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Abstract: An adaptive backstepping terminal sliding mode control (ABTSMC) method based on a
multiple—layer fuzzy neural network is proposed for a class of nonlinear systems with parameter
variations and external disturbances in this study. The proposed neural network is utilized to
estimate the nonlinear function to handle the unknown uncertainties of the system and reduce
the switching term gain. It has a strong learning ability and high approximation accuracy due to
the combination of a fuzzy neural network and recurrent neural network. The neural network
parameters can be adaptively adjusted to optimal values through the adaptive laws derived from the
Lyapunov theorem. To stabilize the control signal, the additional parameter adaptive law derived
by the adaptive projection algorithm is used to estimate the control coefficient. The terminal sliding
mode control (TSMC) is introduced on the basis of backstepping control, which can ensure that the
tracking error converges in finite time. The simulation example is carried out on the DC-DC buck
converter model to verify the effectiveness and superiority of the proposed control method. The
contrasting results show that the ABTSMC—DHLRNN possesses higher steady—state accuracy and
faster transient response.

Keywords: multiple—layer fuzzy neural network; recurrent neural network; adaptive projection
algorithm; adaptive backstepping terminal sliding mode control
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1. Introduction

It is well known that most systems existing in a variety of scenarios are nonlinear
systems with a strict feedback form. The control purpose is to ensure that the state signals
of the system follow the reference signals. As the loading conditions and system parameters
are highly uncertain, it will lead to an undesirable impact on system regulation accuracy.
Therefore, it is necessary to design a stable and adaptive controller for a nonlinear system
with the presence of external disturbances and parameter variations.

It can be seen from early research that the PID controller has been widely concerned
due to its simple principle and application. In [1], a PID controller was designed to suppress
current harmonics for a permanent—magnet synchronous motor (PMSM). Irfan et al. [2]
designed double PID controllers per axis for a stable flight of Vertical Take—Off and Land-
ing drones. In order to handle the rapid variation in unknown disturbances, a dynamic
parameter tuning method for variable PID controllers was proposed in [3]. Moreover,
Meza et al. [4] presented a fuzzy self—tuning method to select PID gains according to the
actual state of the model. However, the PID controller is a linear control strategy, which
seldom ensures large —signal stability and robustness. Hence, more advanced control strate-
gies are proposed to handle the instability problem. In [5], a proportional —integral —fuzzy
controller based on an iterative feedback tuning algorithm was designed to control a class
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of servo systems. In recent research, some nonlinear control methods have been widely
used, including sliding mode control (SMC) [6] and backstepping control [7].

The main feature of backstepping control is that it designs virtual control laws for each
subsystem through a step—by—step recursive process, which can reduce the complexity of
the control design. Cai et al. [8] proposed a robust adaptive control strategy based on the
backstepping technique for nonlinear systems with unknown parameters, and Lin et al. [9]
designed an adaptive backstepping speed control system for a PMSM. However, when sys-
tem uncertainty and disturbances are involved, it is difficult for conventional backstepping
control to achieve high performance.

Due to the design of the switching term, SMC is another attractive choice for applica-
tion in the nonlinear system, which has the property of robustness to disturbances. In [10],
a second —order SMC algorithm was presented to solve motion control problems of robot
manipulators. In [11], a super—twisting algorithm was introduced into SMC, which can
effectively weaken the chattering phenomenon of the control input. Here, the backstep-
ping sliding mode control (BSMC) was proposed, which combines both characteristics of
backstepping control and SMC. It has also been developed in various scenarios such as
multimachine power systems [12], hypersonic vehicles [13], unmanned aerial vehicles [14],
and DC microgrids [15].

However, SMC can only guarantee that the tracking error asymptotically converges to
zero. With respect to this problem, the terminal SMC (TSMC) has attracted more attention,
which can ensure the finite—time convergence of the tracking error, thus improving the
dynamic property of the system [16]. Yao et al. [17] developed a robust adaptive nonsingular
TSMC (NTSMC) in the position and speed control of an automatic train operation system.
Wang et al. [18] adopted continuous TSMC to realize the trajectory tracking of flexible—joint
robots, and Xu et al. [19] introduced a novel nonsingular fast TSMC —reaching law to
shorten the response time of the controlled model.

Although SMC can alleviate the adverse effects of system uncertainty and external
disturbances, it often causes the high—frequency chattering problem due to a large switch-
ing term gain. Moreover, the computation of the control signal depends on exact parameter
information of the system, which is not available in actual application. Some scholars have
developed adaptive sliding mode control (ASMC) [20,21]. In [20], an ASMC was presented
for parameter estimation in a boost converter through the use of state observers. In addition,
Xu and Yao [22] utilized the bounds on the parameters to construct an adaptive projection
algorithm, which ensures that the estimates belong to a known bounded region. However,
when dealing with fast time—varying parameters, control action through ASMC alone is
not reliable. This disadvantage is overcome by employing a neural network feedforward
control method of estimating the nonlinear function.

The neural network (NN) has a strong learning ability, which is widely applied in the
control of unknown systems. In [23], a novel NN —based controller was presented to obtain
the reference tracking control of a nonlinear position servo system, and the neural network
was trained by a Deep Q—Learning algorithm.

The radial basis function neural network (RBFNN), as a common network structure,
is obtained in nonlinear systems with unknown nonlinearities [24]. Moreover, a novel
self —organizing RBFNN was reported in [25], where the structure of the RBFNN can be
regulated according to the system behavior. Considering the low approximation capability
of the RBFNN, and that it takes a long time to adjust weights, this is not a favorable choice.

