Fig. 10d. While evaluating the negative sequence
currents during one-phase sag the tuned values of Kp and K of the
PI controllers used in the inner current control loop of the feed-
forward FRT control could successfully regulate the current
reference and reduce the magnitude of negative sequence currents
as per Fig. 9e. While the same values of Kp and Kj for the PI
current regulators were used for the FRT control during two-phase
sag, but these gains could not achieve the sufficient amount of
current reference regulation so as to quench the negative sequence
currents during two-phase sag. In order to achieve a better FRT
control during two-phase voltage sag using the feed-forward FRT
control, fresh tuning of PI controllers is required. This limitation is
overcome by the use of feed-forward fuzzy logic FRT control. It is
capable of handling the system non-linearities and provides
dynamic current regulation for different voltage sag conditions
once the rule base is properly established. The magnitude of
negative sequence current for the feed-forward-fuzzy control is less
as shown in Fig. 10e. A parametric comparison between the
existing dg-control [30], feed-forward FRT control and the
proposed feed-forward-fuzzy FRT control is presented in Table 4.
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Fig. 9 Parameters at PCC during one-phase sag
(a) PCC voltage, (b) PCC current, (c) DC link voltage, (d) Active power delivered, (e)
Negative sequence current

Table 3 Comparative analysis of the FRT control
performance for various controllers under 50% voltage sag at

phase-a
Parameters Conventional dg Feed- Proposed
control [30] forward FRT feed-forward-
control fuzzy FRT
control
dc-link voltage 690 V with 685V with 684 V with less
(peak value) oscillations oscillations oscillations
active power 34-kW with 26-kW with 25-kW with
(peak value) oscillations oscillations minimised
oscillations
negative 7A 59A 42 A
sequence
current
magnitude

5.3 System performance under balanced Sag: three-phase
sag

A balanced three-phase sag does not contain any negative sequence
current. Hence the profile of dc-link voltage and active power do
not contain any oscillations, but the dc-link voltage surge is
present. For validation, equal voltage dip at phase-a, phase-b, and
phase-c are created as per Fig. 1la. The peak value of dc-link
voltage with the proposed feed-forward-fuzzy control is 685V,
while the peak value of 700 and 698 V are obtained for the feed-
forward and conventional dg-control. Another distinct feature of
the proposed control is that the peak overshoot and the settling time
is less for the profile of active power as per Fig. 11d. The voltage
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Fig. 10 Parameters at PCC during 2-phase sag
(a) PCC voltage, () PCC current, (¢) DC link voltage, (d) Active power delivered, (e)
Negative sequence current

Table 4 Comparative analysis of the FRT control
performance for various controllers under 50% voltage sag at
phase-a and phase-b

Parameters Conventional dg  Feed- Proposed
control [30] forward feed-forward-
FRT fuzzy FRT
control control
dc-link voltage 690 V with ripples 700 V with 680 V without
(peak value) ripples any ripples
active power 15-kW with ripples  15-kW with 14 kW with less
(peak value) ripples ripples
negative 6A 58A 3.7A
sequence current
magnitude

sag impacts the electromagnetic torque of the PMSG, as the
presence of unbalance leads to the generation of torsional
oscillations in the PMSG rotor structure. Fig. 12 shows the
electromagnetic torque profile of the PMSG. The torque profile of
the generator is shown when the PMSG machine is loaded with an
electrical load of 3.6 kW. Since the machine runs as a generator,
the torque is negative, and corresponding to the electrical power
output of 3.6 kW the developed toque is 11.6 Nm. Hence, the
torque profile of the machine is registered as —11.6 Nm as per
Fig. 12. It is inferred from the result that the electromagnetic torque
profile is also better with the use of proposed feed-forward-fuzzy
control under voltage sag conditions. Hence the proposed control
has not only improvised the dc-link voltage and active power
profile, but also the electromagnetic torque profile of the PMSG in
the WECS is improved to a great extent.
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Fig. 11 Parameters at PCC during 3-phase sag
(a) PCC voltage, (b) PCC current, (¢) DC-link voltage, (d) Active power delivered
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Fig. 12 Electromagnetic torque of PMSG

5.4 System performance under variable wind speed and
symmetrical fault

A variable wind speed profile is considered to evaluate the
performance of the hybrid wind/FC system with the proposed feed-
forward-fuzzy control. The system is also subjected to a
symmetrical fault for the time span of 1-1.2's. The wind velocity
varies between 10 and 14 m/s as per Fig. 13a. The PCC voltage
and current profiles are depicted in Figs. 13b-c, respectively. The
overcurrent's are not encountered during the fault span which is
due to effective functioning of the feed-forward-fuzzy FRT control
algorithm. While the wave-forms of dc-link voltage as per Fig. 13d
do not show deviations from its reference value during variable
wind speed span which indicates the proper power balancing
between the generation and demand. Similarly, the active power
profile of the PCC as per Fig. 13e does not deviate during variable
wind speed, this is due to the presence of FC which enables to
nullify the power deviations at the PCC even during variable wind
speed. The system simultaneously exhibits the FRT feature during
the fault span with the proposed feed-forward-fuzzy FRT control
strategy.

6 Conclusion

The paper contributes towards the enhancement of the LVRT
technology for a GC hybrid sustainable generation system via the
design of a new feed-forward FRT control. The proposed feed-
forward FRT controller's mathematical model is based on the
extraction of a new set of current references such that the surge in
the dc-link voltage, ripples in the active power profile and negative
sequence current in the system is minimised. Further, the paper
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Fig. 13 Parameters at PCC during variable wind speed and symmetrical
Sfault
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power delivered, (e) Negative sequence current

improvised the feed-forward FRT scheme with the inclusion of two
sets of FLCs to form a feed-forward-fuzzy FRT controller which
proved to be a better choice for achieving the FRT capability. The
feed-forward-fuzzy control outperformed the conventional dg-
controller and feed-forward FRT control, which is justified by
categorically comparing the system performance during one-phase,
two-phase, and three-phase voltage sag. Also, the system's
performance during simultanecous wind speed variation and the
symmetrical fault is found satisfactory with the proposed control.
Alternatively, it can be concluded that the proposed feed-forward-
fuzzy control can fulfil the FRT requirement of the considered GC
hybrid sustainable generation system in an effectual way.
Moreover, a smooth profile of the PMSG electromagnetic torque is
registered under voltage sag conditions which prove to be an
additional advantage of the proposed feed-forward-fuzzy FRT
control scheme.
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