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Hybrid Intelligent Control Using
Hippocampus-Based Fuzzy Neural
Networks for Active Power Filter

Shixi Hou", Member, IEEE, Zhenyu Qiu

Abstract—To tackle harmonic issue in the power grid, an intelli-
gent control scheme consists of fast integral terminal sliding-mode
control and hippocampus-based fuzzy neural network (HBFNN)
is proposed and applied to active power filter (APF) to eliminate
harmonics in this article. At first, the mathematical model of APF
under the influence of external interference and parameter pertur-
bation is derived in accordance with its topological structure. After-
wards, a fast integral terminal sliding-mode controller is developed
for APF. The system stability is subsequently proved according
to Lyapunov stability criterion, and the finite-time convergence
of tracking error is certified. In addition, based on the biological
structure and characteristics of the hippocampus, an innovative
HBFNN is constructed to approximate the controller. Furthermore,
the adaptive laws derived by the Lyapunov’s theorem can realize
the automatic adjustment of parameters and ensure closed-loop
stability. Ultimately, relevant simulation and experimental results
corroborate the availability and superiority of the designed intelli-
gent control strategy in harmonic elimination.

Index Terms—Active power filter (APF), fast integral terminal
sliding-mode control (FITSMC), fuzzy neural network (FNN),
hippocampus.

NOMENCLATURE
Variables
g Source current.
ir Load current.
Te Compensation current.
ih Reference compensation current.
Us Source voltage.
Uge DC-link capacitor voltage.
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Equivalent resistance.

Inductance.

DC-link capacitor.

Reference dc-link capacitor voltage.
Resistance of the nonlinear load.
Capacitors of the nonlinear load.
Conduction state of the insulate-gate
bipolar transistor (IGBT).

Nominal value of R.

Nominal value of L.

Lumped uncertainties caused by external
disturbance and internal parameter per-
turbation.

Tracking error of compensation current.
Sliding surface.

Equivalent control law.

Robust control law.

Sign function.

Control law of designed fast integral ter-
minal sliding-mode control (FITSMC).
Lyapunov function.

Weights of hippocampus-based fuzzy
neural network (HBFNN).

Variables of HBFNN.

Adaptive compensation term.

Upper bound of H.

Parameters of sliding surface.
Parameters of robust control law.
Parameters of Lemma 1.

Saturation function.

Thickness of the boundary layer.
Number of nodes in the input layer.
Number of nodes in the membership
layer.

Number of nodes in the hippocampus
layer.

Number of nodes in the rule layer.
Predesigned threshold value of DG layer.
Supply frequency.

Switching frequency.

Learning rates of HBFNN.
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Index

THD Total harmonic distortion.
ET Execution time.

RMSE Root mean squared error.

1. INTRODUCTION
A. Background

ITH the ever-increasing number of nonlinear loads
W connected to the power grid, harmonic problems have
become increasingly severe, which will cause the damage of
power equipment and the deterioration of power quality, so
how to eliminate harmonics has been considerably concerned by
researchers. Through the efforts of relevant scholars, the existing
research has recognized the crucial role played by active power
filter (APF) in harmonic elimination, which is an effective device
to suppress load harmonics by proactively generating reverse
harmonics [1], [2], [3], [4], [5].

As one of the most important parts in APF, current track-
ing control will affect the effect of harmonic elimination to a
large extent. With the more intensive research of researchers,
the application of APF is becoming more and more mature,
and plenty of excellent current tracking control methods have
emerged, such as proportional integral (PI) control [6], propor-
tional resonance control [7], repetitive control [8], sliding-mode
control (SMC) [9], and so on. Throughout these control methods,
the most representative and effective one is the SMC, which
is the focus of recent research. Compared with other control
methods (e.g., PI control [6], proportional resonance control
[7], repetitive control [8]), SMC can address nonlinear control
problems well, even in the presence of interference, and is
distinguished for its high precision and strong robustness, which
is perfectly applicable to APF [10], [11], [12], [13]. However,
the original SMC has a fatal defect, that is, the tracking error
cannot converge to zero in a finite time, which makes it arduous
to obtain satisfactory control accuracy [14], [15].

B. Related Works

To remedy the deficiency mentioned above, a terminal sliding-
mode control (TSMC) that possesses the property of finite-time
convergence has been developed. It has successfully replaced the
traditional SMC and is extensively adopted in nonlinear systems
to achieve higher control accuracy [16], [17]. Wang et al. [18]
designed a TSMC scheme for flexible-joint robots with unknown
disturbance to achieve the purpose of tracking their trajectory.
The results indicate that this method has achieved the expected
control effect, exhibiting strong robustness while also possessing
finite-time convergence. Despite the TSMC can iron out the
problem that tracking error cannot converge in a finite time, the
convergence speed is still not satisfactory. In a bid to shorten the
convergence time and pursue a better dynamic performance, a
fast terminal sliding-mode control (FTSMC) has been proposed,
which can provide both finite-time convergence property and fast
convergence performance, so it is more appropriate in industrial
applications [19], [20]. For instance, for permanent magnet
motor, Kumar et al. [21] adopted a continuous FTSMC with
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a view to realizing precise speed control. The experimental
results and analysis reveal that the utilized FTSMC can make
the tracking error rapidly converge in a limited time and still
maintain an excellent performance. Nevertheless, except for the
abovementioned problems related to the error convergence of
SMC, there also exists a nonglobal robustness issue that needs
to be settled urgently owing to the existence of the reaching
phase in the control process, which has a significant impact on
the control effect. To tackle this issue, an integral sliding-mode
control (ISMC) has been proposed. In virtue of the existence of
integral terms, the system state is initially on the sliding surface,
which can skip the reaching phase and ensure the robustness
of the disturbed system at the very start. There have been a
great quantity of intensive studies involving ISMC that have
validated its global robustness in nonlinear systems [22], [23],
[24]. In [25] and [26], two different ISMC schemes were used
in perturbed motor systems and mobile robots, respectively,
and the respective results manifest that ISMC is insensitive to
disturbance and has superior control performance, besides, it
also possesses strong robustness throughout the whole control
process. Inspired by the abovementioned analyzes, a fast integral
terminal sliding-mode control (FITSMC) method that comprises
the merits of FTSMC and ISMC is proposed for APF in this
article. As envisaged, the proposed FITSMC not only enables
the errors to converge quickly in a finite time, but also ensures
the global robustness. However, a crucial prerequisite for the
designed FITSMC to achieve accurate control is whether the
relevant prior knowledge is precise. Given the complex dynamic
environment and the unknown parameter perturbation in the
industrial field, it is difficult to obtain accurate values [27]. Thus,
the designed controller will fail to achieve the expected control
performance.

To get out of the abovementioned scrape, some researchers
have adopted a hybrid intelligent control algorithm that com-
bines SMC and neural networks (NNs). Owing to the universal
approximation theory of NN, it can be used to approximate the
unknown part of the designed controller. Numerous investigators
have examined the effects of NN on uncertainty approximation
and have drawn the conclusion that NN possesses accurate
approximation ability [28], [29]. Fei et al. [30] designed a control
scheme combining fractional-order sliding-mode control and
recurrent neural network (RNN) and utilizes RNN to estimate
the unknown function in the controlled system, which effectively
improves the control accuracy of the system. The past few
decades have witnessed the rapid development of NN in control
filed. Due to its foreseeable broad application prospects, it has
become a research hotspot at present.