The fuzzy neural network (FNN) possesses the learning ability of neural networks
and inference capability of fuzzy systems in handling unknown information, which have
been developed rapidly for dynamic modeling and advanced controllers design [26-29].
Lin et al. [30] proposed a Takagi-Sugeno-Kang fuzzy neural network to estimate the
lumped uncertainty. The recurrent neural network (RNN) uses the cyclic connection tech-
nique, and the neuron feedback loop is utilized to transmit previous output signals, which
means that the network considers the previous dynamic information to improve the con-
nection dependency in layers. Therefore, the RNN has the ability to handle time—varying
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inputs and external disturbances. A self—organizing RNN with a general nonlinear form
for predicting system behaviors is proposed in [31]. However, it is difficult for the RNN
with a single hidden layer to maintain high approximation accuracy, which will also in-
crease the calculation computation due to the necessity of a large number of neurons. Thus,
the RNN with a double—loop structure was proposed [32,33]. In [33], this network struc-
ture was designed for identification and prediction of the motion control system. However,
conventional single—layer neural networks may need to train numerous neurons, which
will cause the increase in computational complexity and the excessive consumption of high
memory. Therefore, a multiple—layer neural network (MLNN) structure has been widely
concerned, which can provide fewer neurons training and higher approximation accuracy.
Lee et al. [34] designed a multiple—spatiotemporal —scale recurrent neural network for
action recognition. It was reported in [35] that a convolutional multiple—layer recurrent
neural network can be used for both homogeneous and heterogeneous images. In [36], a
multilayer perceptron neural network was developed as an exploratory test oracle. Some
fuzzy neural controllers were investigated to enhance the approximation capability of
neural networks for dynamic systems [37-43].

Based on the merits of FNN, RNN, and MLNN, this paper designs a multiple—layer
fuzzy neural network structure, i.e., double—hidden—layer recurrent neural network
(DHLRNN), which introduces double hidden layers and double loop feedbacks, suppress-
ing the adverse effects of external disturbances and dealing with the uncertainty of the
nonlinear systems.

Based on the above research, an adaptive backstepping terminal sliding mode control
based on the DHLRNN is proposed in this paper. The DHLRNN and parameter adaptive
law derived from the projection algorithm are utilized to estimate the unknown function
and control coefficient of the universal nonlinear system, respectively, and the estimated
value is then transferred to the controller for effective feedforward compensation. Moreover,
the proposed SMC method combines the features of backstepping control and TSMC; under
the framework of such a control strategy, the system can obtain faster transient responses.
The main contributions of the proposed control method compared with existing works are
summarized as follows:

(1) The proposed DHLRNN inherits the fuzzy inference ability of the FNN, and includes
the self—regulation ability of the RNN, which can be used to estimate more complex
unknown functions. Therefore, the DHLRNN can counteract and compensate system
uncertainties to improve the tracking accuracy of the control system. As an improve-
ment of the single—hidden—layer neural network, the DHLRNN contains two—layer
activation functions for feature extraction. It can process complex data and avoid
serious calculation complexity by reducing the number of neurons.

(2) This paper utilizes Lyapunov stability theory to derive the adaptive laws of the
DHLRNN. The parameters including base width, center vector, and feedback weights
can be trained online. The neural network output can be continuously updated accord-
ing to the system parameter variations. This means that the proposed neural network
will reach the optimal value after a short learning and adjustment. The proposed
controller can obtain dynamic regulation instead of relying on exact mathematical
models. The adaptive law of the control coefficient derived from Lyapunov theory
adopts an expression form of a projection algorithm, which ensures that the estimated
value changes in a known bounded region. Whether faced with disturbances or not,
the control coefficient remains bounded all the time, and the stability of control signal
can be guaranteed.

(3) The design of backstepping TSMC not only reduces the complexity of control design,
but also makes the state tracking error converge in finite time. The use of the switching
term can also counteract the adverse effects of external disturbances and the lumped
approximation error of the neural network to improve the steady —state performance
and anti—disturbance performance of the system.
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The rest of this paper is organized as follows. Section 2 introduces the state equation
of nonlinear systems and the problem statement is presented. In Section 3, the design of
the proposed control method is given, including the neural network definition and stability
proof. The simulation study is shown in Section 4. Finally, Section 5 concludes this paper.

2. System Description and Problem Statement
Consider the following a class of a SISO partially unknown nonlinear system

X =2
5(2 = X3
M
Xp—1 = Xn
xn = f(X) +bu+d(t)
where X = [x; xp --- xn}T is the state vector, and f(X) and b are a nonlinear function

and control coefficient, respectively. u denotes the control signal and d(t) denotes the
external disturbance.

Due to the parameter variations and measurement limitations, the system parameters
are difficult to obtain accurately; there exists f(X) = fo(X) + Af(X), where fy(X) is the
nominal part of the nonlinear function and Af(X) is the unknown uncertainty. Af(X) is
considered upper—bounded. The control coefficient b is considered bounded.

The main control objective is to design an appropriate control signal u so that the state
signal X can accurately track the reference trajectory X,, i.e.,

lim|X — X,| = im|E| = 0 )
t—o0 t—o0
T
where X, = [x;, X, - ,xﬁn_l)] and E = [e,e,--- ,e(”’l)]T is the error vector.

The BTSMC method is presented for the control problem; f(X) and b are assumed to
be known. Moreover, the terminal function p(t) is introduced into the backstepping control
to ensure finite—time convergence, and the sliding surface is built by the backstepping
control variables.

Remark 1. Consider that the terminal function p(t) is a continuous differentiable function with n
order. In order to obtain global robustness, the condition of e() (0) = p()(0),i =0,1,--- ,n —1is
established. Moreover, for the set time T > 0, when t > T, p(t) = 0, p(t) =0, ---, p((t) =0
should be satisfied to obtain finite—time convergence of the tracking error. Therefore, the terminal
function is defined as

n

e+ 8 [e(0) ] #, ifo <t < T

Ti—l+n+1

pt) =4 " e ©)
0, ift>T

The terminal function coefficients ajj can be calculated by solving the equations p(T) = 0, p(T) =0,
- pM(T) =

The detailed design process is described as the following steps

Step 1 Design of the virtual control term «q
() Define the tracking error z; = x1 — x, — p;
(i1) Design the virtual control term &y = —kjz1, where k; > 0.
Step 2 Design of the virtual control term ay
(i) Define the tracking error zp = xp — X, — p — ay;
(i1) Design the virtual control term ay = —kpzy — z1 + a1, where kp > 0;
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(iii)  Take the derivative of zq: z1 = —kyz1 + 25.
Step i Design of the virtual control term «;

