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Abstract: This study contrives a discrete-time adaptive decentralized control algorithm with input
quantization for interconnected multi-machine power systems with SVC. First, a dynamic surface
scheme is applied to the excitation controller design, in which first-order digital low-pass filters
are used to predict the next virtual control law, which overcomes the model conversion problem in
backstepping. Therefore, the controller design and structure are simplified. Further, an improved
hysteresis quantizer is utilized for amplitude quantization of control input signals; along with the
discretization of time, this achieves digital decentralized control. Finally, semi-global uniformly
ultimately boundedness (SGUUB) of the whole control system is demonstrated based on the Lya-
punov stability theory, and the effectiveness of the proposed control algorithm is verified on the
ModelingTech real-time simulation experimental platform for power electronics.

Keywords: multi-machine power systems; adaptive decentralized control; discrete-time; dynamic
surface control; hysteresis quantizer

1. Introduction

At the beginning of this century, power systems entered a new stage of development.
The integration of multiple new energy sources and the increase in load equipment types
make power system more complex (such as strong nonlinear characteristics, strong coupling
characteristics, etc.), which brings new challenges to power system stability control [1-6].
The effective way to deal with the stability of a large-scale power system is to use advanced
control theory to design controllers, such as generator excitation control, flexible AC
transmission technology control, steam turbine speed control, and so on [7,8]. Generator
excitation control has an excellent effect on improving the damping characteristics and
stability of power system and is the most frequently used method [9-13]. In [12], for a multi-
machine power system with unknown nonlinear dynamics, the author uses a nonlinear
recursive algorithm to design an excitation controller, which improves the robustness of
the system in the presence of measurement errors.

From the aspect of decentralized control theory, with the expansion of total installed
capacity and a large-area interconnected power grid, the traditional linear control method is
only effective for small external disturbances near the equilibrium point, and the feedback
signal of each subsystem is difficult to collect in time and accurately, which makes the
practical application of a centralized controller difficult [14]. To address these problems,
Ref. [15] proposed a decentralized adaptive control scheme for the first time. Following
the study of P. Ioannou, adaptive decentralized control strategy has been widely studied
and applied, such as in [16-22]. In [21], for interconnected power systems, a decentralized
robust load frequency controller was designed. In [23], time delays were considered.
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It should be noted that all the above works are almost always developed in continuous
time, and controller design based on continuous-time systems have made great progress
and achievements [24-28]. However, in modern industrial production processes, controllers
are almost always based on microprocessors to achieve digital control, such as single-chip
microcomputers, DSP, PLC, etc. This means that a controller based on a continuous-time
system must be converted into a digital signal through A/D and D/A to achieve control.
However, due to the impact of sampling time, when a continuous-time control algorithm is
implemented on a digital device, control performance is reduced or even invalid. Therefore,
it is necessary and feasible to construct a discrete-time model of the controlled system and
design a discrete-time controller [29-31].

In [29], for the first time, Yeh and Kokotovic designed an adaptive controller for a class
of SISO discrete-time systems to ensure tracking performance and avoid the shortcomings
of over-parameterization. Since then, by combining with fuzzy or neural networks, adap-
tive backstepping control schemes have been proposed for discrete-time systems, which
significantly simplifies the controller design process for nonlinear systems [32-35]. For
a class of single-input-single-output discrete-time systems with parameter uncertainties,
in [36], an adaptive controller is designed using the state prediction, which eliminates the
influence of parameter uncertainties and achieves accurate global output tracking. In order
to deal with the unknown functions in a controlled system, fuzzy logic systems and neural
networks are favored by scholars around the world because of their inherent universal
approximation characteristics, and they have been widely used in the intelligent controller
design process of discrete-time nonlinear systems [37-39].

Quantized control schemes, as an effective means to realize digital control, play an
important role in computer-based intelligent control systems and are widely used in modern
digital control and network control systems because they can produce sufficient accuracy
and reduce communication rate. In [40,41], a quantized backstepping control scheme
was designed for a class of nonlinear systems, in which both the quantized effect and
input nonlinearity were taken into consideration. In [42], by considering the quantization
of state measurement signals and the control input signal, a quantized output feedback
control strategy was designed for a class of discrete-time systems, and the prescribed Heo
performance of the closed-loop system was achieved. In [27,43], a novel hysteretic quantizer
was introduced to the control system design for a class of nonlinear systems which had
been introduced for its interconnectedness. The quantizer parameters are adjusted freely
with dynamic changes to the tracking error and communication burden, which significantly
improves the efficiency of the control system and the stability of he closed-loop system.
Because of its norm estimation, the number of adjustable parameters is reduced to two,
which simplifies controller design. One noteworthy fact is that the above-mentioned
research overcomes the non-causal problem by transforming the system into a special
form and makes it suitable for backstepping, which increases the complexity of controller
design and stability analysis of discrete-time systems. There is still a lot of research space
to be explored.

Motivated by the above discussion, in this paper, a discrete-time adaptive decentral-
ized neural excitation controller with input quantization for interconnected multi-machine
power systems is developed. Compared with existing related research work, the main
features are as follows:

(1) The original system model does not need to be converted into an unknown spe-
cial form, as we use dynamic surface control with a digital first-order low-pass filter at
each step. Compared with backstepping control, digital first-order low-pass filters have
been introduced to overcome the “explosion of complexity” in the proposed method and
to avoid system conversions. Further, RBFNNs are employed to approximate the un-
known nonlinear terms in the system. Therefore, the design and structure of the controller
are simplified.

(2) An improved hysteresis quantizer is employed to quantize the control input
signal amplitudes, which can reduce the number of transformations and reduce chattering
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compared to methods that do not use a hysteresis quantizer. Together with the discretization
of time, digital control is practically realized. The transmission of a digital signal can
effectively suppress noise, thus significantly improving the anti-interference ability of the
power system. Because of the transmission delay of the power system, it is easier to stabilize
by introducing sampling.

(3) The ModelingTech real-time simulation experiment platform for power electronics
is used in this study to verify the utility of the proposed control strategy with input quatiza-
tion. On the hardware-in-loop experimental platform, the controller and the model of the
two-machine power system can run on different devices, and the signals are transmitted
through the data transmission channel; the control of interconnected multi-machine power
systems with input quantization is solved. Thus, the power system is tested and verified

very similarly to the real situation.

2. System Description and Preliminaries
2.1. Multi-Machine Power System Model

The meanings of the main symbols are given in the Table 1.

Table 1. Notation for multi-machine power systems.