Recently, brain-like NNs based on some specific neural struc-
tures in the human brain has been proposed to achieve informa-
tion processing, and subsequently have received considerable
attention. One of the most representative is the emotional neural
network (ENN), which is structured in accordance with the
brain’s emotional learning mechanisms. Relevant literature has
validated its excellent dynamic performance through experimen-
tal results [31], [32]. Zhang et al. [33] proposed a novel ENN
based on artificial NN, which possess higher efficiency than
conventional NNs on recognizing digit. Nevertheless, brain-like



15926

NNs such as ENN are unable to distinguish the importance of
input signals, leading to the inability to store valid information
and delete invalid information, which affect the learning speed
and network performance. For this reason, it is necessary to
develop a new brain-like NN that can address the abovemen-
tioned issues. The hippocampus, which now frequently appears
in the study of biological brains, seems to offer an entirely new
idea. The hippocampus refers to a key structure located inside
the brain that plays an important role in learning and memory.
It transmits and integrates information through complex NN
connections. After a long and extensive study, scholars have
found that the hippocampus is involved in the formation, storage
and deletion of associative memories in the brain [34], [35],
[36]. According to this feature and its biological structure, a new
brain-like intelligent NN based on the hippocampus is developed
in this article.

In addition, due to the strong reasoning capability of fuzzy
logic system, the fuzzy neural networks (FNN), which integrates
NN with fuzzy logic theory, has also gained much attention
[37], [38]. For instance, Lin et al. [39] presented a new FNN
combining ENN and fuzzy logic for information encryption and
decryption. It can be seen from two simulation examples that the
proposed FNN possesses superior approximation effectiveness.
Thus, it is a reliable way to combine the hippocampus NN with
fuzzy logic to improve its approximation performance.

C. Contribution and Article Organization

Deeply illuminated by the abovementioned discussion, an
innovative hippocampus-based fuzzy neural network (HBFNN)
is proposed to approximate the designed FITSMC for APF.
Compared with the existing literature, the main contributions
and innovations of this article are as follows.

1) A novel FITSMC scheme is designed for APF to compen-
sate harmonic current. The designed FITSMC possesses
the properties, such as high precision, fast response, and
finite-time convergence. Besides, according to the Lya-
punov stability criterion, the stability of the closed-loop
system has been strictly proved.

2) An original HBFNN is proposed to approximate the un-
certainties of the designed controller to achieve a better
control performance. Compared with ordinary NN, the
proposed HBFNN can filter the input information accord-
ing to its importance, thereby reducing the computation
burden and improving the learning speed.

3) The HBFNN innovatively adopts the activation function
with feature selection effect to realize the transmission
of important signals and the deletion of nonimportant
signals, so as to simulate the mechanism of hippocampus.
In addition, unlike the long short-term memory network
(LSTM), HBFNN is derived from the biological structure,
and is closer to the form of biological NN. Besides, owing
to its unique double recurrent structure, it can effectively
deal with time-varying signals, and has stronger anti-
interference performance than RNN.

4) For all we know, this is the first time to completely create
a new FNN based on the structure and characteristics of
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Fig. 1.  Single-phase APF.

the hippocampus and combine it with FITSMC to form
a new control scheme applied for APF. The stability of
the closed- loop system is also proved by the Lyapunov
stability theorem. Furthermore, a series of simulation and
experimental results validate the effectiveness and superi-
ority of the proposed control scheme from many aspects.

The rest of this article is organized as follows. In Section II, the
APF mathematical model is given, then the FITSMC is designed
for APF, and system stability and error finite-time convergence
are proved. In Section III, the HBFNN is constructed and is
introduced in detail. Section IV adopts HBFNN to approximate
the controller and designs the adaptive laws to ensure that the
system is stable. In Section V, various software simulation and
hardware experiments are carried out to demonstrate the effec-
tiveness of the proposed scheme for APF. Finally, Section VI
concludes this article.

Remark 1: This article proposes a hybrid control method
that bridges the research gap between the feature selection
mechanism, ENN, FITSMC, double recurrent structure and
parameter adaptive adjustment successfully for the first time,
and explores the efficient and reliable connection mechanism
between these independent control techniques, making the sys-
tem have an excellent tracking performance and generalization
ability. The designed FITSMC ensures that the tracking error of
the system can converge to zero in a finite time. Generally, only
by grasping the specific model information of the controlled
object can the SMC exert good performance. However, due to
external disturbances and the burn-in of equipment, it is difficult
for us to accurately calculate the specific values of the model
parameters, which will make the control accuracy of the system
decrease [28], [30]. Therefore, we design a novel HBFNN to
learn the original SMC, which overcomes the adverse effect of
uncertainties and significantly improves the control accuracy.

II. PROBLEM FORMULATION

To derive the mathematical model of single-phase APF sub-
jected to disturbances, the diagram of APF is shown in Fig. 1,
where the symbols ig, iy, ic, Us, Uge, R, L, C denote source cur-
rent, load current, compensation current, source voltage, dc-
link capacitor voltage, equivalent resistance, inductance, dc-link
capacitor, respectively. Uy, is the reference voltage of dc-link
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capacitor and Uj, = 50 V. Ry,R2,R3,R4,Cr1, and Cp,5 are the
resistance and capacitors of the nonlinear load, respectively.
51,552,553, and S, represent the ON—OFF state of the insulate-gate
bipolar transistor (IGBT). Then, the mathematical expression
can be derived as follows [40]:

ic = f(ic) +Yu+H (1

where f(ic) = i, — U, + 2Us, ¢ = - Use — & Use,
R,, is the nominal value of R, L,, is the nominal value of L, and
u represents switching state. Since the control frequency of the
current loop is much higher than that of the voltage loop, Uy can
be regarded as a positive constant when designing the current
loop, that is, Udc = 0. Thus, ¢ can be considered as a positive
constantin (1). H is the lumped uncertainties caused by external
disturbance and internal parameter perturbation. It is assumed
that H has an upper bound H,;, which satisfies |H| < Hyy,
where H), is a positive constant.
Define the tracking error as

e:ic—ih (2)

where i, is the reference signal for compensation current.
Hence, the first derivative of e could be denoted as

é=1i.— ip. 3)

The fast integral terminal sliding surface designed in this
article can be formulated as

t
s:é—|—a6+ﬂ/ e!lidr 4)
0

where o and 3 both are gain parameters. To ensure the stable
operation, o and § must be greater than zero [42], [10], [12]. p
and ¢ are both positive odd constants and p < gq.