(1) Define the tracking error z; = x; — xﬁiil) — p("’l) —®;_1;

(ii) Design the virtual control term «; = —k;z; — z;_1 + &;_1, where k; > 0;
(iii)  Take the derivative of z;_1: z;_1 = z; — kj_1Zi_1 — Zj_o.
Step n Design of the control law

(1) Define the tracking error z, = x;, — xﬁ”‘” — p( — &y q;

(ii)  Design the following terminal sliding surface s = cz,,_; + z,, where ¢ > 0;

(iii)  Take the derivative of z,,_1: z,,_1 = zn — kjy—1Zn—1 — Zn_2;

(iv)  Take the derivative of z,,: z, = f(X) + bu +d(t) — xﬁ") —p — G, _y;

(v) Design an equivalent control law ueq: ey = %[—c(—kn_ﬂn_l —Zp2+
Zn) — Zn-1 _f(X) + xgn) + p(n) + ‘infl]}

(vi)  Design a switching control law ty: ts,y = +[—ps — Asign(s)], where p > 0,
A > D, and sign(-) denotes a sign function;

(vii)  Design the ideal control law u: u = teq + Usep.

n—1)

Theorem 1. For SISO nonlinear system (1), when all parameter information of the system is known
and the external disturbance d(t) is bounded, if the terminal sliding surface is chosen as

S =102Zy_1+2Zn 4)

and the ideal controller using a switching term is designed as

U= Ueg + Usw

= E[—c(—kn,lzn,l —Zp—2+2zn) —zp—1 — f(X)+x; + p" + a1 — ps — Asign(s)]
all signals of the closed—loop system will asymptotically converge to zero.
Proof. The Lyapunov function is selected as
1 n—1 ) 1 )
V= E Z Zi + ES (6)

i=1

Taking the first derivative of (6) and combining the relationship between z; and sliding
surface s, it can be obtained that
. n-1 . n—1 .
V = Y zizi+ss=—-) kiz? + 2z, 12n + SsS
i=1 i=1

n—1 ) (7)
= - ‘21 kizi + zp—12zn + s[c(—ky—1Zu—1 — Zu—2 + zn)
=

FFX) +bu+d() — x™ — p) — ]

Substituting control input (5) into (7) obtains

. n—1
vV =- ‘21 kiz? 4+ zy_1(s — czy_1) + s(—zu—1 — ps — Asign(s) + d(t))
im
n—1
— 'Zl kiz? —cz2_ | — ps* — Als| + sd(t) (8)
i=
n—1
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Assume |d(t)| < D, where D is an unknown positive constant. When the condition
A > D is satisfied, the following inequality holds:

. n—1
Vv <-— ; kl-zl-2 —cz2 | —ps? — (A—D)Js|
= ., ) 9)
< —i)_:l kizs —czy,_, — ps

Therefore, inequality (9) satisfies V < 0. According to the LaSalle invariance principle,
the convergence of backstepping control variables and the sliding surface can be guaranteed,
ie, whent — oo, thenz; =0 (i =1,2,---n),s = 0. Moreover, the tracking error E will
converge to zero in finite time under the constraint of terminal function p(t). The detailed
proof is shown in Remark 5. O

Remark 2. When the Lyapunov function and system control law are selected, then the condition

of limss < 0 is derived, and it can be concluded that lim s < 0and lim s > 0. This means that
s—0 50t §—0~

as long as there are state signals close to switching surface s(x) = 0, they will be attracted and
fluctuate around the switching surface. Therefore, according to the designed sliding mode trajectory,
the state signals can reach the specified region.

3. Design of Adaptive Backstepping Terminal Sliding Mode Controller Using Dhlrnn

Although the ideal control signal designed in (5) can guarantee the convergence of all
states and signals of the nonlinear system (1), an accurate mathematical model is difficult
to obtain because of environmental fluctuations and disturbances. Control actions through
SMC alone result in a large switching term gain, which will cause system chattering and
damage the steady—state performance of the system. In order to observe the real—time
information of the model, this section utilizes the DHLRNN and parameter adaptive laws
to estimate the nonlinear function f(X) and control coefficient b, respectively, and the
estimated value is introduced into the controller for effective feedforward compensation to
improve control accuracy.

3.1. Structure of DHLRNN

The specific structure of the proposed neural network is shown in Figure 1, which
comprises the input layer (layer 1), the first hidden layer (layer 2), the second layer (layer 3),
and the output layer (layer 4).

The proposed DHLRNN is a multi—layer network structure and possesses self—learning
ability, which combines the advantages of the FNN and RNN. It can be used to estimate
complex nonlinear functions, which provides an effective solution to the unknown uncer-
tainty problem of the system.

The detailed signal transmission and the basic function in each layer of the DHLRNN
are introduced as follows

Layer 1 (Input Layer): The main function of this layer is to pass the input variables to
the next layer. Due to the design of external feedback, the output value exY at the previous
time is connected to the input layer by the feedback weight W,,;(i = 1,2,--- ,m), thus
providing the optimal input for the subsequent processing. For every node in the input
layer, the ith node output is calculated as follows:

0; = x; Wy -exY, (i=1,2,---,m) (10)

where x; denotes the input of the ith node, X = [xq,xp,- -, xm]T is the input vector in this

layer, and 6 = [04,6,- - -, Gm]T is the output vector. The external feedback weight matrix of
the input layer is described as

Wro = [Wrolr Wroz/' Tty Wrom]T (11)
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Output layer

The second
hidden layer

The first
hidden layer

Input layer

Figure 1. Structure of the proposed neural network.

