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In this paper, a new adaptive control method is proposed for direct matrix converters. The proposed method uses interval
type-2 fuzzy logic integrated with sliding mode control. Employing the sliding mode control in matrix converters leads to an
efficient choice of switching combinations and a reliable reference tracking. The main problem of the sliding mode control
is the chattering phenomenon that degrades the controller performance through injecting high-frequency variations in the
controller variables. The proposed method incorporates the interval type-2 fuzzy with the sliding mode control to mitigate
the chattering problem. The sliding mode switch surface can be adjusted adaptively according to the system state and the
proposed fuzzy compensation based on the Lyapunov stability theorem, so that the control system has the characteristics of
low chattering effect and appropriate operation quality. Comprehensive evaluations of the waveforms are conducted for the
new matrix converter through various simulations. Simulation results verify the effectiveness of the proposed adaptive control
method for matrix converter in various conditions, and its superiority in chattering suppression in comparison to the
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I. INTRODUCTION

In recent years, AC-AC power converters have been
extensively developed in various applications including AC
motor drive systems, flexible AC transmission systems
(FACTSs), aircraft industry and wind energy conversion
systems [1]-[4]. Such converters which are known as matrix
converters (MCs) convert an AC waveform to another AC
waveform with different voltage magnitude and frequency
using minimum number of passive components [5]-[7].

Pulse width modulation (PWM) techniques are generally
used for switching control of direct MCs. Alesina and
Venturini [8]-[9] introduced a high frequency PWM method
with low harmonic contents for both output voltages and input
currents of MCs. Another switching technique introduced for
direct MCs is space vector modulation (SVM) [10]. The
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conventional sliding mode control and the boundary layer method.

calculation steps in the SVM method are much simpler than
those in the Venturini’s method due to a fewer number of
calculations for sinusoidal functions. Moreover, the
commutation of switches in the SVM method is 20% less in
each cycle [11].

Space vector modulations of direct MC are classified into
direct SVM [12] and indirect SVM [13], [14]. In the indirect
SVM the direct MC is described as an equivalent circuit
consisting of current source rectifier and voltage source
inverter connected through a virtual DC link. In the direct
SVM, however, the actual MC circuit is considered without
any assumption of an equivalent circuit. The direct SVM
strategy is more complicated than indirect SVM since
modulation vectors vary continuously and depend on
instantaneous magnitude of the source [15].

Several control schemes, often dealt with modulation
strategies, have been presented for matrix converters, such as
proportional-integral (PI) control techniques [12], [16],
decoupled linear control techniques [17], predictive control
techniques [18]-[20], and sliding mode control techniques [17],
[21].
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Controlling the matrix converters using the conventional Pl
control techniques is a challenging task, since multiple control
objectives have to be simultaneously achieved [22]. The
decoupled linear control techniques are only valid around an
operating point and do not guarantee robustness [17]. The
predictive control is of great versatility for its ability to treat
with different requirements. The main disadvantage of the
predictive control is, however, that a high content of harmonics
may be generated at the output of the matrix converter [20].

The sliding mode control which was proposed during the
late 1950s, benefits a high disturbance rejection capability, a
low sensitivity to the variation of system parameters, and a
high-speed response [23]. Due to these advantages as well as
easy implementation, the sliding mode controller can be
efficiently employed in various industrial control applications
[24]-[25]. The main drawback of this controller, however, is
that its control signal exhibits high frequency oscillations,
which is called the chattering problem [26]. This problem
causes undesirable impacts on the control trajectory such as
low accuracy and high heat losses in power circuits.

Among the various solutions to mitigate the chattering effect,
the boundary layer approach is of the most popular one [21].
In the boundary layer approach, a thin boundary layer is
considered neighbor the switching surface and makes the
system trajectories stay within the predetermined boundary
layer. As a result, the control discontinuity is smoothed out in
a boundary layer around the switching surface. This solution,
however, compromises on accuracy of the trajectory tracking.

Another method in literature is high order sliding mode
[27]-[29]. In the high order sliding mode, the sliding surface
structures are improved at the cost of a higher complexity in
the control structure. Combining with signal processing tools
such as neural networks [30]-[31] and fuzzy logic controller
[32]-[33], the chattering phenomenon can be reduced
efficiently. The above hybrid methods use adaptive neural
networks or fuzzy logics to approximate the unknown system
model.