Symbol Nomenclature Symbol Nomenclature

6; Power angle of the ith generator, in rad wj Relative speed of the ith generator, in rad/s

fo Rated frequency, in Hz wp Synchronous machine speed, in rad/s

D; Per-unit damping constant P Mechanical input power, in p.u.

H; Inertia constant, in seconds P, Electrical power, in p.u.

E;i Q-axis internal transient electric potential, in p.u. Egi EMF in the quadrature axis, in p.u.

Ey Equivalent EMF in the excitation coil, in p.u. kei Gain of the excitation amplifier, in p.u.

e Mutual reactance between the excitation coil and the
U Input of the SCR amplifier, in p.u. Xodi stator coil. in
,inp.u

T Direct axis transient short-circuit time constant, in Q. Reactive power. in

A0i seconds ¢ P mp

Lo Quadrature axis current, in p.u. Ly Direct axis current, in p.u.

The ith row and jth column element of nodal
Bjj susceptance matrix at the internal nodes after Xgi Direct axis reactance, in p.u.
eliminating all physical buses, in p.u.

X Direct axis transient reactance, in p.u. T Time constant of adjusting system and SVC, in p.u.
Up; Input of SVC, in p.u. By, Adjustable equivalent susceptance in SVC, in p.u.
Bci Initial value of adjustable susceptance, in p.u. Vini Access point voltage of SVC, in p.u.
Viefi Reference of accessing point voltage of SVC, in p.u.

The mathematical model of multi-machine power systems with n generators intercon-
nected by a transmitted network and equipped with SVC is obtained using the method

shown in [10]:

5l(t) = wj,
@i(t) = 53 (Pui = Pu) = z%wl(t) +d;
- B 1 ' B '
Ei(t) = 7 [Esi(t) = Ei(1)], )

wherei =1, --,n. After formula derivation, we obtain the equation as follows. Please see
the Appendix A for a detailed Proof.
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X1 = X2,
Xip = OpXip — ginXi3 + dj,
X3 = Oi3xi3 + gistti +7i(6, w),
Vil = Xi1. )
. 12 _
Xig = QiaUp; + fia(%ia),
Yi2 = Xig. 3)
. D;
where y;; and y;; are the output signals, and 0, = — 57, 03 = —%, g = %, 8iz = %,
i d0i ! doi
X4 Xy !’ = _ sin x;1 X1; Xo; / X11X21( 14+Vreji)
i = Un = —XjuuUp;, fia(Xy) = ———ASU2 _xF . — — = T (—By;
8i4 T, X’ 7 Bi i4*Bis fl4( 14) (xt4+vrefi)(X,,iZi)2 25qi XI;EIT ( L
XE’+XX cos x Xgi—X X2 xj3+Xq; X0i Vsi cos 6;
2 1i42i i1 X, X3+ si COS
BCi) i~qi iA2i 21 ( - le /1 Tl d)l(/ di cos le) 4 2,]15’) .Vlz‘ )2(1/ <12 u;.
( 14+Vref1)( ) 40i X’ dZ q doi 20i Vini ( ,j):i)

Similar to [39], by using the Euler method, the interconnected multi-machine power
systems (2) and (3) are discretized, and the dynamic model in discrete-time form can be
obtained as follows:

xip(k+1) = xi1 (k) + Aexip(k),
xip(k+1) = (1 + Abp)xip (k) — Deginxiz (k) + Aed;(k),
xp(k+1) = (1+ At9i3)xi3( )+ D8z Q(ui(k))
+Afz |x11| ‘x12|)
yi (k) = xi (k). 4)

Xig(k+1) = xia(k) + A1giaQ (up;i (k) + At fia(Tia),
yio(k) = x4 (k). )

The control objective in this paper is to design a neural network-based decentral-
ized digital dynamic surface excitation control scheme for a multi-machine power system
with SVC (1), (Al), and (A2), and to ensure all the signals of the closed loop are ulti-
mately bounded and converge the tracking error into an arbitrarily small neighborhood of
the origin.

2.2. Hysteresis Quantizer Description

Similar to the literature [27], the description of the hysteresis quantizer we use is
as follows.

pi _

if 1415) < u; S ]:Jz,]r Qi Z pi,jl

or pij < up < 125, Qi < pijs
Pij

pij <ui < 175,

Pi,js

if
Q. = (1+4i)pij,
14+6)v;;, i Z
Qi(ui) = 1+ l)pl’] or p S Ui < Pij+1, (6)
Q < (1+6i)pij
0, if 0 <u; < £,

or 1’:}5 <u; < pip, Qi =0,
_Ql(_ i)/ if u; < 0.

where 6; = (1 —&;(t))/ (1 +&(t)),0 < &(t) < 1, p;; = a;(t)e; (), a;(t) > 0,j =1,2,3---.
The parameter 4;(t) determines the size of the dead-zone for Q;(u;), and ¢;(t) is a measure
of quantitative density. The smaller ¢;(t) is, the coarser the quantizer. In Formula (6),
Q; (t) is the latest value of Q;, and Q; (0) := 0. When t € [0, T;], there is Q; (t) = 0,
and Q; (t) = Qi(ui(Tiy)) for t € [T;p, Tipya], where Ty (h=1,2,3--+),0 < Tjy < Tjp <
Ti3 < - -+ < +oo denotes the current time of Q;(u;) conversion. When u > 0, Formula (6)
is drawn as in Figure 1.
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O(u) slope=1+0

p48) [ 5 RN

» slope=1-0
N
pd+o) |
P
P », P 2 P> s u

1+6 1-6 1-6
Figure 1. Hysteresis quantizer.
Different from existing quantization methods, such as [14,44], the parameters of the

quantizer are assumed to be certain constants or parameters from the literature [45], and
the quantizer can be changed, but some included inequalities still need to be satisfied.

Remark 1. Figure 1 expresses the mathematical relation for Equation (6), and there are no units
on either axis. The hysteresis quantizer is introduced in this paper; it can decrease the number of
transitions and reduce the chattering phenomena.