Layer 2 (The First hidden layer): This layer adopts a Gaussian function as an activation
function to realize fuzzification operation with the aim to expand the dimension of the input
variables. The signal is mapped from the low —dimensional space to the high—dimensional
space. The internal feedback loop is realized and the dynamic recursion leads to better
mapping, which improves the neuron activation intensity. The output form of the jth node
is expressed as

prp=e "N, (=12 )
nety; = g (91"er'§$1;‘—€1/)2 (12)
i=1 1j
where by; and cy; are the center vector and the base width of the jth activation function,
respectively. L¢1; represents the previous output of the jth node, which will be fed back
to the current node through the feedback weight W,;. The output vector of the first

hidden layer is ®1 = [$11, P12, - -, (/)1,1]T. The center vector matrix, base width matrix, and
feedback weight matrix of the first hidden layer are, respectively, described as

By = [b11,big, -+, bya)” (13)
Cr = [ei, iz, c1n)” (14)
Wr = [erz WrZr' Tty Wrn]T (15)

Layer 3 (The second hidden layer): This layer also utilizes Gaussian function for nonlinear
mapping, which is similar to the function of the first hidden layer. The signals are mapped
from the first hidden layer space to the higher—dimensional space, and the features of
the input vector are further extracted. The kth node output of the second hidden layer is
expressed as

o = e "%, (k=1,2,---,1)
Hety, = i (<P1j;2Czk)2 (16)
j=1 2k
where by and ¢y denote the center vector and the base width, respectively. ©p = [¢21, P22, - - - , P T
is the output vector of the second hidden layer. The center vector matrix and base width matrix of the

second hidden layer are, respectively, described as

By = [by1, b, - -+, byy]” (17)
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Co = [car,c0, -+ c]” (18)

Layer 4 (Output layer): This layer will calculate the overall output of the network and
serve as the feedback signal of the input layer. The single output node is connected with
each neuron of the second hidden layer by the weight Wi(k = 1,2, -- - ,1), which is labeled
with the symbol . The output of the DHLRNN is the weighted sum of the Gaussian
function calculated by the second hidden layer, expressed as

!
Y=W'd, =Y Wipn (19)
k=1

where the weight matrix of the output layer is described as
W = [Wy, Wy, -, Wy (20)

Based on the number of nodes m, 1, in each layer, the proposed DHLRNN structure
is defined as m — n — I — 1, which can be selected carefully according to the specific system.

3.2. Approximation Error of DHLRNN

The DHLRNN is used to estimate the nonlinear function in the ideal controller (5),
*

and there exists Bf, C}, W/, B;, C5, Wy, and W*, satisfying the following expression
%7 * *
f(X) =W* &;(By, Ci, Wy, By, G5, Wy,) +¢ (21)

where ¢ is the reconstruction error between the optimal value and actual value, bounded
as: ¢ < ey, and ¢y is a positive constant.
The optimal parameters of the DHLRNN are obtained from the following equation

(By,Ci, W}, By, C5, Wy, W¥)
= argmin  [sup||f — f*|] (22)
(Blfclrwr/BZ/CZerrW)
The estimated value of f(X) is the real output of the neural network, expressed as

f(X) = Wquz(Bl/ C1, Wy, By, Co, Wi) (23)

where W, By, Gy, W,, By, C5, W,, are the estimated values of the neural network parameters.
Therefore, the approximation error between the estimated value and actual value is
defined as

f—f =W o5 —WTd, +¢
=W (&4 By) - Wy 4
=W &y + W Dy — WT, +e (24)
= (WT + WT)qu + (WT + I7VT)<’132 ~WTd, +e
= WTd, + W'D, + ¢
where g9 = WT®, + ¢ denotes the total approximation error and W = W* — W is the
weight error.

In order to convert nonlinear f(X) into a partially linear form, the Taylor expansion
linearization technique is used in this paper. The Taylor expansion of the optimal output
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vector @3 of the second hidden layer at B = Bl, Cl = Cl, W) = w,, B = B,, G = Gy,
and Wy, = W, can be calculated as follows

CDE(BT’ Cik’ WY*’ B;'C;/ W;ko) = qA)Z(Bll CAlr Wrr BZ/ CZI Wro)

9%, *_ B 9D, A
+ 38 BT:E(Bl Bi) + 5 ci=t, (G —C)
0D N 0P A 25
+ oW W,*:W,(W;k - W)+ 9B Bézéz(B; — By) 25
9D A oD n
+ aczg C;:CZ(C; —C) + aw,% W:g:Wm(Wjo — W) + Oy,
&)Z(EL €1~, Wr/ EZ, Cvzlj\vfro) = CI)ZBi . §1 + CDz(le' 61 26)

+®ow, - Wy + Pop, - By + Do, - Co + Pow,, - Wio + Oy,

where Oy, is a high—order term of expansion; ®,p,, ®oc,, Pow,, P28,, Poc,, and Dy,
are first—order partial derivatives of ®, to By, C, W/, B;, C;5, and Wy, respectively.
These partial derivatives conform to the arrangement of the Jacobian matrix, which can be
expressed, respectively, as the following forms:

Mg 9P
dbyy aby,
9y Iy
Lobyy "7 dbyydxn
Fo¢o1 . 9P
deyy deyy
Do, = | ¢ e (28)
9y . 9Py
L dc1qp ety d 1xn
0P . 9Py
aer W
O, = | .. (29)
Py . OPy
oWy Wy Ixn
FoPo1 . 0P
by dby
Dy, = : : (30)
9y 9y
Lobyy "~ 9by Ay
ro¢n .. 9¢27
8621 362]
9y 9y
Ly 77 Fey d
Oy .. O9¢x
aI/le aWrom
Dow,, = | : (32)
Oy . Oy
W1 IWrom Ixm

Substituting partial derivatives (27)—(32) into (24), the approximation error can be
further expressed as

f(X) —f(X) = WTCi)Z + WTCTDQ +€p
= WTCIADZ + WT(chl 61 + VAVT(I)QCZGQ (33)
+WT®yp By + WT Do, By + WDy, W,
+WT Dy, Wio + Ag

where Ag = WTO, + ¢, denotes the lumped high—order approximation error.
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Assumption 1. Due to the approximation capability of the DHLRNN, the lumped high—order
approximation error of the DHLRNN, i.e., Ay, is much smaller than the function being estimated,
ie., f(X). A, is bounded and satisfies |A,| < Ay, where Ay is a positive constant.