Recently, several hybrid fuzzy SMC methods have been
developed. The methods proposed in [34] and [35] utilize
fuzzy models to describe some uncertain nonlinear systems. In
[36], an adaptive fuzzy approach is employed to approximate
the unknown nonlinearity in the presence of signal
quantization. In [37], a fuzzy regulator is proposed to
adaptively smooth the hitting control and concurrently
compensate for observation deviations. The work in [38] uses
an adaptive neuro-fuzzy inference system (ANFIS) to estimate
unknown part of the system dynamics based on the off-line
input-output data. This ANFIS based control system provides
more general solution for the singularity and chattering
problems. As a result, the sliding gain is adapted to the
estimated value of the unknown part and hence, provides a fast
convergence and low chattering. However, this requires an
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appropriate design procedure and a stability proof to guarantee
the performance and the stability of the whole hybrid system
[39]. In [40], the stability problem of the uncertain fuzzy
systems is compensated via an adaptive SMC method. To this
end, a fuzzy integral-type sliding surface is utilized and the
SMC method is applied to estimate the unknown system
parameters. In [41], an adaptive algorithm is utilized to
estimate the system lumped disturbances, including parameter
variations and external disturbances. This procedure avoids
large switching gain which can lead to the occurrence of high-
frequency sliding mode chattering. Besides, adaptive output
feedback SMC is also designed for linear systems with
matched external disturbances [42].

These hybrid methods provide partly some advantages over
standard SMC such as reduced chattering, non-singularity,
high precision, and finite-time convergence. However, these
techniques need accurate tuning of controller parameters. In
addition, the chattering phenomenon still occurs due to using
the discrete control input and as a result, some additional
methods are required to meet the chattering problem [38].

In this paper, a new adaptive control method of MC is
proposed which is based on interval type-2 fuzzy sliding mode
control using indirect SVM. In addition to the input current
control development, the chattering phenomenon is reduced
through integration of the interval type-2 fuzzy with sliding
mode control strategy. In contrast to the previous chattering
reduction methods in [21], [27], the proposed fuzzy integration
method does not increase the error amplitude of the controller.
As a result, the accuracy of the trajectory is enhanced and
complex parameter tuning is avoided. In addition to an easy
implementation, the interval type-2 fuzzy compensation does
not require complicated membership function. Simulation
results verify the efficient performance of the proposed
adaptive control method for MCs.

This paper consists of five sections. The MC model and its
inverter and rectifier stage modulations are described in
Section 2. The proposed fuzzy sliding mode control for the
direct MC is presented in Section 3. The performance
assessment of the proposed control system is verified by
simulation results in Section 4. Finally, the conclusion is
brought in Section 5.

Il. THE MC MODEL

The circuit diagram of an MC is illustrated in Fig. 1. Each
of three input phases can be connected to each of three output
phases through bidirectional switches. The states of switches
are represented as
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where assuming j € {4,B,C} and k € {a,b,c}, we have
sjk =0 for corresponding switch to be open and S, =1

for corresponding switch to be closed. The constraint
Sp+Sa +Sq =1, ke{a,b,c} is established to prevent
short-circuit of the input phases or open-circuit of the output

phases [43]. Applying Kirchhoff's Current Law (KCL) on MC,
the relation between the input and output currents is given by

Ii,ABC :S Io,abc (2)

where I; apc = [iiq i ic]” denotes the input current vector
and 1, qpc = lioa iop ioc]” denotes the output current vector.
The superscript T denotes transpose of the vector.

In this study, the MC power loss is ignored. As a result, the
input and output voltage vectors are related by

Vo,abc :STVi,ABC (3)

Vo Vob VoelT denotes the output voltage
Vic]T denotes the input current

where V, 5pc
vector and V; gpc = [Via V;
vector, as shown in Fig. 1.