Taking the derivative of s yields

§=¢+aé+ Pel/
= le —ip 4 aé + BeP/1
= f(ic) + Yu+ H —ip + aé + B’/ (5)
Design the control law as
UFITSMC = Ueq 1 Ue- (6)

When H = 0 and § = 0, the equivalent control term 1q can
be obtained and expressed as [30], [43]

Ueq = w_l(ih - f(lc) —aé— Bep/q). (7)
Then, design the following robust control term:
—¢~ 'ysgn(s) ®)

where 7) is a positive constant slightly greater than the value of
H ;. To facilitate the analysis, denote n as 7 = Hjs + €, where
¢ is infinitesimal and € > 0. And sgn(s) is a sign function whose
standard form is

Ue =

1 s>0
sgn(s) =¢0 s=0 . )
-1 s<0
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Therefore, the FITSMC can ultimately be written as
UFITSMC = Ueq + Ue
= i — flic) — e — BeP/T — nsgn(s)} . (10)
Proof: Choose the Lyapunov function as
1
2

Taking the derivative of Vand substituting (5) and (10) into
(11) yields

V= =52 (11)

V = s§
= s[H —n sgn(s)]
< (Hy — Hy —¢) |s| = —¢]s|
<0. (12)

On this basis, the inequality [ Vdt < —¢ [y |s|dt can be fur-
ther obtained, then one can get that fot |s|dt < M. Since

V(0) is bounded, V() is bounded and decreasing, so fot |s|dt

is also bounded. And by referring to the Barbalat’s lemma, we

can get tlim s(t) = 0, then e and é will be converged to zero.
—00

Consequently, the closed-loop stability can be guaranteed.
Next, before proving the error convergence, introduce the
following lemma.
Lemma 1 [44]: Providing that there exists a positive definite
Lyapunov function V (z), which satisfies the following inequal-
1ty:

V(z)+ KV (2) <0 (13)

wherer € R,k > 0,0 <7 < 1. For any initial condition
V(x(0)) = V(0), V(x) can converge to equilibrium point in
finite time and the convergence time ¢, meets the following
inequality:

1
t, < ——VI7(0). 14
<V o (14)
Subsequently, combining (12) with Lemma 1 yields
V2 1
tirrmsme < ?Vz (0). (15)

According to the abovementioned analysis, one conclusion
can be drawn that FITSMC can ensure the system stability and
make the track error converge to zero in a finite time.

Remark 2: Despite the excellent dynamic performance of
FITSMC, there is still an inevitable chattering phenomenon due
to sliding-mode variable repeatedly passing through the surface
caused by the discontinuous switching function, which have a
serious impact on the control effect. Hence, in a bid to alleviate
the chattering problem of FITSMC, the following saturation
function can be adopted to replace the sign function in (9) by
referring to the most common boundary layer method [45]:

1 s> €
sat(s) = és —N<s<0
-1 s<—-Q

(16)
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Fig. 2. Structure of hippocampus tissue in the human brain.

Fig. 3.

Modified structure of hippocampus.

where (2 is the thickness of the boundary layer, and it is a positive
constant. If € is too small, the chattering will not be suppressed
effectively. If ) is too large, the steady-state error of the system
may increase [46]. Therefore, using the trail-and-error method,
we choose: 2 = 0.5.

III. PROPOSED HBFNN

To approximate the uncertainties in the FITSMC designed
in the previous section, an innovative HBFNN is proposed and
constructed in this section.

First, as shown in Fig. 2, the model diagram of the hippocam-
pus is obtained according to reference [36], which contains
entorhinal cortex (EC), dentate gyrus (DG), cornu ammonis 1
(CA1) and cornu ammonis 3 (CA3). Meanwhile, refer to Bagh-
bani et al.’s practice of deleting the direct connection between
the thalamus and the amygdala in ENN in [31] to improve the
network performance, the information transmission structure of
the hippocampus is adjusted here, that is, the direct connection
between EC and CA3 is deleted to prevent interference with
the learning process and reduce computation. The modified
structure of the hippocampus is depicted in Fig. 3. Finally, it
is combined with FNN to form the specific HBFNN, which
structure diagram is presented in Fig. 4. There are five layers in
the proposed HBFNN, which are input layer, membership layer,
hippocampus layer, rule layer, and output layer, respectively.
The specific expressions of each layer of the HBFNN are shown
in (17)-(30):

Layer 1: Input layer: There are m nodes in this layer, and the
input and output of the ith node in this layer can be written as

net; (N) =z5,i=1,...,m

yi (N) =g' (net; (N)) = net; (N)

a7
(18)

where x; is the ith input signal and y;} (IV) is the output signal
of the input layer.
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Layer 5: Output Layer

Layer 3:
Hippocampus Layer

Layer 2:
Membership Layer

Layer 1: Input Layer

Structure of HBFNN.

Fig. 4.

Layer 2: Membership layer: In this layer, the Gaussian functions
are utilized as the activation functions to realize the fuzzifica-
tion processing. There are n nodes, and the input and output
of nodes in this layer are defined as

s zZ(N) — ji2
_Z(z( 372,“) (19)

(20)

where j =1,2,...,n, 2?(N) =y} (N), u and o represent
the center and base width of the Gaussian function, respectively.

Layer 3: Hippocampus layer: In this layer, there are v hip-
pocampus. First, the EC processes the received signals, where
the asymmetric Gaussian function is adopted as activation
function. Compared with the standard symmetric Gaussian
function, the asymmetric Gaussian function can segment the
input space more efficiently, besides, it has higher variability
and flexibility. Consequently, it can make the network enhance
the approximation precision and improve the learning ability
[47]. And the output of EC and the asymmetric Gaussian
function can be formulated as

3 (N)=cy;)"
(@) —e)’ _ JEGEEL o<t ey

. _ (big;)* .
3 —Cgj
" B ) gy <) < o0

(23)
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where g = 1,2,...,v, ¢,b;, and b, represent the mean, left-side,
and right-side standard deviations of asymmetric Gaussian func-
tion, yZ’(N ) is the output signal of the EC, w; is the recurrent
weight, and y$(N — 1) is the previous output of CAL.

Then, the DG receives the output signals from the EC, and
it plays a role of gating control. Here, we introduce the index
of feature degree, which is the exact index to measure the
importance of the signal. Through the specific feature selection
algorithm, effective features in the information can be extracted
and the unfavorable features can be removed, which can alleviate
the computing burden and improve the network performance.
The specific form of the feature degree and the output of DG are
given as

y(N) = (1 — exp(—gy (V) (24)
_JO ‘Pg(N) < Dy
v (N) = {yguv) k(1 - exp(—dg(N)) 94(N) > D
(25)

where D, is the predesigned threshold value, which satisfies
0 < Dy < 1, and it is often designed as a constant to simplify
implementation in practical application. ¢, (V) is the feature
degree of the gth node, ¢, () is the door adjuster, and y (V')
is the output of DG after being processed by the feature selection
mechanism. According to the abovementioned expression, it
can be found that if ¢, (/N) = 1, the output of DG is exactly
equal to the input, which manifests that the input information
is completely valid; if D; < ¢4(N) < 1, the output of DG is
equal to the input multiplied by ¢, (), which means that the
input information is filtered, the useful information is passed
on, and the unfavorable information is removed; conversely,
if p4(N) < Dy, the output of DG is 0, which means that any
information does not be transmitted.