3.3. Stability Analysis

The block diagram of ABTSMC based on the proposed DHLRNN is shown in Figure 2.
The neural network parameters are updated online through the adaptive laws, so the
output of the neural network can adaptively adjust to the optimal value. The flowchart of
the learning algorithm of the proposed controller is provided in Figure 3, which comprises
the detailed algorithm description. Furthermore, an additional parameter adaptive law is
adopted to estimate the control coefficient b for guaranteeing the stability of the control law
u, and the corresponding estimated value is denoted as b.

Terminal
function P(t)

'

_R >0 E | Backstepping | F%"Ei | Terminal
Y { control ™| sliding surface l External
+ ¢ disturbance
X ABTSMC with | | = FOX)+bU +d(0) -

DHLRNN -

b= Proj, (51) A r

T i O =0"d,

B =5, /

Cl=-nshi’ o,

W=, — apEnii?ﬂaNtor

B =i o,

é" :—nﬁsW’CDZQ

W =, ®,,

Adaptive Iawsm

Figure 2. Block diagram of the ABTSMC using DHLRNN.

( Start )

/ Definition of Backstepping Variables \
k 2152357752, J
i

f Calculation of Sliding Surface \

k s=cz,  +z, J l
i

Approximation Strategy / Calculation of Control Input Signal \
The overall output of the DHLRNN is utilized 1 N
to estimate nonlinear function f(X), i.e., u= Z[_c(_knflznfl —Z,,+2,)-Z,,— f(X)
FCO=W"d,(B,C.W,.B,,C,.,) +x" 4+ p" + ¢, — ps— Asign(s)]

The projection algorithm is utilized to estimate

Qntml coefficient b J Update Learning Rates
Tl 570

/ Online Parameters Learning \

W =-ns®, B = *'YsSWT‘l’zsz Does the neural network converge

B p A 5 to the optimal value?
Blr = _ﬂZ‘Yqu)zl," CzT _ 7”6SW7¢_ZQ o the optimal value

C]T = _”JSWT(DZLE WT :_777SWT¢ZWZ,,

ro

u’}rr = 7’74SWT<D2W, 5 = PI‘O_]'/; (Mgsu)
[

-

)1 C End D

Figure 3. The flowchart of learning algorithm of the proposed controller.
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As the DHLRNN and parameter adaptive law introduce the estimated information
of the system into the controller, the control system can maintain robustness in rejecting
uncertainties and disturbances. The proposed control method no longer depends on the
accurate mathematical model, which is more suitable for an actual nonlinear system.

Based on the designed feedforward compensation technology, the new control law is
designed as

u= %[—C(—knﬂznq —2Zp2+2zn) — Zp—1 — f(X)

34
™ 4 p) i,y — ps — Asign(s)] -

Theorem 2. For SISO nonlinear system (1), when the external disturbance d(t) and control
coefficient b are both bounded, if the control law of system is chosen as (34), then it guarantees that
all signals of the closed—loop system will asymptotically converge to zero.

Proof. The new Lyapunov function is selected as

V= Z z + 524—2,]1
+2,7 WIW, + 2-B] By + cTc2+ WTW,D =0

where b = b — b is the approximation error of the control coefficient; 11, 112, 713, #4, 15, Y6,
17, and g are the learning rates parameters. [

Remark 3. According to the main control objective, in order to ensure that the state signal can
track the reference trajectory, the convergence of backstepping intermediate variables, the sliding
surface, and the estimated term must be guaranteed. Specially, the seven adaptive parameters of
the DHLRNN including center vectors, base widths, output weight, and feedback weight should
converge to the optimal value so that the neural network can approximate the real—time variation in
the nonlinear function accurately. Motivated by the abovementioned ideas, the Lyapunov function
should contain three parts: backstepping intermediate variables z;(i = 1,2,--- ,n — 1), sliding
sutface s, and estimation error of all parameters. Moreover, according to the Lyapunov stability
theory, we must guarantee that the designed Lyapunov function is positive definite and its derivative
is semi—negative definite. Therefore, the new Lyapunov function is constructed as provided in (35).

Taking the first derivative of the Lyapunov function (35), and then substituting the
relationship between z;(i = 1,2, - - - ,n) and sliding surface s into the derivative, yields

n—1

. n—1
V = ZZi2i+Sé+H:—Zkl'Ziz-i-Zn_lZn—FSé—l—H

= - Z kiz? + zy_1zn + s[c(—kp_12n—1 — Zn—2 + 2zn) (36)

+f( )+ bu+d(t) — 2™ — p) — G, ]+ H

where

H= WTW+ Bl B1 + - Cl C1 + Wr
T T (37)

+i BZB2+ =CrCot o mem 73512

Substituting the proposed control law (34) into (37) obtains

V= —Zkz +2zy1(s —czp_1) +s(—zy-1 + f(X)

/\

f( )+bufpsf)\31gn( )+d(t))+H

(38)
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Because (38) contains the approximation error of the function being estimated, bringing
expression (33) into (38), V can be further derived as

. n—1 ~ ~ A A ~
V= -— Z kl'Zl2 — CZ%_l + bsu + WTCDzS + WTCngl Bls
i=1 _ R _ . _
+WT¢2C1 Cis+ WTq)QWr W,s + WT(DQBZ Bys (39)

+WT<I>2C2625 + WchzerWros — ps% — Als|
s(Bo +d(t)) + H

The following adaptive laws of the DHLRNN are designed:
Defining WTd,s + U%WTVNV = 0, it can be obtained that

W = —115d, (40)

Defining WTQDZBl Bis + %Bl B1 = 0, it can be obtained that
- T AT
By = —12sW" Pp, (41)
A ~ NT ~
Defining WT<I>2C1 Cis + U%Cl C; = 0, it can be obtained that

- T

Cy; = —n3sW dyc, (42)

