energies

Article

A Coordinated Optimal Strategy for Voltage and Reactive
Power Control with Adaptive Amplitude Limiter Based on
Flexible Excitation System

Yuwei Peng 10, Jiancheng Zhang 2, Chengxiong Mao (7, Hongtao Xiong 2, Tiantian Zhang ! and Dan Wang /*

check for

updates
Citation: Peng, Y.; Zhang, J.; Mao, C.;
Xiong, H.; Zhang, T.; Wang, D. A
Coordinated Optimal Strategy for
Voltage and Reactive Power Control
with Adaptive Amplitude Limiter
Based on Flexible Excitation System.
Energies 2021, 14, 5212.
https://doi.org/10.3390/en14165212

Academic Editor: Miguel Castilla

Received: 28 June 2021
Accepted: 14 August 2021
Published: 23 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Power Engineering, School of Electric Science and Engineering, Huazhong University of
Science and Technology, Wuhan 430073, China; m201971365@hust.edu.cn (Y.P.); cxmao@hust.edu.cn (C.M.);
tiantian_z@hust.edu.cn (T.Z.)

Department of Power Grid Technology, State Grid Zhejiang Electric Power Research Institute,

Hangzhou 310007, China; jianchengzz@163.com (J.Z.); €2002t@163.com (H.X.)

Correspondence: wangdan@mail . hust.edu.cn

Abstract: The flexible excitation system (FES) is a kind of novel excitation system with two channels
for damping control. Besides the basic functions of traditional excitation systems, flexible excitation
systems can provide reactive power support for the terminal voltage, and the large-capacity FES can
improve the voltage stability and power-angle stability of synchronous generator units. However,
with the increase in system capacity and the complication of control objectives, the difficulty of
controller design will be increased. The randomness and fluctuation of new energy resources such
as photovoltaic and wind turbines may cause disturbance and fault to the power system, which
requires the coordinated control strategy for the FES to achieve stability in voltage and power angle.
In this paper, the basic characteristics of FES are analyzed, and the mathematic model of the single
machine infinite bus (SMIB) system based on FES is derived. The coordinated control strategy based
on decoupling control of stator and rotor is proposed according to the optimal objectives of voltage
stability and power-angle stability, and the linear optimal excitation control (LOEC) is adopted
with the adaptive amplitude limiter (AAL) determined by fuzzy rules. The MATLAB/Simulink
platform is established and the results verify the superiority of the proposed LOEC + AAL control
strategy in large disturbance working conditions, which showed better robustness. The proposed
coordinated control strategy provides an effective solution for industrial application and performance
improvement of FES.

Keywords: synchronous generator; voltage source converter (VSC); linear optimal excitation control;
adaptive amplitude limiter

1. Introduction

The power system in China is one of the largest in the world. With the changes in the
structure of the energy resources in recent years, several problems have received attention,
including the low-frequency oscillation, the voltage fluctuation, and the deficiency of
reactive power support, because of the wide application of distributed power generations
such as photovoltaic and wind turbine [1-6]. The changes in the future energy structure
will challenge the voltage and reactive power stability of the power grid.

Reactive power compensation is one of the most important methods for power system
stability; traditional reactive power compensation devices include capacitors, generator
excitation systems, and the static synchronous compensator (STATCOM), etc. The syn-
chronous generator can provide active power to the grid; as for reactive power support,
high-power excitation systems, which are considered the most important reactive power
compensation devices, are required for large-capacity synchronous generators to meet the
demands of stability and rapidity in disturbance conditions. The traditional excitation
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system adopts the silicon control rectifier (SCR), which is a kind of half-controlled power
device. The automatic voltage regulator (AVR) and power system stabilizer (PSS) are
used in conventional strategies to achieve voltage stability and suppress the power-angle
oscillation [7]. Linear optimal excitation control is another classical strategy for power
system stability, which has similar effects to AVR + PSS and is easy to be realized [8].

In order to improve the comprehensive property of excitation systems, the flexible
excitation system (FES), which is a kind of novel excitation system adopting full-controlled
electronic devices, is proposed in [9,10]. Reference [11] investigates the strategy for in-
tensive excitation using FES; the optimization in DC-link capacitor voltage is realized
to improve the field voltage in large disturbance conditions. Reference [12] investigates
the optimal strategies for PSS parameter setting; the particle swarm optimization (PSO)
algorithm is applied in the off-line controller, and the industrial prototype is built for field
tests. However, the off-line optimized parameters may not be perfectly suitable for all
conditions as the power system is considered a nonlinear mathematical model; so, the
reference [13] considers the nonlinearity of single machine infinite bus (SMIB) systems and
proposes the nonlinear optimal excitation control strategy (NOEC), which can further im-
prove the damping control effects in large-disturbance conditions. However, the difficulty
of modeling and designing for FES controllers is much increased in the NOEC compared
to the LOEC, so there are still problems that should be deeply discussed in the robust
controller design. As the first engineering operation of FES was finished in Wenzhou,
Zhejiang Province, China on 1 December 2020, a coordinated control system aiming at both
the voltage and power-angle stability is required for improving the performance.

Considering these points, a coordinated optimal strategy for voltage and reactive
power control based on the flexible excitation system was proposed to achieve optimization
in different disturbance conditions and reduce difficulties in engineering realization. An
adaptive amplitude limiter was proposed to improve the stability during the transient
process. The mathematical model of the optimal control problem is derived in Section 2.
The coordinated optimal strategy is designed in Section 3 according to the degree of
disturbances; the method of adaptive LOEC control, and fuzzy logic control were used.
The simulation results were obtained in Section 4, and prove the effectiveness of the
proposed strategy in voltage and power-angle stability, compared with the traditional
LOEC controller. Section 5 concludes this paper.