Subsequently CA3 accepts the input signals after being fil-
tered by DG and utilizes Gaussian function as activation func-
tion. The output of CA3 can be expressed as

(@3(N) + wpg # Y2 (N — 1) — @)
07

netg (N)=— (26)

ys(N) = exp(nety(N)) 27)

where 23 (N) = y;(N), ® and  are the center and base width of
the Gaussian function, w, is the recurrent weight, and y (N — 1)
is the previous output of CA3.

Finally, the output signals from CA3 are transmitted to CA1.
Referring to biological literature, since the cells related to mem-
ory formation mainly exist in EC and CA3, it makes sense that
CA1 only plays a role in transmitting signals here without any
processing of the signals. Consequently, the final output after
processing by the hippocampus can be written as

Yg(N) = yy(N).

At this point, the introduction of the hippocampus layer is
complete. According to the abovementioned analysis, the com-
bination of EC and DG realizes information filtering through
the extraction of information features, which outputs useful
information and removes unimportant information to reduce

(28)
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computation. It successfully simulates memory storage, i.e.,
transmission of important memories and deletion of useless
memories. Despite LSTM’s deletion gate has a similar func-
tion, it simulates the circuit structure, while the hippocampus
simulates the biological brain structure, which is closer to the
real NN. Besides, the structure of the hippocampus layer is
more concise with fewer parameters. Meanwhile, compared with
traditional RNN, it has a distinctive double recurrent structure,
which can effectively process time-varying input signals and
possesses stronger robustness. In conclusion, the hippocampus
layer comprises the virtues of LSTM and RNN, it not only
can filter information, but also has a faster learning speed and
extreme insensitivity to disturbance.

Layer 4: Rule layer: There are z nodes in the rule layer, and the
output of nodes in this layer is given as

y (N) =y (N)whig (29)
g=1
where [ = 1,2,..., z, wy, is the connective weight between the

hippocampus layer and the rule layer.

Layer 5: Output layer: There is one output node in this layer,
which is formulated as

Yo (N) =D (N (30)
=1

where , (V) is the output of the proposed HBFNN and w is the
connective weight between the rule layer and the output layer.

IV. PROPOSED HYBRID CONTROL ALGORITHM

The control performance of FITSMC designed in the previous
section relies mightily on the accuracy of prior knowledge.
However, owing to the existence of uncertainties stemmed from
external interference and internal parameter perturbation, its
control accuracy is seriously affected. To settle this issue and
enhance the control performance, it is feasible and effective to
approximate ugrrsmc by using the proposed HBFNN, which has
more superior characteristics than the conventional NN.

First, according to the structure of HBFNN, the ideal
value of the designed controller uprsmc can be written as
uprtsme = WTY™ + &4, where W*is ideal value of the weight
W, Y™ is the ideal output of the rule layer, and the reconstruction
error €g satisfies |g9| < &,. Accordingly, the actual value of
the controller approximated by HBFNN can be formulated as
UHBFNN = WTY, where uggpnn 18 the output of HBFNN, W
and Y represent the estimates of W* and Y*, respectively. W =
[wy, wa, ... ,wZ]T, and Y = [y1,y2,- - ,yz]T. Meanwhile, to
facilitate the analysis, Y can be denoted as Y = Y(x, o, 1, by,
br, C, ¢, 9, (I), Wf7 er Wh), where o = [0'11, ey O1m, 021,
e Oms s Oy O] Ty = (A1, ey s 215 - - -
H2my - oy Hnly - - - 7/-//nm}T’ by = [bl117 v 7bl1n7 bl217 ceey bl2n7
ey bty D) T b = b1ty Briny Broty - - o5 Dropy - e vy
brv17"'7b7“vn]T? c= [clla-"7cln7021a"'762717"'361117" 9
conl’s b =[00.0n 0. O=1[01,62,....0,]",
D =[By,Dy,...,0,]", W;=|wsp,wsa,...,wp]", W, =



15930

(W1, Wy, .. 17, Wi = [wh11, - -
Whopy -+ s Whals -y Whay] L -

Then, for the sake of presentation, the following definition is
given.

Definition 1: For a variate w, defines its ideal value and
estimated value as w” and , respectively. Consequently, the
approximation error can be denoted as w = w* — w.

Based on the abovementioned discussion, the approximation

error between uprrsme and ugppnn can be given as

-y Wy <y Whiy, Wh2ty -+

U = UFITSMC — UHBFNN
=Wy — WY 4«
=W +WhHY +Y) = WTY + ¢
=WTY + WIY + WY + ¢
=WTY + WY +¢ 31)

where ¢4 is the estimation error and £; = wWTy + £0-
Afterwards, taking the Taylor expansion of Y* at Y yields

X ~ 8? . . 81} . A
Y :YJFa_al”:& (o ﬂ’”@\u:ﬂ (1" — fr)
GY . R af/ L
T o ”’Fi’l (b7 = b))+ = o, =, (07 = br)
+ %_1; le=c (¢" —¢)

oY FPN) .
+ 55 |oms (0 =8+ g loms (0 —0)

oYy .
t9% lp_g (@"— @)

oY L
o, (W= (Wg" = Wy)
oY R
W, W,o=W, (WT - WT)
oY .
+ oW, | Wi=Wa (Wy* = Wy) 49

=Y 4 Y, + OV, ji + OV, by + OYs, by + OVei + OV
+ 050 + 0Ys® + OV, Wy + 0V, W,
+ OV, Wi, + 0 (32)
where 9§ is a high order expansion term, and further one can get
Y = 0Y,G + OV, fi + OV, by + Yy, by + OY.& + OV
+ 0Yp0 + OYe® + OV, Wy + OYiw, W, + OYiy, Wi, + 6

(33)
where
O .. 0% 091 ... Ot
do11 Oo1m? "7 Doy 9T pm
8Yo‘ = . . . . .
9. .. Ois 9. ... 07
doy1 001’ "7 ) 0o AT pm

Yy,

Yy

oYy

OYw

r

Oy, =

[ 991 ... Oh o9 ... 9
Op11 Oppim ’ 777 Oina Oftrnm
99. ., 9% 99: .. 0=
LOp11 Opim’ *° 7 7 Opna Opnm
Obi11 Obi1n? 777 7 Obiyy by yn
L Obi11 Obi1n? 777 7 Obiyy Obiyn
091 ... 9N 091 ... 9%
Obr11 Obripn’ "7 7 7 Obry Oby oy
09> ... 9y 09> ... 09
L Obr11 Obr1y,? "7 7 Obryy Obryn
rog. ... 90 991 ... 90U
dci Ocip? "7 7 Ocyr OCyn
4. 99 09, 0y
Ldc11 dcip? ? Oeypr Ocyn
(041 O 91 991 Oin
17 027 """ 0y 86, 965>
- o= |
99- 0y 07 99- 903-
LOp1? Db’ "7 Oy 901 902
rogs 09 i1
D10 DDy "0 DDy
= | Yy,
09 09- 09
LoD, 0Py ' 0P,
991 O 91
Qwyp,’ Owg,’ ?wy
09, 09 092
OQwyg,? Qwy, """ Jwy,
[ 091 o 991
Dwry? Dwng’ ) Dy
04. 09 09
LOwry? Owrn? """ Qwyy
[ 94 ... _0n 091 ... _On
Owp11 Ownpiy,? "7 7 Ownzy OW 2o
99. ... _99: 09. ... _03:
L Qwn 11 OWhiy' "° 7 7 OWhz OWh 2o