In the entire operation program, let the maximum values of 4;(t) and ¢;(t) be repre-
sented as 4; and £;, and the minimum values are represented as g; and ¢;; we can get

0<Qi§ai(l‘)Sﬁi,0<€i§€i(t>§§i<1, Vvt > 0. (7)

By use of the Euler method, as in the literature [39], the discrete-time dynamic model
of a multi-machine power system can be described as follows:
xi1(k +1) = xjn (k) + Arxip (k),
Xip(k +1) = (1+ Abp)xip (k) — Arginxia (k) + Adi(k),
xXig(k +1) = (1+ Abiz) xiz (k) + ArginQ(ui(k))
+At2] ii(xal, [xi2l),
yin (k) = xi1 (k). ®)

Xia(k+1) = xia(k) + ArgiaQ (up; (k) + At fia(%ia),
yio(k) = xia(k). )

2.3. RBF Neural Networks (RBFNNs)

In this paper, the approximation property of RBF neural networks is used to approxi-
mate the unknown continuous function /;;(¢;) with the following form [38]:

hij(8ij) = 15w (8i), (10)
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T
where §;; = [cfllj, ey 55} € RP is the input of the RBFNN, Nij = {’71‘1]‘/ ey Wzﬂ € R™ is the

T
weight vector, with m being the RBENN node number, 9;;(g;;) = [gb}].(gi]-), P (Q’ij)} €
R™ is the Gaussian basis function with the following form

Héfij — Cijl ‘
i =1,.,m, (1)
Zbijl

¥hi(Gij (k) = exp | —

T
with ¢ = [c}ﬂ, s cfﬂ} the center of the Gaussian function, and b;;; € R is the width.

Then, (10) can be rewritten as

hij (i) = 13 93 (Gif) + €3 (837), (12)
where 171-*]-T, €jj (Cf.i]-) are the ideal weight vector and the optimal approximation error, re-

spectively, and have the following property: define ||¢;;(Z;;) HZ < ljj,and |ep(Gin(k))| < &;,
with [;; and g;; positive constants when ¢;; belongs to a compact set Qéi;' For the controlled
(8) and (9), the following assumption are necessary [46].

Assumption 1. The reference signal y,; is smooth and bounded; for k > 0, [y,;(k), y,i(k + 1),
ri(k + 2)] belongs to a compact set Q).

Assumption 2. The composite interference signal d; is bounded, and there is a positive constant d;
such that |d;(k)| < d;.

There exist two positive constants g;; and g;; such that g;; < ] gij‘ <&ji=12---,n,
j = 2,3, and the disturbance d; is bounded, which satisfies |d;(k)| < d;.

Remark 2. Since the reference signal y,; is always bounded, and g;; are unknown constants,
Assumptions 1 and 2 are reasonable, and they are common assumptions in dynamic surface control
methods [46].

The control objective in this paper is to design a neural network-based decentralized
digital dynamic surface excitation control scheme for multi-machine power systems with
SVC (1), (A1), and (A2), ensuring all the signals of the closed loop are ultimately bounded
and converge the tracking error into an arbitrarily small neighborhood of the origin.

Remark 3. In fact, in this paper, an RBFNN is used to estimate the unknown continuous function;
the weight vector of the RBENN is updated by the adaptive laws during the simulation. The adaptive
laws are influenced by the inputs and states of the system. Thus, the RBFNN is learning online
instead of learning offline.

3. Discrete-Time Decentralized Controller Scheme

The discrete-time decentralized adaptive dynamic surface quantized control (DDAD-
SCQC) scheme for interconnected multi-machine systems with SVC is addressed. First,
due to the drawbacks of traditional backstepping, digital first-order low-pass filters are
introduced at the second and third steps to avoid coordinate transformation of the math-
ematical model. Next, the improved hysteresis quantizer is utilized to reduce chattering.
Finally, RBFNNSs are employed to reconstruct the unknown nonlinear terms. The control
structure diagram is shown in Figure 2. Following is the detailed controller design.
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Yy (k) ﬁ_ S(k) o Ui (k)’u}gi (k)‘ Multi-machine y(i)
> Discrete-time "| Excitation Systems =
»| Quantized Controller
\
z, (k+1),z, (k+1)
Xi2a (k)’xBI (k)
a0 s (0,2 () [ ————— 1
| RBFNN Weights |
| ?Update
|S| 5 ()0 (K)o (6) 5, (8)
—T Adaptive laws j‘-‘
Figure 2. Structure diagram of the proposed control scheme.
Step 1: Define s;; as the first tracking error surface
si1(k) = xi1 (k) — i (k) (13)
where v,; is the reference signal of the ith subsystem. From (8), we can obtain
si(k+1) = xp(k+1) —yn(k+1)
= xj1(k) + Apxip (k) — ypi(k +1). (14)
Then, choose the virtual control xj; (k) as
ki1
Xiga (k) = —=[=xi1 (k) + yri(k + 1)]. (15)

Ay
Let x4 (k) pass through the following first-order filter to obtain a new state variable zj, (k):

Tzip(k + 1) + bipzip(k) = xi4(k), 2i2(0) = x124(0) (16)

where T, is the time constant, and b;, is a positive parameter.
Step 2: The second error surface s (k) is defined as

sip(k) = xinxjp (k) — zpp (k). (17)
From the second equation of (8), the first difference of s;, (k) yields
Siz(k + 1) = xi2(k + 1) — Ziz(k + 1)
= (14 Aibi)xin (k) — Arginxiz (k)
+ Adi(k) — zip(k +1). (18)

Let:
hip (k) = —ﬁgiz [(T+ AtBip)xjp (k) + Ardi(k) — zip(k +1)]. (19)

Noting that &, (k) contains the external disturbance d;(k) and uncertain parameters
gi» and 6y, this increases the complexity of the controller structure and makes controller
design more difficult. Therefore, an RBF neural network is introduced to estimate the
unknown nonlinear term h;, (k) online:

hio(k) = 15 Yo (En (k) + e (En(k)), (20)
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which has characteristics such as || (Z2(k)||* < I, len(Zn(k))| < &2 and &p(k) =
[%i2(k), X104 (), zi (k)" € g, and is the input vector of the RBFNN. Let 7j;(k) be the
estimate of 75, and 7j;» (k) = ;2(k) — 15 (k). Now, the second virtual control law x;34(k)

and adaptive law 7;3(k + 1) can be chosen as

xiza (k) = kipsip (k) + ki (k) in (12 (K)), (21)
fio(k+1) = (k) — A (Pia(Gin (k) )si (k + 1)
+ i (k)), (22)

where kj>, Ajp, and 0j, are the positive design parameters. Similar to [47], there are no rules
or limitations in the process of controller design, and the ultimate goal is to satisfy the
Lyapunov stability condition. According to (22), the following formula is available

fio(k+1) = 7 (k) — A (Pia(Cin (k) )sin (k +1)
+ oiflin (k). (23)

Let x;34(k) pass through a first-order filter to obtain a new state variable z;3(k),