Assuming the input voltage source is a purely three-phase
sinusoidal as

MC MODEL WITH INPUT FILTER

. . 2 . 2
vs'abc=v0m[sm(a)st)-sm(a)st—?”)-sm(a)sw?ﬁ)},
(4)
where w; and Vv, are its frequency and peak voltage,

respectively, applying Kirchhoff's Voltage Law (KVL) at the
input side of MC, giving

Isa

Vsa = Rf isa + Lf t +ViA’

. dig,
Vo =Rilg + Ly " +V, (5)
V. =Rii_ +L, 'r V.,

in abc coordinates, where R, and L are input resistance and
inductance of the input filter, respectively. Furthermore,
applying KCL on capacitors node at the input side of MC, we
achieved



+iy, (6)

where C; is input capacitance of the input filter. For time
invariant variables, designing the current controller is more
convenient; hence, Equs. (5)-(6) are transformed to
synchronous reference frame using Park transformation [44].
Thus, Equs. (5)-(6) in dq coordinates are transformed as

V, =Ry +L; d(;—:d—Lfa)isq +V.,, @)
. dig, :

V=R Iy +L F+Lf olgy Vi, ®)

. av, .

iy =C, ?"’—Cf oV +iy, ©)

v, _

iy, =C; o +C; oV +1ij,. (10)

where Vi, and V;, are Park transform of V;,, Vi, and V.
Similarly, V,; and V;, are Park transform of V;,, Vg,, and
V;. . The current variables are also transformed to dq
coordinates in a similar manner.

For simplicity, we assume that the impact of the input

inductance on the input filter is considered as disturbances ¢,
and §q . As a result, Equs. (7)-(8) can be simplified to
Vg =Riiy +Vy +, (11)

S

Vg =R ig +Vy +9;,. (12)
Substituting Equ. (11) and Equ. (12) into Equ. (9) and Equ. (10),
respectively, the input current state space model will be given
by

di, -1 /. . .
d_td: R.C, (Isd +CraV —RCr ot~ +5d)v
(13)
di -1
3 = i. —C.oV,+R.C.wi,—i +7,).
dt Rfo (sq f sd f 1 Tsd iq q)
(14)

Equs. (13)-(14) provide the possibility of designing the sliding
mode input current controller which will be described in the
next section.
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IV. THE PROPOSED METHOD

In this section, we utilize the findings of the previous section
to design a sliding mode control procedure. We further
incorporated it with an interval type-2 fuzzy approach to
mitigate the chattering problem.

A. Adaptive Sliding Mode Controller Design Procedure

Regulation of the input active and reactive power is the main
objective of the input current controller. The instantaneous
active power (P;,,) and reactive power (Q;,,) in the synchronous
reference frame are given by

Pin :g(vsdisd +Vsqisq) (15)
3 . .
Qin :E(Vsqlsd _Vsdlsq) (16)

In case the reference frame is oriented along the grid
voltage, V;, isequalto zero and consequently, Equs. (15)-(16)
can be simplified to

3., .
I:)in = EVSd s 17
3., .
Qin :_Evsdlsq' (18)

According to Equs. (17)-(18), active power and reactive
power are proportional to the direct and quadrature current
components, respectively. As a result, they can be controlled
by controlling such current components. The sliding surfaces
of input currents are as follows

Oy =g~y (19)
Oy =l —lg (20)

-k -k
where I and I, are the current reference components of

dg. In addition, the input current components of the rectifier
stage are defined as

Iy =l +AI (21)

liy =i TAI (22)

where i, and i, are continuous control terms and Al

and Al are corrective control terms. Assuming da, ,/dt =

0 and di;‘q/dt = 0, the continuous control terms can be
achieved by

hge =1 +Ci 0V, —RCi @i, (23)
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rules for Ay
NB NS Z PS PB

NB PB PS PS 4 z

NS PB PS PS 4 z

S 4 PS PS 4 NS NS
PS z Y4 NS NS NB
PB Z Y4 NS NS NB
]
TABLE I

Rules of the membership function [45]

lige =l ~Cr 0V +RCi i . (24)

The corrective terms of the sliding control inputs are given by

Al =—k, sign(ay), (25)
Ay, =—k sign(a,). (26)

Thus, Equs. (23)-(24) can be rewritten as

Iy =iy +C; 0V —RC; @i, —k, sign(oy), 27)

g =l —CroVy +RCoiy -k sign(o,).  (28)
By applying the Lyapunov criterion on input control signals,

k, and kq can be achieved. Considering the switching

function vector as s = [od cq]T , the Lyapunov function is

defined as

1 1
V=ESTS=E(O'§+O'3) (29)