Then, substituting (33) into (31) yields

U = UFITSMC — UHBENN

= WTY+WTY+€1
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=WIY + WT(dY,6 + OY,ji + OV, by + O3 b,

+OY.E +

Y6

+ 0Ypl + 0Ya® + OViy, Wy + OYViy, W,

+ affwhWh +0)+e1

= WY + WT(dY,6 + O, ji + 0Yy, by + OV, b,

+OY.E+

Yy

+ 050 + Y ® + OV, Wy + 0V, W,
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+ OV, W) + &0 (34)

where dy is the total approximation error and its upper bound is
supposed as 04", which satisfies |dp| < 04"
Then, the following adaptive compensation term is designed:

Ucom = —0g5gn(s) (35)
where Sd is the estimated value of §,".
Thus, the final control law is designed as
U = UHBENN T Ucom
= upeNN — 0asgn(s). (36)

Subsequently substituting of (36) into (5) yields
$ = f(ic) + ¥ (unBrNN + Ucom) + H — in + aé+ ,Bep/q

= f(ic) + Y(urrsmc — U + Ucom) + H — i+ aé+ ,Bep/q

= H — nsgn(s) — hdasgn(s) — . 37)
Then, setting the adaptive laws as
=T T ~ . . ~ ~
= W =-mpsY7, =5 = —12sWT0Y,
. . o N 2T =T . A
il = =i = —mes WY, b =—b = —nusWT Y,
2 T 2 T ~ N . . ~ N
by = —b, = —mssWTAY,, & ==& =—pesW7 Y,
2T =T . N 2T =T . N
¢ = —¢ =—nsWIoYy, 0 =—0 =—-ngsW'0Y,
2T 2T . N 1 T LT
P = -0 =-—nsWhove, W; =-W;
= — nloszany
2 T . T . A T
W, = —-W, =-nusWhoYw,, W,
T o N
= —W) =-—nasW oYy,
da= —06a=mss| (38)

where 1);-113 are positive real numbers.

Theorem 1: For the perturbed APF model in (1), the fast
integral terminal sliding surface is designed as (4), the final
controller utilizing HBFNN is designed as (36), and the adaptive
laws are set as (38), consequently, all signals included in (39)
are bounded.

Eventually, in accordance with the abovementioned discus-
sion, the following proof is given.

Proof: Choose the following Lyapunov function:

1 1 e 1
V.= '+ —au(WTW)+ —tr(6'5
21/) o ( ) o (675)

+ itr(~T~) + itr(lN)Tl; )+ Ltr(l~)T5 )
27]3 B 2774 1 VI 2775 r Ur

RIS EPNUUL R
+ —tr(¢' ¢) + —tr + —tr(6° 60
e (7 ¢) oo (¢ ¢) oY (07 0)
+ L (@Td) + ——a(WTW,) + —— (W)

219 2110 F 2m1 ror
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1 s s 1 -
+ ——tr(WIWy,) + —03.
2112 (Wi, Wa) 2ms
Taking the derivative of it yields

(39)

. 1 =T . 1 . 1 .
V, = lsi 4 —u(W W)+ —uw(G &) + —t(ii fi)
m 2 3
1 =T. 1 = T. 1 . 1 T
+—te(by b)) + —tr(by b))+ —te(E &)+ —tr( )
4 5 U3 n7

T T T

~ 1 B ~
CI)) + 7U‘(Wf Wf)

1 B
+ —tr(6
710

~ 1 *
0) + —tr(®
8 9

1 T . 1 LT . 1 + =

+ —tr(W,' W7-) + 7t1’(Wh Wh) + —0404. (40)
mi M2 ms3

Denote

1 2T 1 . 1 . 1 =T.
Zw(W W)+ —w(E 6) + —u(i f)+ —tw(b b))
m 2 13 N4

1 2 T, 1 . 1 2T 1 2T

+ —tr(by by) + —tr(E' &) + —tr(d @)+ —tr(d )

5 Ul nr 8

2T . T .

1 1 2 T . 1
+—tu(® )+ —u(Wy Wy)+ —tu(W, W,)
9 Mo M1
1 s T . 1 = ~
+ —tr(Wh Wh) + — 09404
2 s

as [ to simplified expression. Combining (40) with (37) and
(34) yields

Ve =y ts - [H = sgn(s) —vidasgn(s) — vii] + 1
= 's - (H = nsgn() — dals| — s(W'Y + W7 (9Y,5
+ Y, fi 4 OV, by + OYy, by + OY.E + DYy
+ 0Vl + 0V ®
+ OYw, Wy + 0Yw, W, + 0Yyw, Wi) + 6o] + F. (41)

Then, substituting the adaptive laws (38) into (41), one can
get

. o 1 = -~
V, = 1/)715 . (H — nsgn(s)) — 04 |S| — gs + n—éd&i
13

=47 's - (H —nsgn(s)) = dals| — dos — dals|
=4 s (H —nsgn(s)) — (0q + 8a) |s| — dos
— ¢ s (H — nsgn(s)) — 3} |s| — dos.
By using (12), the following expression can be obtained:
V, <ot (—els|) = 85 |s| — dos = —p e ||
— (8 ]s] + d0s).- 43)

Since |dg| < 475, s0 0%5|s| + dps > 0. Hence, it can ultimately
be obtained that

(42)

V, < =y le|s]
<0. (44)

In accordance with Lyapunov stability criteria and Lemma 1,
since V. is positive definite and V. is seminegative definite, the
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Fig. 5. Block diagram of HBENN for APF.

closed-loop stability can be guaranteed and all signals in (39) are
bounded. So far, the proof has been completed. And the block
diagram of the proposed control strategy for APF is depicted in
Fig. 5.

Remark 3: The hybrid control method in this article combines
FITSMC with HBFNN. The proposed FITSMC ensures that the
tracking error of the system can converge to zero in a finite
time. Then, in order to enhance FITSMC, we construct a novel
HBFNN to learn it.

Remark 4: In this article, the closed-loop stability is proved
strictly by Lyapunov stability theorem. In addition, the adaptive
laws of the parameters are derived such that the parameters in the
HBFNN can be automatically updated online, which can save
the time of selecting the optimal initial values and enhance the
self-adaptive ability of HBFNN.

V. SIMULATION AND EXPERIMENT VALIDATION

Fig. 5 depicts the overall control block diagram of HBFNN
for APE. Based on this, in this section, a series of simulation
and hardware experiments are carried out to validate the effec-
tiveness and practicability of the designed controller, which are
operated on MATLAB/Simulink and dSPACE 1104 experiment
platform respectively. The APF begins to work when ¢ = 0.04s.