Ti3ziz(k + 1) + bizziz (k) = xi34(k), zi3(0) = x434(0) (24)

where T3 is the time constant, and b;3 is a positive parameter.
Step 3: Define the third error surface s;3(k),

sia(k) = xi3 (k) — zi3 (k). (25)
According to (8), the first difference of s;3(k) is

sis(k+1) =x;3(k+1) —za(k+1)
= (14 AiBi3)xi3(k) + ArgizQ(ui(k))
+At2?:15ji(|xi1|/|xi2|) —zi3(k+1) (26)

where Q(u;(k)) has been described in (6); define

Qui(k) e,
) = 4wty i [uik)] = alk), -
1/ if |Ml(k>| < a(k)’

0, if |u; (k)| > a(k),
(k) = . 28
209 = { G ua0) = 0, 3 ) < . @)
Then, the quantizer (6) can be rewritten as:
Q(u;i(k)) = tin (k)u; (k) + 1ia (k). (29)
As described in [27], the following inequality can be obtained
1-6< Q) <146, if Juy(K)| > a(k), (30)
Qi (K)) = us(K)] < alk), if |u;(K)| < a(k). (1)
Using (27)-(31) and (6), we obtain
tip < 1 (k) < T, 1p (k) < a(k), vk > 0, (32)
Ly = 2§1  [ = 2 ; (33)
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Substituting (29) into (26) gives us
sip(k+1) = (14 Abiz)xiz (k) + Argiz (i (k) ui(k) + 112 (k))
+At2] 1Yj ‘le‘ |x12|) _213(k+1) (34)

Formula (34) can be reorganized into the following form:

sia(k+1) = Degiatan (R) [ (k) + 55— (Migiatin ()
(1+At 13 k +At2] 1Yji |x11| |x12|)

*Zz‘3(k+1))]- (35)
Let
hi3(k) = W[Atgﬁlﬂ( )+ (1+ Asbj3)xi3(k)
+Atz =1 ]z(lle‘ |x12|) _Zl3(k+l)] (36)

Noting that h;3(k) contains the nonlinear term } ' ; 6ji(|xi1], [xi2|), hi3 (k) can be approxi-
mated by RBFNNs
his(k) = 15 i3(Gi3 (k) + €13 (§i3 (K)).- (37)

Similar to (20), we have |[3(&ia(k))|* < ls, and |ei(Eia(k))| < Ea.8ia(k) = [%ia(k),
1xi1], [xi2], ziz (k+1)]T € Qg is the input vector of (37). The control law u; (k) is designed as

i (K) = kisflis (k)i (s (K)), (38)
where k;3 > 0 is a design parameter, and we choose the adaptation law as
Nia(k+1) = Niz(k) — Aiz($i3(8iz (k) )siz(k + 1) + o3z (k)), (39)

where Aj3 and 073 are the positive design parameters, The term 75 can be subtracted from
each side of (39), and the following formula is available:

flia(k +1) = 7li3(k) — Az (i3 (Cia (k) )siz (k + 1) + oizfiz (k). (40)
Step 4: Define
sis(k) = yi2(k) — Vieri(k) (41)
as the fourth error surface; from (9), it yields
sis(k+1) =ypp(k+1) = Vieri(k + 1)
=xig (k) + DigiaQ(up; (k)) + At fia(%ia)

Viesi(k+1). (42)
Similar to (27)-(33), one has:
Q(up;(k)) = tiz(k)ug; (k) + tia (k) (43)
where Q(uBl
o= { SR 20
0, if [ufy; (k)| > a(k),

tia(k) = { Q(ulg, (k) — u;(k), if |uly; (k)| < a(k). (45)



Machines 2022, 10, 878

10 of 25

By (32) and (45), we have

1-6 < Q) <145, if [up ()] > a(k), (46)
|Qug; (k) — up; (k)| < a(k), if |ug; (k)| < a(k). (47)

From (44)—(47) and (6), we have

1z < 13(k) < I3, 14(k) < a(k),Vk >0, (48)

_ 2% ;. _ 2
Lz = ﬁ;illﬁ = Trg - (49)

Then, substituting (43) into (42) gives

sia(k+1) = xig (k) + Argia (13 (k) up; (k) + 1ia(k))
+ Atfia(%ia) — Vieri(k +1). (50)

Let
hig(k) = gy (DeSiatia (k) + xia (k)
+ Atfia(%ia) = Viei(k + 1)), (51)
then, (50) can be rewritten as
sia(k+1) = Aigiatiz (k) [u; (k) + hia (K)]. (52)
Similarly, hj4 (k) can be approximated by RBFNNS as
hig(k) = 17 $ia(Gia(K)) + €ia(Eia (K)). (53)

Similar to (20) and (37), one has ||1p1-4(§,-4(k))|\2 < liy and |ejg(Gia(k))| < &i4; the input
variable vector of (53) is iy (k) = [%ig(k), Vieri(k + 1)]T € Qg,. Now the final controller
uj; (k) and adaptive law 7;4(k) are constructed as

up; (k) = kiafjy (k) i (Gia (K)), (54)
fia(k+1) = fia(k) — Mia(Pia (Gia(k))sia(k + 1) + ciafia(k)), (55)
where the design parameters k;y > 0, Ajy > 0, and 0j4 > 0.

4. Stability Analysis

The stability analysis for the decentralized discrete adaptive dynamic surface quan-
tized control scheme is presented. Define the filter error of (16) and (24) as

Yio(k) = zip (k) — xj4(k),
yis(k) = ziz(k) — x;34(k), (56)

where x;p;(k), zjp(k), x;34(k) and z;3(k) are given by (15), (16), (21) and (24). In view of
(17) and (25), it follows that

xip (k) — xj24(k) = sip(k) + yia(k),
x3(k) — xj34(k) = siz(k) + yiz (k). (57)

Considering the Lyapunov function candidate

Vi (k) = s3 (k), (58)
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then the first forward difference of Vj; (k) is computed by
AVi (k) = sh (k+1) — s} (k)
= [xia (k) + Axia (k) = yri(k +1)]* = 55y (k). (59)
AV (k) can be rewritten as
AV (k) = [Ar(xip (k) = xipa (k) 4 (1 — kix ) xi1 (k)
= (1= ki)yri(k + 1)1 — s (k). (60)
Define the second Lyapunov function candidate as
Via (k) = migz5p (k) + i (k) ia (k). (61)
The first forward difference of Vi, (k) is computed by
AVip(k [sl (k+1) sé(k)]
+4£ [ﬁ£<k+1>mz<k+1> 750 n(K)] (62)