The Lyapunov criterion ensures the motion of the state
trajectory to the switching surface and is expressed as

V =5"$ =640, + 6,0, < —n(log| + |a,|) (30)

where V is the derivative of the Lyapunov function and 7 is a
positive parameter. The inequality in Equ. (30) is satisfied if
6404 < —7l0g| (31)

Gq0q < =1 | Oq | (32)

As aresult, by applying Equ. (30), the constraints in Equs. (31)-
(32) are given, respectively, by

dig,

)

6404 =0y(

dt

-1 .
:O-d(R C )(511 +kd5|gn (O-d))< |O-d |(5d,m_kd): (33
f~f )

. Isq
G0y = Gq( )

dt
-1 .
=0y (5 o )0 +ksign(o,)) <10y [ (g —ky) (34
f~f
)
where O, ,and &, are the maximum amplitudes of the

disturbances. It should be noted that the value of R.C; is
practically less than one and hence, the inequalities of Equs.
(33)-(34) are true. Accordingly, we get

1041 (G4 —ka) <1110 |, (35)

|04 [ (Fgm —Kg) <1110, |, (36)

Consequently, the constraints of k, and k, are given by
Ky =1 +6, (37)
kq 277+5q,m (38)

B. Fuzzy Chattering Compensation

To deal with the chattering phenomenon of SMC, the fuzzy
rules are designed to improve the original control law. We
apply interval type-2 fuzzy to reduce the chattering effect on
the control process. To this end, the sliding surfaces o, and
o, Which are generally denoted here by s, and their
derivatives which are denoted by $, are considered as the input
variables of the fuzzy controller. In addition, the corresponding

fuzzy control output is denoted by A, . The interval fuzzy

rules are determined in Table 1. In this table, PB, PS, ZO, NB,
and NS denote the linguistic variables Positive-Big, Positive-
Small, Zero, Negative-Big, and Negative-Small, respectively.

Compared to the procedure of [45], our proposed method
has the same fuzzy rules, but we utilize type-2 fuzzy system
which is considerably more robust to the model uncertainties
with respect to the type-1 employed in [45]. In addition, we
have extended our procedure to the matrix converter
application.

The main source of chattering in the sliding mode control is
un-modeled dynamics. As can be observed from Equs. (25)-
(26), the corrective terms have the same value for different
amount of s and $ depicted in Table I. In the interval type-2
fuzzy chattering compensation, values of corrective terms are
taken into account. To this end, we propose improved
corrective terms as follows
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Al =K, sign(o,) +A, (40)

where A; and Ajare interval fuzzy compensation functions
determined based on the Lyapunov stability constraint which
is illustrated by Equs. (31)-(32).

Based on Lyapunov constraint, if o, is positive then g,
should be negative and vice versa. The same fact is true for
g, and d,. As a result, one could say that: if g, (similarly,
a,) is positive, then 6, (d,) should be decreased while if g,
(g4) is negative, then 6, (d,) should be increased. To achieve
the above conditions, we employ the fuzzy rules as shown in
Table 1 for A to reach the corresponding values for A, and
A, after defuzzification. As an example, if o, is NB and g,
is NB, then the fuzzy controller should provide a PB value for
Ag, such that g, will become positive in a few step. Similarly,
if o, is PB and 4, is NB, then inequality in Equ. (32) is
satisfied and we will set A, to zero (ZO).

The membership functions of the proposed interval type-2
fuzzy system for the input and output signals are triangular
functions as illustrated in Figs. 2 and 3. The proposed lower
membership function (LMF) and upper membership function
(UMF) are chosen as shown in Figs. 2 and 3 with the aim of
achieving a low chattering effect under the system
uncertainties. The area between LMF and UMF functions
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TABLEII
SIMULATION PARAMETERS

Input frequency 60 Hz Input voltage magnitude | 100 V

Load inductance le-4H Load Resistance 100 Q
T, le-4 sec L le-3H
C 6e-6 F r 1Q

which denotes the footprint of uncertainty (FOU), are used to
handle uncertainties existing in membership functions.