A. Simulation

The network structure of HBFNN is designed as m =
2,n=3,v =4,z =3, and all initial parameters are selected
as follows: W=[1,1,1)" ,W,,=[1,1,1,1,1,1,1,1,1,1,1,1]",
w,=[1,1,1,1,1,1,1,1,1,1,1, 1]T,Wf:[1, 1,1,1,1,1,1,1,1,
1,1,17,0 =3,3,3,3,3,3]", p = [-3,-2,-1,1,2,3]", b=
2,2,2,2,2/2,2/2.22 2, 2}T,br =B,3,3,3,3,3,3,3,3,3, 3, 3]T,
c=[-5,—4,-3,-2,-1,0,1,2,3,4,5,6]",  ¢=[1,1,1,1]",
0=[1,1,1,1]", ® = [-2,-1,1,2]", §q = 15, a=10, =20,
p=3, q=5, Dy=0.1, n=100, n; =0.5, n2=0.2,
N3 =0.4,m4 =0.1, 95 =0.6, 76 = 0.4, n7 =0.7, ng = 0.3,
no = 0.2, mo =0.5, m1=0.4, m2=0.8, m3 =400. In
addition, the system parameters are listed in Table 1.

Remark 5: The proposed control scheme has many param-
eters and the selection of these parameters can influence the
control effect. In this article, we utilize the empirical rule and

trial-and-error method to select the specific values of parameters
(48], [49], [50].
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TABLE I
SYSTEM PARAMETERS

Items Specifications
Supply voltage and U =24V, f=50Hz
frequency s ’

Nonlinear load 1 R =5Q,R =15Q,C,;=1 mf
R=15Q,R,=150,C,, =1 mf
L=10mH,R=0.1Q,C=2200 /IF,UZC =50V

£y =20 kHz

Nonlinear load 2
Main circuit

Switching frequency

a, B, p/q are the parameters of the sliding surface. According
to empirical rules, appropriately increasing these parameters will
accelerate the response speed of the system. However, when
these parameters are too large, the tracking error of the system
may fail to converge. Therefore, we choose o = 10, 5 = 20,
p=3,q=0>5.

D is the predesigned threshold value in the DG layer. If D,
is too large, many nodes will be deleted, which will reduce the
computing burden of the network, but also make the approxima-
tion ability of the network decrease. If the D; is too small, the
nodes in the network are not easily deleted, and the computing
burden of the network is relatively large. Therefore, by balancing
the control performance and computation amount, we choose
Dy =0.1.

According to the Lyapunov stability theorem, 7;—7:3 should
all be more than zero. By empirical rule, too large 71-73
may result in divergence control responses. However, too small
n1—n13 may make the network parameters unable to change
swiftly to deal with sudden interference. Therefore, we choose
m = 05, N2 = 02, n3 = 04, N4 = 01, U 06, Ne = 04,
n7 =0.7,m8 = 0.3, 9 = 0.2, 10 = 0.5, m11 = 0.4, 12 = 0.8,
ma = 400.

In Fig. 5, the reference compensation current ¢, is equal in
magnitude and opposite in direction to the harmonic current.
The designed controller (36) is used to drive IGBT unit to
generate actual compensation current i, to track the reference
compensation current i;, to offset harmonic current, thereby
achieving the effect of improving the power quality of the power
grid.

1) Steady-State Performance: Fig. 6(a) and (b) shows the
steady-state simulation waveform, where Us, iy, 1,05, and
i.correspond to source voltage, load current, source current, ref-
erence compensation current, and compensation current. Gen-
erally, total harmonic distortion (THD) is used as an indica-
tor to measure the severity of waveform distortion caused by
harmonics. Before using the proposed APF for compensation,
is is exactly the same as 77 and the THD of ¢ is equal to
that of ¢;. From Fig. 6(c), before the proposed APF is used
for compensation, the THD of ¢ and ¢;, are both as high as
40.3%. After compensating with the proposed APF, the THD
of iy, is still 40.3% and the THD of i, is reduced to 1.24%.
Consequently, from these observations, it can be concluded
that the developed HBFNN controller has the superior con-
trol performance in harmonic elimination under steady-state
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conditions. In Fig. 6(e), the sliding surface s quickly reaches a
convergence state and then remains stable. From Fig. 6(f), after
adopting the proposed APF, the power factor curve converges
rapidly and then remains stable at 1, which indicates that the
proposed controller has a good reactive power compensation
effect.

Remark 6: The aim of APF is to reshape the source current to
be a sine wave in phase with the sinusoidal source voltage [51].
To achieve this purpose, the reference compensation current can
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Steady-state simulation results using HBFNN controller. (a) Simulation waveform. (b) Reference compensation current and compensation current.

be expressed as

in =i — vEssin(wst) (45)

where y is a suitable value that sets the source current ampli-
tude and F; and w, are the peak value and angular frequency of
the source voltage, respectively.

Remark 7: As mentioned in Remark 6, the reference compen-
sation current 4y, can be expressed as (45). Using the proposed
controller, the tracking error between . and 7;, will be converge
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to zero in finite time. In this case, one can obtain ¢, = iy, leading
to the following expression:

ic =i — YEssin(wst). (46)
In addition, one can get (47) from Fig. 1
is +ic =1L. 47
Substituting (46) into (47), one can conclude
is = vEs sin(wst). (48)

Itis obvious that the source current is made proportional to the
sinusoidal source voltage, thus maintaining satisfactory power
factor correction operation [52], [53].

2) Load Mutation: To further reveal the dynamic character-
istics of the proposed control scheme, simulations are carried out
under dynamic load. Fig. 7(a) and (b) represents the simulation
waveform of sudden increase and sudden decrease of load at
0.25 s, respectively. Apparently, it can be found that no matter
what changes in the load, ¢, can still track the ¢, accurately
and 7, still maintains the sine wave state. Meanwhile, from
Fig. 7(c) and (d), it can be noted that THD of i is 0.98% when
the load increases and 1.29% when the load decreases, which
indicates that the developed HBFNN controller still has remark-
able performance in harmonic suppression under dynamic load.
In Fig. 7(e) and (f), load mutation has almost no impact on
the power factor. Thus, in accordance with the abovementioned
discussion, a natural conclusion can be drawn that proposed
control scheme not only has the brilliant control performance
but also possesses strong robustness. In Fig. 8(a) and (b), the
sliding surface s can rapidly converge and maintain stability
when the load changes abruptly.

3) Voltage Disturbance: In practical applications, since the
environment is constantly changing, there exist some unex-
pected events that will cause voltage fluctuations. Hence, in order
to verify the insensitivity of HBFNN controller against pertur-
bation, the simulations are conducted under voltage decrease
and voltage increase. Fig. 9(a) and (b) exhibits the simulation
waveform when the voltage suddenly decreases and increases,
respectively. It can be observed that even if the voltage drops,
15 still presents a sine wave, and 7. can still accurately track
the reference compensation current 7. In Fig. 9(c) and (d), the
THD of i under voltage decrease is 1.47% and the THD of 7
under voltage increase is 1.35%. In Fig. 9(e) and (f), faced with
sudden voltage disturbances, the power factor curve can recover
to 1 in a very short time, which indicates that the proposed
control scheme can perform reactive power compensation under
unstable voltage environment. Therefore, based on the above-
mentioned results, one can be concluded that no matter whether
the voltage fluctuation occurs, the designed HBFNN controller
has strong anti-interference and can still show excellent control
performance. In Fig. 10(a) and (b), when the voltage suddenly
changes, the sliding surface s can be adjusted quickly and
maintain stability.