~ ~ T ~
Defining WT®2Wr W,;s + ,71—4Wr W, = 0, it can be obtained that

- T

W, = —nsWTdyy, (43)

Defining VA\/TCIDZB2 Bys + %Bz B, = 0, it can be obtained that
~T ~T
By = —15sW" @2, (44)
~ ~ ~T ~
Defining WTCDZCZ Cos + ULGCZ Cp = 0, it can be obtained that

- T

Cy = —1sW (45)

Defining WT<I>2Wm Wyos + %Wro W,, = 0, it can be obtained that

- T

W, = —117sWT Dy, (46)

The parameter adaptive law of the control coefficient is designed as follows, which
utilizes the calculation form of the adaptive projection algorithm

b= Proj; (178su) (47)
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Remark 4. The adaptive projection algorithm [20] can be defined as follows:
0 b>bjand-> 0
Proj;() =40 b<b,and-< 0 (48)
otherwise

When b exceeds the maximum b; and continues to increase, then b= 0, which means that b will
remain unchanged. When b is less than the minimum b, and continues to decrease, b will remain
unchanged. In other cases, the adaptive law acts normally. To sum up, this algorithm can ensure the
boundedness of the estimated term and avoid the sudden variation in b with different disturbances
so that the control signal of the system can achieve stable control performance.

Substituting the above adaptive laws (40)—(47) into (39), Vis simplified as
Zkz —cz2 | —ps? — Als| +s(Ap +d(t)) (49)
Because |d(t)| < D and |A,| < Ay, then Equation (49) can be further expressed as
Zkz —cz2 1 —ps® — Als| +5(D + Ay) (50)

By selecting the switching term gain, as long as A satisfies the condition of A > D + Ay,
the following result can be concluded:

1% §—Zkz —cz2 | —ps?— (A—D—A7y)ls|
2 (51)

IN

— '21 kizi — czn_1 —ps
i=
<0
Because V < 0 guarantees that V is semi—negative definite, according to the LaSalle

invariance principle, when t — c0,z; =0(i =1,2,--- ,n) and s = 0.
Meanwhile, the finite—time convergence of tracking error E is illustrated in Remark 5.

Remark 5. According to Remark 1 and the expression of p(t), when t = 0, ¢®) (0) = p(®)(0) (i =
1,2,---,n —1). Therefore, it can be obtained that

21(0) = ¢(0) — p(0) =
2(0) = ¢(0) — p(0) —a1(0) = 0
23(0) = é(0) — p(0) — a2(0) = 0

(52)

2(0) = e 1(0) — p"1(0) — a,_1(0) = 0
5(0) = cz_1(0) + 24(0) = 0

It can be seen from (52) that all initial states of the system are already equal to zero, and it has

been proven that hm nz; = Oand thms = 0, so the reaching condition of the BTSMC is eliminated.
—o0

This means that the condztzon of z=0(i=1,2,---,n),s = 0always holds; thus, it is deduced
that w; = 0 (i = 1,2,--- ,n — 1) is always satzsﬁed and the global robustness of closed—loop
system is guaranteed.

Because the terminal function has ensured that p(t) = 0, p(t) = 0, - - -, p""=D(t) = 0 for
t > T, the tracking error E can be guaranteed to converge to zero in finite time.
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Remark 6. The unknown function f(X) possesses a strong nonlinear characteristic; when faced
with the inevitable system uncertainties and disturbances, its value will experience unexpected
variation. Thus, the ideal control law (5) with the uncertainty term has a high—frequency fluctuation.
In order to weaken the chattering phenomenon, the proposed controller utilizes the DHLRNN to
estimate f(X) for accurate feedforward compensation to observe the real—time variation in f(X).
The signum function sign(-) is adopted to compensate the approximation error. As long as an
accurate approximation of the uncertainty term is obtained, the switching term gain is set to be
small. Therefore, the discontinuous behavior of the controller can be effectively suppressed and the
chattering is reduced.

4. Simulation Study

In this section, a DC-DC buck converter model is built to verify the effectiveness of the
proposed control method (ABTSMC—DHLRNN). The basic circuit framework of the model
is shown in Figure 4, which comprises a load resistance Ry, a LC filter, a diode D, a PWM
gate drive—controlled switch (insulated gate bipolar transistor) Q, and DC voltage V;,. The
controlled switch ON and OFF cases are depicted with dashed lines 1 and 2, respectively.

gvu

..
|
|
|

_____I

R (s

Figure 4. Circuit diagram of DC-DC buck converter (ON case: Line 1, OFF case: Line 2).

The Kirchhoff law and state space method are utilized here to analyze the circuit
model. The dynamic model can be built along the following steps, where v, and i} denote
output voltage and inductor current, respectively.

When controlled switch Q is turned on, v, and 7|, satisfy

dvg _
L— L
ddf & (53)
dt = ‘/ii’l — 0o
When controlled switch Q is turned off, v, and 7| satisfy
dvo i
=2
Eflt £ (54)
= —7
Therefore, the dynamic model of the DC-DC buck converter can be written as
— = —70,+ F*u
dt Lo L
dUU 1: (55)

1
P el
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Then, the following second —order state equation is designed

{ ir — ) + b+ d(8) (56)

where x; = v, and x, = 0, represent state variables, f(x) = — 7t — Rf)—zc, and b = %
Based on the design in Section 3, the control law (34) is applied to the simulation model.
The reference voltage is denoted as v,,¢. The control objective of the buck converter is
to design a control law, allowing the output voltage to quickly track the reference voltage
trajectory. According to the state equation of the buck converter system, the ABTSMC with
the DHLRNN is designed as

u = %(—c(—klzl +22) — 2z —f(x)

) Lo 57
+0ref + P — k121 — ps — Asgn(s)) 7

The nominal parameter values of the main circuit are summarized in Table 1. The
switching frequency for IGBT is chosen as 10 kHz and the simulation sampling period is
chosen as 10 us.

Table 1. Model nominal parameters.