Define the third Lyapunov function candidate as
Vis(k) = mgam s (k) + 2575 (k) s (k). (63)

Similar to (60) and (62), we have

AVia(K) = m [shik+1) = sh(0)]
+ L [k + Dk +1) = 75007 (K) |- (64)

Then, the Lyapunov function is chosen as

Vilk) = Yo Vi) + L,y (k). (65)

Therefore, from (56)—(63), we have

4
K) = Yoy AV (0 + X0, [k + 1) = (k). (66)
Based on the above analysis, the main results are given in Theorem 1.

Theorem 1. Consider multi-machine power system (8) and (9) with hysteresis quantizer (6),
first-order filters (16) and (24), virtual control laws (15) and (21), adaptive laws (22), (39), and
(55), final controllers (38) and (54), and positive definite Lyapunonv function (65). The control
system initial values satisfy V(0) < P, (P > 0); then, by selecting the appropriate sampling time
Ay, and design parameters such as kij, Tj, Aij, and o;j such that all the signals of the closed-loop
system are semi-globally uniformly ultimately bounded, and the tracking error will converge to a
sufficiently small neighborhood of zero for Yk > 0. The details of the proof are given in Appendix A.
Regarding stability of the closed-loop system, the closed-loop system structure is shown in Figure 2.
Under the designed virtual speed of the generator signals (T2.2) and electrical power signals (T2.5),
the final controller signals are (T2.9) and (T2.12) by selecting the appropriate sampling time and
design parameters such as T;j, Ajj, 0y; such that the semi-globally uniformly ultimately boundedness
(SUUB) of all the signals, including the states xi]-(k), (i=1,---,nj=1,---,4), the NN
weight estimates ﬁij(i =1,---,n,j=2,---,4), the control input u;(k), u's;(k), and the tracking

)
sip(k) + siz(k) +

errors, converge to a bounded compact set QO = {Y_1' ; (s (k) +

1 1
Agin Atgialin
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Aigisli3
number. The Proof is available in the Appendix A.

5. Experimental Verification

A two-machine power system model with SVC is used in this experimental process, as
shown in Figure 3. The parameters of the system (1) and (A2) are given in Table 2. In order
to illustrate the effectiveness of the proposed control scheme, the experiments are completed
on the ModelingTech real-time simulation experimental platform of power electronics,

4 3
siu(k) + % ﬁiTj(k)ﬁi]-(k) /Aij+ 2 ylz](k)) < P}, with P being a given arbitrarily positive
j=2 j=2

which is shown in Figure 4. Figure 5 shows the experimental system architecture.

Figure 3. Structure diagram of two-machine excitation system with SVC.

Host Computer Real-Time
Waveform Display

T

W

NI PXle-1071
Rapid Prototype Controller

NI PXle-1082
Model Real-Time Simulator

o

Figure 4. Experimental environment of power electronics.

Table 2. Parameters of the two-machine excitation system with SVC equipment.

Head G#1 Transmission Line G#2
xq(p.u.) 1.863 2.36
X, (pu.) 0.257 0.319
xr(p.u.) 0.129 0.11
Xoa(pat.) 1.712 1.712
T (pu.) 6.9 7.96

H(s) 4 5.1
D(p.u.) 5 3

wo(rad/s) 314.15 314.12
x12(p.u.) 0.55
x13(p-u.) 0.53
xo3(p.u.) 0.6
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In these experiments, the operation point is selected as ;9 = 60.07 degree,
wip = 314.15 degree/s, Py = 1.03 p.u., Vi1 = 0.96 p.u., 60 = 60.06 degree, wyy =
314.12 degree/s, Pypo = 1.02 p.u., and Vi, > = 0.94 p.u., and we assume that a three-phase
short-circuit fault occurs and lasts for 0.2 s at = 5.92 s of the experiment. The control
objective is to design the control laws (38) and (54) to achieve the predetermined tracking
performance of power angle and access point voltage of SVC. After eliminating the three-
phase short-circuit fault, the power angle, speed, and electric power can be kept in a small
range near the working point.

E I tamn | E Download . |',.. . o«l [ ™ i
ol S&theé? P I — | NIPXIe-8840 ||
E I (dll) M TS S ! <‘: | Model ReaI—Time: !
I CuaaaitN E Wave Y | Simulation | !
i ; ! Observation e i
b StarSimHIL | NI PXIe-1082 Chassis |

|| System | E : |

i Model/ | ! ! f—————— 5 E

I Control | ! E b | Adapter Board | |

1 : ! :

] 1 |
]

(L (shdmdl)] MATLAB

Terminal Block TB-60

Control Signals

| T N P e
o . :Dowmoad > T | NI PXIe-8821 | |
| | e- :
| 'AI%%rlllt)hml =2 e— | Rapid Prototype | |
- = y " Controller : i
I StarSimRCP | Wave I R G |
T ' | Observation | NIPXle-1071 Chassis ;
Host Computer Real-Time | |77 77777 TToToTooooommmomemeees
Simulation Software Platform Hardware Platform

Figure 5. Experimental system architecture.

To achieve the desired tracking error performance, a suitable sampling period A;
is a critical issue for a discrete-time control system; in this paper, when considering the
model precision, control performance, and computer burden, we choose A; = 0.001 s,
k11 = 0.01, k1p = 0.0014, ki3 = 1.34, kg4 = 1.2, ky1p = 0.215, kpy; = 0.01, kpp = 0.0015,
kps = 1.35, and kys = 1.3, kopp = 0.262. The parameters of the RBFNN regulation law
are as follows: )\12 = 0.015, 01y = 0.3, /\13 = 0.07, 013 = 0.25, /\14 = 0.04, 014 = 0.6,
/\22 = 0.015, Oy = 0.3, /\23 = 0.08, 0723 — 0.2, /\24 = 0.04, and 04 — 0.8. For the
RBFNN Gaussian basis function, we select 15 (&12(k)) and 922 (822 (k)) with 21 nodes and
the centers ciy € R3,coy € R3 evenly spaced in [—60, +60] x [—314, +314] x [—1,+1],
and width byy; = by = 1,(I =1,..,21). For NN Gaussian basis function, we select
P13(C13(k)) and o3 (&3 (k)) with 17 nodes and centers c13; € R%, c3; € R*, evenly spaced in
[—60, +60] x [—314, +-314] x [-2,42] x [-1,+1], and width b3 = by3; = 1, (I =1, ..., 15).
For the last RBFNNs Gaussian basis function, we select 914 (&14(k)) and ¢4(C24(k)) with
15 nodes and centers ci4; € R%,cpy) € R®, evenly spaced in [—60, +60] x [—314, +314] x
[—2,42] x [-1,+1] x [-1,+1], and width bygy = bpyy =1, (I =1, ..., 21).