4) Comparative Analysis: In order to demonstrate the “fast”
feature of the proposed FITSMC, we have selected the adaptive
fast nonsingular terminal sliding-mode controller (AFNTSMC)
[54] and the global sliding-mode controller (GSMC) [55] as

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 12, DECEMBER 2024

TABLE II
THD OF DIFFERENT CONTROLLERS

Controller FITSMC AFNTSMC GSMC
THD (%) 4.85 5.69 6.13
TABLE III

THD, RMSE, AND ET OF DIFFERENT CONTROLLERS

Controller THD (%) RMSE ET (s)
FITSMC 4.85 3.5869 36
FNN 3.78 2.0456 47
RNN 2.70 1.9289 52
T2FNN 2.63 1.7138 75
HBFNN 1.24 1.2332 91

comparison objects. Fig. 11 shows the comparison diagram of
the tracking error curves of different SMC. One can find that the
tracking error curve corresponding to the proposed FITSMC is
the first to reach the convergence state, showing that FITSMC
has faster convergence speed and better tracking performance.
In Table II, the THD of the FITSMC is the smallest among
these three sliding surfaces, indicating that FITSMC has higher
control accuracy.

To further highlight the superiority of the proposed HBFNN
controller, in this part, the Type-2 fuzzy neural network (T2FNN)
controller [56], RNN controller [30], and FNN controller [41]
and FITSMC are adopted as its comparison objects for com-
parative simulation. Fig. 12 presents the comparison of tracking
error trajectories of these five different control schemes. It is
evident from Fig. 12 that the proposed HBFNN control scheme
has superior control characteristics, such as faster convergence
speed and higher control precision. Subsequently, in order to
show the comparison of control effect about these five controllers
more intuitively, their respective THD, root mean squared error
(RMSE), and execution time (ET) are listed in Table III. The
RMSE stands for root mean square error, which is used as the
error reference index here, and its mathematical expression can
be denoted as

(49)

According to Table III, the ET of the proposed scheme is rel-
atively longer because the proposed HBFNN has many weights
and parameters. However, recently, with the unprecedented
development of very large-scale integration technology, the
computing power of microprocessors has been remarkably im-
proved. Under this circumstance, by using the high-performance
microprocessor, we can realize the control algorithm with
high computational complexity. Therefore, utilizing current ad-
vanced dSPACE to realize the designed control scheme is not
difficult. Besides, the experimental part of this article (e.g.,
Figs. 15-17) also proves that the proposed control method can
show good harmonic suppression effect and dynamic perfor-
mance through dSPACE. Moreover, in Table III, among these
five control schemes, the THD and RMSE of the developed
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(e) Power factor under load increase. (f) Power factor under load decrease.

HBFNN controller are smaller, indicating that the designed
HBFNN controller has a better control performance and dy-
namic characteristics compared with other four control schemes.

B. Experiment

The abovementioned simulation results only demonstrate that
the proposed control method reveals an excellent performance in
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the ideal simulation environment. To further reveal the feasibility
and effectiveness of the developed control scheme in practical
applications, the following series of hardware experiments are
carried out by means of the experimental platform as shown in
Fig. 13, which is formed of APF, dSPACE 1104, oscilloscope,
dc source, and programmable ac voltage. The values of system
parameters in the experimental section are exactly the same
as the values of system parameters in the simulation section.
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Therefore, the values of system parameters in the experimental
section are also shown in Table 1.

The specific functions of the experimental equipment on the
APF experimental platform are as follows. As the control core of
the whole circuit, dSPACE 1104 is used to realize the calculation
task of the designed control algorithm. DC source is used to
supply power to dc devices in the APF experimental platform,
such as hall sensors, IGBT drive unit. The oscilloscope is used to
display waveform and calculate the harmonic content of current
signal in real time. Programmable ac power is mainly used to
provide simulated power grid environment.

The parameter value of dc-link capacitor C' can be selected
according to the following empirical formula [57], [58]:

S.T

L(1+2r)UZ (50)

Cl‘ﬂin =
where T represents the period of dc voltage control and T' =
1/2000 s, Adenotes dc voltage fluctuation rate and A = 0.1,
Uge =50V, S, is the capacity of APF and S. =41 W. So
we can obtain Ch,;, = 74 uF. However, it is difficult to obtain
a power capacitor with such a small capacitance in practical
situation. Therefore, we ultimately choose EPCOS company’s
electrolytic capacitor C' whose model is B43310-A5228-M and
C' = 2200 pF.

The parameter value of ac reactor L can be selected according
to the following empirical formula [57], [58]:
AU

L=-35 D

where © = k; i’l;:", T, denotes the period of current control
and T = 1/20 000 s, i max represents the maximum value of
reference compensation current, k; = 0.3, Uge = 50 V. So we
can obtain L = 1.5 mH. To improve the compensation perfor-
mance, we finally choose L = 10 mH.

The experimental steps of the proposed control algorithm are

as follows.

1) The APF simulation platform is built in MAT-
LAB/Simulink and the proposed controller is used to
control APF. The sampling time is 50 ps.

2) Replace the input and output of APF system in MAT-
LAB/Simulink with the modules, which are matched with
dSPACE 1104, and the MATLAB codes will be converted
into C codes automatically, which is convenient to be run
in dSPACE 1104.
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3) Compile obtained C codes with control desk software and
download the compiled content to dSPACE 1104.

4) Implement the final C codes (i.e., the proposed HBFNN
control scheme) with dSPAPE 1104 online. The sampling
time is 50 pus.

Fig. 14 depicts the schematic of the HBFNN in MAT-
LAB/Simulink. The HBFNN is run in the form of code in
MATLAB/Simulink as shown in Fig. 14.

1) Steady State: Fig. 15(a) depicts the experimental wave-
form of the proposed control scheme under steady state. Appar-
ently, it can be seen that i, presents a sinusoidal state, indicating
that the harmonic current is suppressed. Besides, Fig. 15(b)
shows the harmonic spectrum analysis of source current using
HBFNN, T2FNN, RNN, ENN, and FITSMC. All the abovemen-
tioned results suggest that the developed HBFNN controller has
superior performance under steady state.

2) Dynamic Load: In order to further reveal the characteris-
tics of the proposed HBFNN controller, a series of experiments
are carried out under the condition of dynamic load. Fig. 16(a)
and (b) shows the experimental waveform using the proposed
HBEFNN controller when loads decrease and loads increase,
respectively. In Fig. 16(a) and (b), when the load increases or
decreases abruptly, the proposed controller can quickly generate
the correct compensation current, the source current can always
maintain the sinusoidal shape, and the curve of source current is
very smooth. Correspondingly, Fig. 16(c) and (d) presents three-
dimensional histograms of the source current harmonic spectrum
under the action of these controllers when loads decrease and
loads increase, respectively. From Fig. 16(c) and (d), among
these five comparison methods, the harmonic content using
HBFNN is at a low level and the THD of source current using
HBEFNN is the lowest, indicating that the proposed HBFNN
controller has strong robustness and better harmonic suppression
capability.