Type-reduction and defuzzifier stages are the last stages of
the fuzzy compensator to achieve the crisp outputs A, and
A, from the fuzzy values of A, obtained from o, and g,,.
Type-reduction is performed to change the type-2 output sets
of the fuzzy logic system to a type-1 set. This set is then
defuzzified to obtain a single crisp number. We employ the
well-known "center of sets" method [46] for type-reduction
and the "center of gravity" method is then utilized for
defuzzification.

Fig. 4 illustrates the schematic diagram of the proposed
control method. In summary, according to the input current
state space model and the disturbances, sliding surfaces are
determined. The fuzzy controllers utilize the sliding surfaces
and their derivatives to provide the fuzzy compensator for the
sliding mode control outputs to reduce the chattering effect.

V. SIMULATION RESULTS

Simulations are carried out using MATLAB. The simulation
parameters are tabulated in Table Il. As can be seen from Table
I, T, (which is the sampling period) is 1e-4 sec. As a result,
the sampling frequency is 10 kHz. This is equal to the
maximum switching frequency that we use in our control
method. According to the control law, we used a hysteresis
switching and its value varies from 3.85 kHz to 10 kHz in our
simulation.

According to the filter parameters in Table Il and the filter
design procedure provided in [47], the cut off frequency is
equal to 2 kHz which is an appropriate value for a low pass
filter designed for a matrix converter with the aforementioned
interval of the switching frequency.

According to Equs. (17)-(18), the input active and reactive
powers can be evaluated by i;; and is, , respectively.
Therefore, the presentation of input current waveforms in the
three-phase abc and synchronous reference frame will be
informative.
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Fig. 5. Input current in dg coordinates when % =10 Hz.

The fundamental components of the input current in dg
coordinates in the case of output frequency f, = 10 Hz are
shown in Fig. 5. The d component of the input current is
suddenly changed from 1 A to -0.5 A at t=0.8 sec. As can be
seen from Fig. 5, the proposed method is capable to vary the
input current displacement factor from leading to lagging
condition. The zero components of the three-phase currents are
close to zero which illustrates that the input current is balanced.
The magnitude of the output voltage is about 150 V. It is
obvious that the open loop modulation of MC achieves a
desirable response even at the moment of change in the input
current displacement factor.

Fig. 6 (a) shows the output voltage for f, = 10 Hz. The fast
Fourier transform (FFT) analysis of the output voltage is also
depicted in Fig. 6 (b). The Total Harmonic Distortion (THD)

index of the output voltage is equal to 26.37%, which can be
reduced by designing a proper low-pass filter.

The normalized input current and grid voltage in abc
coordinates are shown in Fig. 7 (a) with the step change of the
input displacement factor at t=0.8 sec. One can observe from
Fig. 7 that the input current is properly changed from leading
to lagging condition. Fig 7 (b) shows the FFT analysis of the
input current. The achieved THD is 40.3%.

The performance of the proposed method is further
evaluated for output frequencies higher than input frequency.
Fig. 8 shows the fundamental components of the input current
in dq coordinates for f, = 100 Hz. The direct component of
the input current is varied from 1 A to -0.5 A at t=0.8 sec. As
can be observed, the proposed method varies the input current
displacement factor from leading to lagging condition.
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Fig. 9 (a) illustrates the output voltage for f, = 100 Hz. As
before, the magnitude of the output voltage is about 150 V. The
FFT analysis of the output voltage is illustrated in Fig. 9 (b).
The THD of the output voltage is 24.68% which is less than
that for f, = 10 Hz.

Fig. 10 (a) illustrates the normalized input current and the
grid voltage in abc coordinates with the step change of the
input current displacement factor at t=0.8 sec. It is obvious that
the input current can be properly varied from leading to
lagging condition when f, is higher than input frequencies.
The FFT analysis of the input current is shown in Fig. 10 (b).
The THD is 36.18% for this instant. It can be seen that in the
same condition, the THD index in case of f, = 100 Hz is less
than that for f, = 10 Hz.

In order to investigate the effect of the interval fuzzy on the
chattering phenomenon, the simulation result of the switching
surface o, is presented for different conditions. Fig. 11 (a)
shows the FFT analysis for the case where type-2 fuzzy is not
utilized and so A, and A, are considered to be zero. For the
case where type-2 fuzzy is applied on the sliding mode is
illustrated in Fig. 11 (b). As can be seen, the energy of the
switching surface signal, which can be computed from the area
under the curve, decreases by 40% through applying fuzzy
compensation. As a result, the chattering phenomenon is
mitigated significantly.