Description Parameter Value Units
Input voltage Vi 25 v
Reference voltage Vref 12 \%
Inductor L 6 mH
Capacitor C 2200 uF
Load resistance Ry 30 QO
Switching frequency fsw 10 kHz
Sampling period T; 10 us

To illustrate the superiority of the proposed control method, the ABTSMC control
method without neural network approximation (ABTSMC) and BSMC based on the RBFNN
(BSMC—RBFNN) are investigated here for comparison. The above controllers are simulated
on a digital simulation platform using Matlab/Simulink software.

For fair comparison, the three control strategies are carried out under identical condi-
tions to the simulation study, and the selection of the sliding mode gain is the same. The
parameters of the above controllers are selected as listed in Table 2.

Table 2. Controller parameters.

Controllers Parameters and Values
ABTSMC ¢ = 4000, k; =2 x 10°, p = 2000, A = 1200, T = 0.01
BSMC—RBFNN ¢ = 4000, k; =2 x 10°, p =100, A =120
ABTSMC—-DHLRNN ¢ = 4000, k; = 2 x 10°, p = 2000, A = 1200, T = 0.01

Remark 7. The switching term gain existing in SMC affects the steady—state performance of the
system. Due to the discontinuity of the signum function, too large a switching gain often brings
the system chattering problem. Therefore, in order to highlight the neural network approximation,
the switching gain is set to be small. The relevant sliding gain is set to be large for obtaining fast
convergence. Moreover, with regard to the learning rates of the neural network, each parameter can
be observed according to the response curve; thus, we can judge whether these parameters converge.
Among them, output weight determines the output signal amplitude of the neural network; in order
to cope with the high amplitude of the nonlinear function, the learning rate of the weight is set larger
than the other parameters. When all the learning rates are set to the appropriate order of magnitude,
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the output signal can roughly track the reference trajectory. Then, they can be fine—tuned until the
control objective is achieved.

To compare the performance of the above controllers under different uncertainties and
disturbances, the buck converter is subjected to the following four situations: (1) start—up
phase analysis, (2) load resistance variations, (3) reference voltage variations, and (4) input
voltage variations.

In addition, the structure of the DHLRNN is selected as 2—4—3—1, and the learning
rates in (40)—(47) are 7 = 2.6 X 10°, 72 =0.02,73 =0.13,74 = 01,75 = 0.01, 55 = 2 X 1075,
77 =1 x 10719, and 53 = 16000.

4.1. Start—Up Phase Analysis

The reference voltage is set to 12 V, and the load resistance remains unchanged at 30 Q2.
The response curves obtained for the output voltage and inductor current are shown in
Figure 5a,b, respectively. As shown in Figure 5a, due to the low compensation accuracy
of the RBFNN, a satisfactory dynamic response is difficult to obtain. The BSMC—RBFNN
method produces a larger output voltage overshoot during the start—up phase. Further-
more, due to the lack of terminal function, the tracking error will not converge in finite time.
Therefore, the corresponding startup time is longer than those of other control strategies,
which takes about 260 ms. Although the ABTSMC method can reduce the convergence
time via introducing the terminal function, the problem of large output voltage overshoot
also exists due to the lack of an estimation item of the nonlinear function in the controller.

16 " 260ms 8
130m

14 le—130ms | - |

paN ',10ms | | <
RTINS . L Y ]
| AW SN N
& 10 g |
E & -
= 8 5 ]
S
z . ; - lsoal69A
=3 1 i
E § - — —ABTSMC
S ' Sl E T B e oM

2 0 005 01 015 02 |7°7°T BSMC-RBFNN ] = - |

ABTSMC-DHLRNN
0 . s . ‘ ) . ‘
0 0.1 0.2 0.3 0.4 0.5 0.2 0.3 0.4 05
[Timer/s] [Time/s]
(a) (b)

Figure 5. Response curves of start—up phase. (a) Output voltage v,, V. (b) Inductor current iy, A.

On the contrary, the proposed control method tracks the reference voltage in 10 ms
without overshoot. The behavior of inductor current as shown in Figure 5b also further
illustrates the superiority of the proposed control method.

4.2. Load Resistance Variations

To verify the robustness of the above controllers toward load uncertainty, the reference
voltage remains unchanged at 12 V, and the load resistance is changed from 30 (2 to 20 () at
t = 2s. The load resistance variations are along the following settings:

_ [30Q(=Rg), te]0,2)
R= {20 Q(=3Ry), te[2,5] 8

The responses of v, and i} under such a variation are depicted in Figure 6a,b. It can be
seen from Figure 6a that the proposed control method ensures faster settling time, with
only a slight drop in output voltage waveform around the desired trajectory. The main
reason is that the DHLRNN has accurately compensated the model uncertainty owing to
load variations, whereas the ABTSMC method yields about a 0.02 V voltage drop due to
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the inability to eliminate the undesirable impact of the external disturbances. Although
the BSMC—RBFNN method produces a lower voltage drop during the load during the
occurrence of load variations, the RBFNN takes a longer time to tune neural network
parameters. As a result, it takes 50 ms to stabilize the output voltage and there exists an
adverse overshoot, which may damage the performance of the buck converter.
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Figure 6. Response curves with load resistance variations. (a) Output voltage v,, V. (b) Inductor
current iy, A.