3) Voltage Variation: Fig. 17(a) and (b) shows the experi-
mental waveform using the proposed HBFNN controller when
voltage increases and decreases, respectively. As can be seen
from Fig. 17(a) and (b), when the voltage suddenly increases
or decreases, the source current can quickly transform from one
kind of sinusoidal shape to another kind of sinusoidal shape.
Likewise, Fig. 17(c) and (d) also shows the three-dimensional
histograms of the source current harmonic spectrum under the
action of five controllers when voltage increases and decreases,
respectively. In Fig. 17(c) and (d), among these five com-
parison methods, the proposed method has stronger harmonic
suppression ability regardless of voltage suddenly increases or
decreases. Meanwhile, it also reflects that the designed HBFNN
controller can still have superior control effect and excellent anti-
interference performance in the practical operation environment
under voltage mutations.

4) Parameter Variation of APF: In the parametric pertur-
bation experiment, the inductance L varies from 6 to 10 mH,
and the dc-link capacitor C' varies from 1000 to 3300 pF.
Table IV summarizes the THD of ¢4 under different parameters.
In Table IV, it is observed that the THD of i, changes little and
is always lower than the normal range (5%), which indicates the
superior robustness of the proposed method in case of parameter
variations.
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5) Comparative Analysis: Furthermore, to more intuitively
and clearly reveal the superiority of the proposed control scheme,
the THD of these five control schemes in various cases are listed
in Table V. By observing the THD of source current correspond-
ing to the HBFNN controller in Table V alone, it can be found
that the THD of source current corresponding to the HBFNN
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controller changes little under different experiments, indicating
that the harmonic suppression ability of the HBFNN controller
is relatively stable. Comparing the THD values of these five
controllers in Table V, it can be found that no matter which
experiment is conducted, the THD value corresponding to the
HBFNN controller is lower than that using other four controllers,
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TABLE IV
EFFECT OF PARAMETER CHANGES
I DC-link )
Inductance ( mH ) capacitor ( 1F ) THD (%)

10 2200 2.96

10 1000 347

10 3300 3.25

6 2200 4.72

8 2200 3.19

suggesting that adopting the HBFNN controller results in lower
harmonic content and higher power quality in the power grid.

Remark 8: The conventional fuzzy-based controller has ro-
bust feature, but the conventional fuzzy-based controller can
only make the tracking error asymptotically converge to zero.
Compared with the conventional fuzzy-based controller [59],
[60], the proposed FITSMC not only has excellent robustness,
but also can ensure that the tracking error can converge to zero
in a finite time.

Remark 9: Adaptive network-based fuzzy inference system
(ANFIS) is a novel fuzzy inference structure, which combines
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fuzzy logic and NN. HBFNN and ANFIS both contain input
layer, membership function layer, rule layer, and output layer.
The main difference between HBFNN and ANFIS is hippocam-
pus layer. Owing to hippocampus layer, HBFNN possesses
better nonlinear representation capability than ANFIS, and it
will not convert to ANFIS due to the difference from structure.
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TABLE V
THD OF SOURCE-SIDE CURRENT UNDER DIFFERENT CONDITIONS

Case HBFNN  T2FNN RNN FNN  FITSMC
Steady-state  2.96% 3.85% 4.61% 5.53% 7.08%
deL;Z‘:e 3.24% 4.51% 5.01% 6.13% 7.36%
; nLC‘;Zg:e 2.99% 4.37% 4.66% 5.65% 731%
\;Elct:eiie 3.33% 4.65% 4.96% 6.10% 7.64%
;;‘;ffs‘z 3.56% 4.83% 5.30% 6.60% 8.15%
Voltage swell  3.40% 4.79% 5.04% 6.07% 8.02%
Voltage sag 3.63% 4.93% 5.26% 6.43% 8.61%

Remark 10: Recent studies show that, compared with con-
ventional NN, brain-like NNs have stronger generalization
ability and learning ability, faster processing speed, stronger
anti-interference ability, and more scientific information pro-
cessing process [61], [62], [33]. However, the research of such
brain-like NNs is extremely rare. Since the hippocampus tissue
of human brain is responsible for human learning and memory
tasks [36], [39], this article designs a novel HBFNN to learn
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Fig. 16. Experimental waveform using the proposed HBFNN controller.

(a) Load decrease. (b) Load increase. (c) Harmonic analysis of source current
under load decrease. (d) harmonic analysis of source current under load increase.
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the SMC. Compared with the conventional RNN and FNN, the
DG layer of the proposed HBFNN has a distinctive feature
selection mechanism, which can filter the information in the
network. Through a specific feature selection algorithm, impor-
tant features in the network can be extracted for processing
and unimportant features are not processed, thus improving
the calculation and learning efficiency of the network, and
enhancing control accuracy of system. In addition, conventional
FNN does not have the recurrent feedback structure [41]. The
experimental results show that the internal recurrent feedback
structure of RNN can enhance the anti-interference ability of the
network and the capability to process timing signals [43], [63].
Conventional RNN usually has an internal recurrent feedback
structure [30], [43]. The proposed HBFNN has two recurrent
feedback structures, one of which is the internal recurrent feed-
back structure of the CA3 layer, and the other of which is the ex-
ternal recurrent feedback structure from the CA1 layer to the EC
layer. This double recurrent structure enables HBFNN to process
time-varying input signals more efficiently and have stronger
robustness. Figs. 15, 16, 17, and Table V in the experimental
part of this article show that the THD of the proposed method
is always lower than that of RNN and FNN under steady state
and various interference environments, indicating that HBFNN
has higher control accuracy and stronger anti-interference ability
than RNN and FNN.

Remark 11: The FITSMC (ie., s = ¢ + ae + 8 [ e?/9d7)

consists of three parts, namely ae, é, and 3 f(f eP/idr. e in
FITSMC can reflect the tracking error of the control system
in proportion. Therefore, once the tracking error occurs, the
controller will take action immediately to reduce the tracking
error and the rapidity of the control system is guaranteed. € in
FITSMC can reflect the variation trend of tracking error, thereby
reducing the phenomenon of large oscillation of tracking error
curve and improving the dynamic characteristics. The function
of 8 fot eP/4dr in FITSMC is to eliminate steady-state error and
improve the control precision. In addition, compared with the
conventional linear sliding surfaces [64], FITSMC can ensure
that the tracking error converges to zero in a finite time.

VI. CONCLUSION

This article utilized an FITSMC method to realize current
tracking control for APF. Unfortunately, owing to the existence
of lumped uncertainty, its control effect will be significantly
affected. Hence, considering the universal approximation and
excellent properties of brain-like NNs, an innovate HBFNN was
proposed and constructed according to the biological structure
of the hippocampus. Consequently, a hybrid control strategy
combining FITSMC and HBFNN was developed and applied to
APF to achieve harmonic suppression. Meanwhile, the stability
of the closed-loop system was proved strictly in accordance with
Lyapunov stability criterion. Besides, a series of simulation and
experimental results successfully validated the practicability and
effectiveness of the proposed control scheme. Ultimately, the
various three-dimensional bar charts and table data processed
by comparative experiments further revealed the superiority and
robustness of the proposed control scheme.
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