Remark 4. It is should be noted that the there is no fixed parameter design method for controller
parameter selection. It is usually selected according to Equations (A41)—(A47), personal experience,
and characteristics of the control system. According to the actual results of the data obtained from the
experiment with multiple sets of parameters, we get the optimal solution after repeated comparison
and testing.

Comparison of the proposed control strategy in this paper with traditional discrete-
time backstepping (BC) methods are conducted in this experimental. The maximum value of
the steady tracking error (MVTE), Emax = max|s;1 (k)|, k > 8000,i = 1,2 and the root mean
square values of steady tracking error ( RMSVTE), Exmsvre = v/ (L, si(k)/(m —n)),
m = 8000, n = 20,000, i = 1,2, are shown in Table 3.
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Remark 5. According to [48], the control law of the BC method is:

: €3 C2+m2+é 2
u=T.{—k sin(x 5 _ 24mp40
Cl{ i S1 ( 1 0)32} ’)’z(kisi ( ) 50)) C1X2

e 1 A
-2+ —(x3+ B.) [cac1x0 + 0x)

1
2'72 Tei - m
+mixy + (co + Tnzé) (éxz +ag + k; sin(x1 + 50) (X3
cos(x1 + Jp)x2
k; sin?(xy + do)
+ cpe0] — Bes}

(67)

+ B))] + [myx1 + maxy + 0x; + ag

63(C2 + my + é)

FisinGe+0) ) ¥

0 =ples +

with k; = in/E;iHiDi,ml = Cl/’)/2 — 1/2C1q% +o,my = 1/’)’2 + 1/2(]% +c1,m3 = 81/72 —
1/2q3¢1 + €. The parameters of the BC control method are: ¢; = ¢ = 2.6,p = 1, = 95,

v =1 =¢e =250 = 30,91 = q2 = 0.45; otherwise, éy, wig, T;i, Bci, E H;, D; are same as

qi’
the original version.
Table 3. The MVTE of the power angle.
Type of Error (Degree) MVTE RMSVTE

Backstepping G#1 0.0277 0.0164
Scheme G#2 0.0501 0.0157
Proposed G#1 0.0150 0.0066
Scheme G#2 0.0118 0.0036

Remark 6. In Figure 6, to be more consistent with the actual situation, the initial speed parameters
of the two machines in this paper are different, so there will be phase offset in the two machines.
When the three-phase short circuit is triggered, if the two motors are not in the same phase, there
will be different results.

314.157
314.154 - ‘ Rotated speed of G#l‘ |
—~
n
\
© 314.149 F i
N—
=
D
8‘ 314144 Il Il Il Il Il Il Il Il Il
0 0 2 4 6 8 10 12 14 16 18 20
IU 31413 T T T T T T T T T
)
it ‘ Rotated speed of G#2‘
8314125 i
Q
e 31412 wmw L
314.115 B
31411 Il Il Il Il Il Il Il Il Il
0 2 4 6 8 . 10 2 14 16 18 20
Time, (sec

Figure 6. Response curves of rotated speed.
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The results of the experiment are shown in Figures 7-14. Figure 7 shows the power
angle output error performance comparison of the two control strategies. It can be seen
that under the actions of the proposed controller (38) and (54), there is smaller steady
output error and better transient response performance. Figure 8 presents response curves
of the power angles by using the proposed control algorithm. Figures 6-12, respectively,
introduce the rotating speed, electric power, control signals, access point voltage of SVC,
and the control input of SVC for G#1 and G#2. Figures 13 and 14 show weight-norm
estimation of the RBFNNSs.

°
~

—— The DDSC scheme for G#1
= = =The DDSC scheme for G#2 |1
---------- The BC scheme for G#1
----- The BC scheme for G#2

I
w
T
£

I
N
T

©
i

Tracking error of power angle, (Degree)
o

-

15 20

S
B

0
Time, (sec)

Figure 7. Tracking error of power angle.

60.2 \
Power angle of G#1
- - —Power angle of G#2
60.15

)

&

&b

<

e/ 60.1

<

2 N s SR e

® 60.05 - i 1

g 1 |I

% Y]

A N

60 [ I 4
h
d
5995 Il Il Il Il Il Il Il Il Il
0 2 4 6 8 10 12 14 16 18 20
Time, (sec)

Figure 8. Tracking performance of power angle.
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1.012 T T T
101 Electrical power of G#l‘,

1.008
1.006
1.004

1.002 |- 4
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1.025 T T T T T T

Electrical power of G#Z‘

1.02 i

Electrical power, (p.u.)

1.015 i
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Figure 9. Response curves of electrical power Pe.
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Figure 10. Control input of Generator 1.
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Figure 11. Accessing voltage of SVC.
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Figure 12. Control input of SVC Generator 1.
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Figure 13. Weight-norm estimation of RBFNNs.
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Figure 14. Weight-norm estimation of RBFNNs for Generator 2.
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6. Results and Discussions

In this article, a discrete-time adaptive decentralized control scheme is developed
to deal with the stability of multi-machine power systems. An external disturbance and
subsystem interconnection are considered. By utilizing a digital first-order low-pass filter,
the adaptation laws and controller are designed based on discrete-time control theory, and
the non-causal problems that lead to the complex structure of the controller are effectively
avoided. The improved hysteresis quantizer realizes quantization of amplitude of the
control input signal while discretizing in time, which can improve the stability of the
power system and reduce the chattering phenomena, so a digital adaptive controller of the
multi-machine power system is designed. Stability analysis based on Lyapunov’s method
shows that all signals of the whole closed-loop system are SUUB, and the proposed control
algorithm is verified through the ModelingTech real-time experiment platform of power
electronics, which shows that the control strategy achieves the expected control effect. The
proposed method provides 0.0127 and 0.0383 less MVTE, as well as 0.0098 and 0.0121 less
RMSVTE compared to BC in G#1 and G#2, respectively.
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Appendix A
Appendix A.1. Problem Statement

From (1), the electrical equations are:

Ef (t) - ket”fzr
qz t) = Y, Eg;()Bjjsin(0; — ),
z(t) - xudllfz( ) - E;i(t) + (xdi - x‘/ji)ldi(t)/