4.3. Reference Voltage Variations

The tracking performance of the above controllers is evaluated by changing the refer-
ence voltage from 12 V to 15 V at t = 2 s, and the load resistance remains unchanged at
30 Q). The reference voltage variations are along the following settings:

_[12V, te0,2)
Oref = {15 V, te[2,5] (59)

The performance of the above controllers during the reference variations can be found
in Figure 7a,b. Figure 7a illustrates that the ABTSMC and the BSMC—RBFNN methods are
found to track the new reference trajectory in 600 ms and 180 ms, respectively. Compared
with the neural network control method, the ABTSMC method fails to obtain satisfactory
dynamic performance and reveals a slower response in rejecting reference value uncertainty,
while the proposed control method successfully tracks the new reference voltage in 10 ms
without an obvious voltage rise. Moreover, the corresponding inductor current as plotted
in Figure 7b also achieves a faster response and smaller peak current under the proposed
method. Hence, because of the combination of the DHLRNN and adaptive algorithm, the
proposed control method has superior tracking performance.

| 2 | 202 204 g
140ms |, —qgme—— [~ - —ABTSMC

20ms ! 1 BSMC-RBFNN
ABTSMC-DHLRNN |7

= — —ABTSMC
————— BSMC-RBFNN
ABTSMC-DHLRNN | -
! L

Inductor current iz, A

. . 0 Lt .
22 24 26 28 3 2 21 29

[Timer/s] [Time/s]

@) (b)

Figure 7. Response curves with reference voltage variations. (a) Output voltage v,, V. (b) Inductor
current iy, A.
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4.4. Input Voltage Variations

Due to the long—term operation of the power source and external disturbance in-
fluences, the input voltage is difficult to maintain at the nominal value in the practical
converter system, and the input voltage will fluctuate around the nominal value. In order
to further investigate the steady—state performance of the above controllers toward the
input voltage variations, a sawtooth disturbance with a period of 300 ms and amplitude of
2 V is introduced to simulate the input voltage fluctuations. The reference voltage remains
unchanged at 12 V, and the load resistance remains unchanged at 30 ). Figure 8 shows the
actual input voltage waveform in the presence of sawtooth disturbance.

30 T T T T

| 300ms |

\Y%
)
®

.
.

N
(]

N
N

Input voltage V;,,

[Time/s]

Figure 8. Waveform of real input voltage V;,, with triangle disturbance.

Figure 9a,b show the responses of v, and i;. When dealing with the time—varying
input voltage fluctuations, the BSMC—RBFNN method produces obvious sawtooth fluc-
tuation. However, the output voltage waveforms of the ABTSMC and the proposed
ABTSMC—-DHLRNN methods are almost unchanged. The main reason is that both con-
trollers adopt parameter adaptive laws to estimate the control coefficient, and a stable and
accurate control law is obtained to remove the time—varying input effects. It can be seen
that the proposed control method possesses better steady —state tracking performance and
effective compensation for the input disturbances.

, ; ; , , : :
y
. 1203 <
K 208
= 1202 =
&0 3]
2 12.01 5 08
g > °
—
=1 o
B 12 S04
= Z
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199 30ms . l10mV 0 |eemem BSMC-RBFNN || = 02p BARAEISA e BSMC-RBFNN
ABTSMC-DHLRNN ABTSMC-DHLRNN
11,98 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘

[Time/s] [Time/s]

(a) (b)

Figure 9. Response curves with input voltage variations. (a) Output voltage v,, V. (b) Inductor
current iy, A.

4.5. Comparison Analysis and Summary

In order to analyze and compare the performance of different controllers qualitatively,
the performance indices are very useful, including maximum voltage rise/maximum
voltage drop (MVR/MVD) and settling time (ST). They were widely used for comparison
purposes in [44,45]. Table 3 lists the comparison results of performance indices. It is
observed in Table 3 that the proposed control method ensures optimal indices in tracking
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the reference voltage. Therefore, it can be confirmed that the proposed control method has
better tracking accuracy and faster transient response speed, which improves the dynamic
and steady—state performance of the converter system.

Table 3. Performance indices comparison in above situations.

Performance Indices

Test
es Controllers MVR/MVD (V) ST (ms)
ABTSMC —-/1.2 — /260
1 BSMC—RBFNN 0.8/— 130/ —
ABTSMC—-DHLRNN 0/— 10/—
ABTSMC —/0.02 —-/1.5
2 BSMC—RBFNN —/0.01 —/50
ABTSMC—-DHLRNN —/0.01 —-/1
ABTSMC —-/1.2 — /600
3 BSMC—RBFNN 0.6/— 180/ —
ABTSMC—-DHLRNN 0.06/— 20/ —
ABTSMC 0.001/0.001 —/—
4 BSMC—RBFNN 0.006/0.004 —/—
ABTSMC—-DHLRNN 0.001/0.001 —/—=

5. Conclusions

In this paper, an ABTSMC—DHLRNN method is designed for a class of SISO nonlinear
system. To counteract and compensate for the system unknown uncertainty, the DHLRNN
and parameter adaptive laws are utilized to estimate the nonlinear function and control
coefficient, respectively. Based on the adaptive control theory, Lyapunov theorem, and
finite—time convergence, the proposed ABTSMC—DHLRNN algorithm is designed. Al-
though the nonlinear system operates under the presence of uncertainty and disturbances,
the higher tracking accuracy and faster dynamic responses can be ensured. Furthermore,
the proposed control method can guarantee the finite time convergence of the closed—loop
system rigorously. The DHLRNN combines the merits of FNN, RNN, and MLNN, which
obtains fewer neurons training and stronger approximation capacity. All the parameters of
the network can adjust to optimal values through the adaptive learning algorithm, and the
additional parameter adaptive laws adopt the expression form of the projection algorithm
to ensure the boundedness of control coefficient estimates to obtain a stable control signal.
Moreover, on the one hand, the backstepping design simplifies the control design steps;
on the other hand, TSMC is introduced to guarantee that the tracking error can converge
to zero in finite time. The proposed control method is applied to a second —order DC-DC
buck converter system. The simulation result fully demonstrates its effectiveness and
superiority in tracking the reference voltage. Considering other disturbed power systems,
the proposed control method is designed for universal nonlinear systems, which can be
directly applied without major modifications. The chattering problem still exists in SMC.
Therefore, in future work, we will concentrate on how to further deal with the chattering
problem of the control signal by using more advanced algorithms.
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Nomenclature

PID Proportional —Integral —Derivative
SMC Sliding mode control

TSMC Terminal sliding mode control
BSMC Backstepping sliding mode control

ABTSMC  Adaptive backstepping terminal sliding mode control
RBFNN Radial basis function neural network

FNN Fuzzy neural network

RNN Recurrent neural network

DHLRNN  Double hidden recurrent neural network
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