In order to provide more insight into the performance of the
interval type-2 fuzzy in sliding mode control, Equs. (13)-(37)
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Fig. 7. Normalized input current and voltage for f, = 10 Hz.
(a) three-phase waveform of input current and input voltage, (b)
FFT analysis of phase A of input current (dotted-line: voltage
waveform., solid-line: current waveform).

are simulated through MATLAB/Simulink in which matrix
converter is considered as current source due to space vector
modulation of the input current. Moreover, the effect of the
power switching is removed from output waveforms and hence,
the impact of interval type-2 fuzzy on the sliding mode control
method will be clear. The disturbances 6, and &, are
considered as normal random numbers of the range [-1, 1] with
a high rate of variation which represents a severe disturbance
for the controller.

Accuracy is one of the most essential criteria in the
controller performance which is affected by the chattering
phenomena. Fig. 12 illustrates the input current in synchronous
reference frame before and after fuzzy compensation in sliding
mode control. One can observe that type-2 fuzzy compensation
aids the controller for rejecting the disturbance of the model.
Moreover, the input currents error has decreased significantly
along with chattering phenomenon through utilizing type-2
fuzzy compensation.

A comparison between type-2 fuzzy compensation method
and boundary layer method is further presented. The
performance measures for comparison are accuracy and
chattering suppression. The chattering phenomenon is



Voltage, v, (V)

-150

-200

International Journal of Industrial Electronics, Control and Optimization

© 2020 IECO 167

< o
= \
_10 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
)
< 2 s
2 =7\
e -1
55 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
@) 5X 10
g 0 MAAMMMMMWMI\A A AN A A
> SNV WY ey v\l\/\\l\/
_50 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Fig. 8. Input current in dg coordinates for f, = 100 Hz.

investigated through calculating the area under FFT curve with
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Fig. 9. Output three-phase voltage of MC when f, = 100 Hz,
(a) three-phase waveform of output voltage, (b) FFT analysis
of phase a of output voltage.

respect to the frequency of switching surfaces which here is
called signal energy for both methods. We note that, the
calculation of the area under FFT curve can be achieved using
summation across all frequency components of FFT curve
which, as a consequence of Parseval's relation, is equal to the
signal energy [48]. The disturbance condition of the controller
is considered the same as that for the previous simulation. As
can be seen from Fig. 13, compared to the boundary layer

method, the proposed method achieves a lower energy of
switching surface signal and hence, a lower chattering effect.
This means a better performance is achieved using the
proposed method.

Fig. 13 compares the accuracy of the type-2 fuzzy
compensation method and the boundary layer method. One can
observe that the type-2 fuzzy compensation method is more
robust in eliminating process disturbances. Moreover, the
type-2 fuzzy compensation method is more capable of tracking
the reference value which illustrates a better accuracy of the
proposed method.

Figs. 14 and 15 show the FFT analysis of o, aswell as o,
for both type-2 fuzzy and the boundary layer methods. The
energies of the switching signals are also shown in that figures.
It can be seen that the energy of switching signal for type-2
fuzzy compensation method has been decreased approximately
40% in comparison to that for the boundary layer method. It
can be concluded that the proposed control method could
significantly mitigate the chattering phenomenon and increase
the controller accuracy and robustness.

VI.

In this paper, a new input current control method was
proposed for matrix converter which utilizes the interval type-
2 fuzzy logic integrated with the sliding mode. The proposed
control method utilized a fuzzy compensation approach to
adaptively adjust the sliding surfaces. It was illustrated in
simulation results that the energy of the switching signal was
decreased about 40%. In addition, the chattering phenomenon
was significantly decreased, while the control accuracy was
maintained against large disturbances. This is in contrary to the
conventional chattering suppression approaches such as
boundary layer method, where chattering reduction is achieved
at the price of sacrificing the control accuracy. The simulation

CONCLUSIONS



results further verified the effective performance of the
proposed method in changing the input current displacement
factor from leading to lagging.
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Fig. 10. Normalized input current and voltage for f, = 100 Hz, (a) three-phase waveform of input current and input voltage
(solid-line: voltage waveform, dotted-line: current waveform), (b) FFT analysis of phase A of input current.
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