(A1)

Idz(f) — X1 Eg;(t)Bij cos(; — 6y),
Pei(t) = X1 Ep (1) EL;(£) Bij sin(d; — 6y),
Qet(t) = _Z?:1E;i(t)E;]’(t)Bij COS((Si - 6])
According to [49,50], the SVC model is expressed as:
BL = %( Bri+ Bci + uBz) (AZ)

where i represents the ith generator of n-interconnected generators, d; is a composite
disturbance signal that includes continuous changes in input mechanical power and load,
unknown system interference, etc.
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According to [4], defining P,,; = Py, as a positive constant, the dynamic model (1),
(A1), and (A2) can be transformed into the following form:

Jl(t) = wj,
Wi(t) = = wilt) — 5% AP + i,
APy(t) = =g APu(t) + i + 7i(6, ). (A3)

where u; and ;(J, w) represent the control input and interconnection items, respectively,
and can be expressed as

ui = IyiEpi — (Xai — %) Lailgi — P — TaoiQeiwi (A4)
vi(6,w) = E.; ZEW )Bjj sin (& ZE t)Byj cos(; — 6j)wj, (A5)
and v;(9, w) satisfies
7i(6, w)| < Z il), (A6)
4P11 4P11/

|Peil max, When j # i,

ei

where 71 =

] 1,j#i ‘T/

min

Yiz = P2ij|Qei| max, With Pyj; and Py;; being either 1 or 0, and (‘)min and (e),.x represent
the minimum and maximum values of (e). Then, the last two equations in (A1) can be
rewritten as:

P = E‘/qzlqzr Qei = Eglqudi- (A7)

Let the ith system state vector ¥4 = [x;1, X2, Xi3, Xia] | = [0, wi, AP,;, AV,,i]T, where AP,; =
Pei = Ppis AVii = Vi — Vrefi with

B \/ XoiEf)*+(X1i)2+2X1; Xoi Ef cos i1

7 ’
Xer

(A8)

where Xq; = x); + Xrj, Xljs.. = Xq; + Xp; + X1;Xi(Bri — Bci), with Xp; and X7, the reactance
of the transmission line and the transformer, respectively. Then, (A3) and (A2) can be
converted into (2) and (3).

Appendix A.2. Proof of Theorem 1
Substituting (57) into (60) gives us

AVi (k) = [D(si2(k) +yia(k)) + (1 — ki) xi1 (k)
(1 - kzl)]/rz(k + 1)} 12 (k)/
= [At(sia(k) + yia(k)) + B1i(-)]* — s (k), (A9)

where By;(+) = (1 — ki1)xj1 (k) — (1 — ki1)yyi(k + 1). Then, according to Young’s inequality,
(A9) can be rewritten as

AV (k) < 3A7sh (k) + 3A7y5, (k) + 3B3; — s (k). (A10)
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Substituting (23) into (62) can yield
BV (K) = 5k [sh(k+1) = (k)]
— 2715 (k)12 (Eia (K))sin (k + 1) — 2030775 (k)i (K)
+ A (En (k)i (Ein (k) )sT (k + 1)
+ 2A 000275 (k) ia (Eia (k) )sia (k + 1)
+ Aposik (k)i (k), (A11)
where
— 207775 (k) iz ()
= —0p|lin(0)|]* = o2l 12 (K)|1* + ol (k) |- (A12)
From (18)—(20) and (21), we can obtain
o0 Pa(Gnk) = 250 4 (s5(k) + yis(K)) + en (G (K))
+ kipsin (k) + (1 + ki) 5 (k) in (Ci (k) (A13)
— 205 (k) ia(Eia (k) )sin (k + 1)
2
=-2 ’ZA(:;;D — 2ep(8i2(k))sia(k +1) — 253 (k)sia(k + 1)
—2yi3(k)sip(k +1) — 2kiipsio(k)sio(k + 1)
—2(1 + k) iy (k)i (Giz (k) )siz (k + 1). (A14)
By Young's inequality and |e;5 (8o (k))| < &jp, we have
— 26 (8 (K))sia(k +1) < 2828, + 2253 (k+1), (A15)
—2s3(K)sip(k + 1) < 8265 (k) + L sh(k+1), (A16)
—2yi3(k)sp(k+1) < 2%3( ) + 255 (k+1), (A17)
— .. . . AtglzkuZ 2 12
2k112512 (k)SIZ (k + 1) A (k) + AthSIZ (k + 1) (A18)
Similarly, we have
Mo (G2 (k) ¥ia (i (k))s (k +1) < Aigligsip (k + 1), (A19)
2A 005 (k)i (Ein (k) )sip (k + 1)
< 52253 (k+1) + MigAnoh |72 (0|, (A20)
—2(1+ k) (k) pin(Ein(k))sin (k + 1)
< 2psh(k+1) + L1+ k)2 72(0)]1%, (A21)
A0 ()i (k) < Ao |1 (K) |12 (A22)
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Substituting (A12)—(A22) into (A11) yields

AV (k)
<[- Afg + Al +2lp +2 4 % ,2112 L3

Atgz] 2(k+1)

Mgk }
+ [7%\122 - A%a]szzz(k) + [02(Ai20i2 + DeginAinoin — 1)

(tka)? 2 . 2 % (11112
+ 022 195 (0) 2 — o172 (0) |2 + ol (6) |
Mg Mg
+ ;\iz €+ t‘,gZ s (k) + 3y (k). (A23)

Substituting (40) into (64) can yield
AVis(k)
= &g {51‘23(" +1) - 5123(’()] — 2715 (k) i3 (8ia (k))sia(k+ 1)

— 20357755 (k) fiia (k) + Aispis (Gia (k) ) ia (8ia (k) )73 (k + 1)
+2A13‘713771T( )4713(613( )) i3(k+1)

i3
+ Ao (k) fiia (k), (A24)
where
— 2035775 (k) iz (k)
= —0||7i(K)|I* = sl iz (K) || + o3 1735 (k) || (A25)

From (35)—(37) and (T2.9), we can obtain

T (K)ia(Eis (K)) = 2205 + i3(8a (k)

+ (1 —kig) 5 (k) iz (Eia (k) (A26)
- 7713( >¢13(€13( )) i3(k+ 1)
= Atgz3lzl( 155 (k+1) = 2e3(Cia(K))sia (k + 1)
—2(1 = ki) 5 (k) i3 (Eia(k))sia (k + 1). (A27)

Then, according to Young’s inequality and |e;3(&;3(k))| < &;3, we have

—2e;3(83 (K))sia (k +1) < 2420, 4 22— sh (k+1). (A28)
According to Young's inequality and ||ipi3(Zi3(k))||* < li3, we have

Ais}(8ia (k) iz (Eia (k))s (k + 1) < Agliasiz (k+1), (A29)

2A 303375 (k)i (Ei3 (k))siz (k + 1)

< #Eiesh(k+ 1) + Migitn Aol (0|7, (A30)

—2(1 — ki3) 15 (k) iz (Eia (k) )siz (k + 1)
< sk +1) + (1= k)2 |75 (K) |1, (A31)

Miao3 5 (k)7 (k) < Ao |1 (k)| (A32)



Machines 2022, 10, 878 22 of 25
Substituting (A25)—(A32) into (A24) can obtain
AVi3(k)
1 ll
<[- Atgzsil +Ailiz +1is + Atgsﬁzl + Atgzalzl] 123(k+ 1)
Argialin & * 2
- msé(k) + tgyl & — oallfis () |1* + el ()|
+ [oi3(Aizoiz + Atgislil/\i3(7i3 — 1)+ (1= kia) 2|3 (k) || (A33)
Similarly, we obtain
AViy (k)
< o Aiglig + lig + il A2 (k1)
= Arg iali3 MU TN T Rigaly T Nl (F) | Ti4
Atgigl; 2 % 2
— SR + 25522 — o |02 + ol ()|
+ [Ui4(Ai4Ui4 + AtGialinNiacia — 1) + (1 — kig) ] 174 (k) |2 (A34)
On the basis of (15), (16), and (56), we have
yalk+1) = yh (k) = [za(k+1) = xia(k+1)* — y5 (k)
—bipyin (k 2
= [%() + Bzi(‘)} — (k)
= B _ptatellp, 1 B3 (b, (A35)
where By; () = % — % [—xi1(k+1) + y,i(k +2)]. By Young’s inequality, we have
- 27@2%“) By < o blzyr"z( Lt 0583, (A36)
where vy; > 0is a design parameter. Then, (A35) can be rewritten as
PR
Vol + 1) = (k) < (2 1)y + (o + 1B, (A7)
Similarly,
P+
yi(k+1) —yak) < (Usv;l’ls 1> yis (k) + (vsi +1)B3;. (A38)

Note that (), is compact due to the definition of compact sets (), in Theorem 1. Therefore,
|B1i|, | Bail, | Bsi| (i = 1, ..., n) have the maximum values Mj;, Mp;, M3; on the compact (), x Q).
Substituting (A10), (A23), (A33), (A34), (A37), and (A38) into (66), we obtain

A lkzl
AVi(k) < s (k) — (zig; — 387 — 2 )sh (k)
AZin 2 2
N (Atglzsl_zl N ),\;gzz)si3(k> - msﬂ(k)

b2 +-b2 1
+ (2R -1 3AR)B () + (R — Dk

02iTjy U375 2 )
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)‘i l, 2
— 5 + Aalia + 2 + 24 532 + 322 | (k+1)

_Uiz(}\ichz‘z + AtgioAinoip — 1) + (1 + ki) /2} 17:2(k)|1*

b A
+ Al3ll3 + l’3 + AthS?zl + At313’11i| i3 (k + 1)

Azgz3l1
0i3(Ai30is + AiZislinAisoiz — 1) + (1 — ki3)2] 173 (K) |12

I; Ai
+ /\14114 + lz4 + At?ﬁlﬁ + Atgﬁzi3:| 51'24 (k + 1)

+
+
N
_l’_
+ Ar8413
+ {@4(}\1’4@4 + AtGializAia0is — 1) + (1 —kiy) ] [AGIE
T
Uij(k) H

AfgzZ g2 4 Dedilin g2 | AiSializ g2
R Pt B iy Pl 2 S iy P

4
— Tho0i |75 ()| + ,22‘717')
]:

+ 3M1i + (v2i + 1)M3; + (vs; + 1) M3;. (A39)

According to (32) and (48), Equation (A39) can be rewritten as:

A lk”
B < ~sh(k) — ( ks 30 - 428 )1

1 A Qi 2 v ,b,z +b12 1 2
B (Atg_iBZil - )t\zgzz)sﬁ(k) + (3323 ) viz(k)

U3iT3;

lbl +bz
- w0+ (2R 1302 )00

Ui T, 2,

_ 2 (k+1
—[1=3Aip — Aplip — Atgin(Aiplip + 21ip + 2)] Sle(th )

- [Uiz(l — An0ip — Mi&inAinoin) — (1 + kiz)z/z} 2 (k) |
sh(k+1)
Atgislin
- [@‘3(1 — Aia0is — Mi&islinAizoiz) — (1 — ki3)2] 173 (k) |1
= [1 = Aig = Aialia — MiZializ(Aig + 1) lia] Sﬁg‘}?
- [@‘4(1 — Aia0is — Di&ializAia0ia) — (1 — kia) ] 74 (k) |1
+ Bir + Biz + Biz + Pia, (A40)

—[1—= A3 = Alis — Asgislin (Aiz + 1)133]

3 2 2, Mg, _
with: By = 3M3,, B = —0ia || i (k) || + oz ||y (k) ||” + 553283, + (vai + 1) M3, Bis = —03

173KV 1> + o || (K)||* + Atgﬁl’l 2+ (03 + D)ME, B = —0ullfu(K)|* + ouljn; (k)]
e

1—3Ap — Aplip — Mgin(Ainlip + 2l +2) >0, (A41)

1—Aiz — Aiglis — MeZinlin (Aiz + 1)1;3 > 0, (A42)

1—Aig — Aigliy — MiZiaTiz(Mia + 1)1y > 0, (A43)

(1= Aptip — MZinAin0in) — (14 kp)?/2 >0, (A44)

oi3(1 = Aiais — MZiaTinAiaoiz) — (1 — kiz)* > 0, (A45)

0ia(1 = Aia0is — MrZiaTizhiavia) — (1 — kig)* > 0, (A46)

wilhthh g4 ga2 <o, Wit 1o (A47)

)
Uy T U3i T3 2
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By selecting the appropriate A; and design parameters, the inequalities (A41)—-(A47)

R ; 2 L2 At8inAioBin 2 AtiaTin PisAin
hold, which implies that s7, (k) > Bi1,s5 (k) > o3G0 s - A, s (k) > pey vy sty v

si(k) > AtGiali3Bia; then, AVi(k) < 0. The proof of Theorem 1 is complete.
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