2. Mathematical Model
2.1. Mathematical Model of FES

As shown in Figure 1, the physical structure of the FES in this paper consisted of the
voltage source converter (VSC), the DC-link capacitor, and the H-bridge chopper. The
three-level topology was adopted, which applied to the units with high voltage and large
capacity. Compared with the two-level converters, the number of switching tubes was
increased in the three-level topology, but the voltage in each single switching tube was
reduced, so it had superiority in security and cost. For the VSC, the mathematical model is
shown in Equation (1):

Eq = L% + RI, + 1(2S1, — S1p — S1c)ttaer + 3(—252q + Sap + Sac)ttaeo

Ep = L% + Ry + 1(2S1 — S1a — S1c)hger + 4 (—2S2 + Saa + Sac)thaca

Ec = L% + RI.+ 1(251 — S1p — St1a)ttaer + 2 (—2S2¢ + Sap + Saa)thae 1)
Cy el = S 0y + Syl + Sycle — iy

Cz% = Soala + Soply + Socle —ip,

where the S is the switching function. S = 1 means the upper bridge arm is in the condition
mode, otherwise, it is turned off. While the FES transmits reactive power to the terminal,
the voltage can be adjusted by changing the control angle, as shown in Equation (2):
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where Q is the reactive power injection, and A is the power angle. For the H-bridge, the field
winding has three operation modes of 0.5Uy, 0, and —0.5U4, in the half-voltage chopping
condition, while in the full-voltage chopping condition, the three operation modes are
—Ugc, 0, and Uy, for intensive excitation. The field voltage is shown in Equation (3) [14]:

Tp —Tn

Usg =
Tswich

Ude = (2Dcn — 1) - ugc ®)
where Uy, is the field voltage, Tp is the conduction time of IGBT5 and IGBTS, Ty is the
conduction time of IGBT6 and IGBT7, Tgyitch is the switching period, and D¢y, is the duty
ratio of the PWM trigger pulse.
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Figure 1. Three-level voltage source flexible excitation system.

2.2. Mathematical Model of LOEC Control

The major issue in coordinated optimal control is represented by the differences in the
inertia time constants because the inertia time constant of the VSC is much lower than the
field winding, which is often ignored in other research. In this paper, the state model can
be described in Equations (4)—(7):

AS = wyAw (@)
Aw= (7AP57DACU)/M 5)
-/
AEq = (AEfd — AEq)/T‘;O 6)
. 1 1
Alg = _fAIS + fAISref (7)

where w is the rotate speed of the synchronous generator, E; is the g-axis voltage, Is
represents the reactive current of the VSC, T’ is the d-axis transient time constant of the
synchronous generator, and the Equations (8)—(10) can be obtained:

AP, = K1A6 + Ko AE; + KyoAls (8)
AE’:L(AE — K4AS + K AI) )
97 1+ T/ Kss fd 4 1124s

AUy = KsAé + K6AE{7 + KpAlg (10)

Thus, the state model is transformed into:
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AS 0 wp 0 0 AS 0 0
o | —% -5 -8 —K% Bo | |00 AEg ] an
r - JENELY S 4 FASER .
AEq T 0 T Ks Tl AE{; T 0 Algyer
Al 0 0 0 —1 Als 0 £
where the parameters K; to K5, and K¢ to Ky are [15]:
(x —x! )l oV}, sin ég E; OVh cos &g
Ky = i + (12)
ay gy
Ky = igg—1E (13)
dy
X
Ky = 4L (14)
xd):
(Xd —x! Vb sin (50
Ky = d,) (15)
Xy
Ks = UygoxgVycosdp Utgox}; Vi sin &g 16)
xq Zut() X;Zuto
_ uthxS (17)
x;lzllto
_xg xly EpVesindo  xg V2 (xg—xh) (%) oxg ) .
Ujp Xgy  Xiy U 2 XgyXer \ Mgy %qx
/
xg — xz)xsUigo
K = (34 = x)xsUigo 7 dl)lz . (19)
dy“to
2 171712
Kip = 25 (xqutd() n xdutq0> 20)
/
Vi \ %z Xiy
Considering the time constant of the VSC, the Philips—Heffron model is shown in
Figure 2.
E:

Figure 2. Philips—Heffron model based on flexible excitation system.
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According to Equation (21):

AP, Ky 0 K» Ky AS 00

Aw | _ 0 1 0 0 Aw | [0 0| [ AEg o
AU, Ks 0 K¢ Kp || AE, 0 0 || Alser

Alg 00 0 1 Al 00

where the P, is the electromagnetic power of the synchronous generator that can be
represented by active power Py, so the Equation (21) can be reorganized into the new form:
z=Tix+Tu,zi1=z—Thu=z= T1X,21 =z= lec.

The Riccati equation can be obtained in Equation (22):

PA+ ATP—PBR™'BTP = —-Q (22)

_ _ _ T
where: 4 = AT\, B = T)B, Q = (Tl‘l) QT

Thus, the optimal coordinated controller is: u = —(I — fTu)_lfz.

As shown in Equation (23):

AP,
|: AEfd ]: [ kEp kEw kEU kES:| Aw (23)
Alsyef kip  kiw ko kis AU

Als

In summary, the control variables were the field voltage AEg; and the reference reactive
current Alg,.r, which are determined by the electromagnetic power APe, the rotate speed w,
the terminal voltage AU}, and the VSC current Alg.

3. The Adaptive LOEC with Amplitude Limiter
3.1. The Adaptive LOEC

The adaptive LOEC strategy of the VSC was achieved by controlling the weight matrix
R (or weight matrix Q) in real-time. According to Equation (24), where the P(t) is obtained
by calculating the Ricatti function in Equation (22), R(t) is a diagonal matrix:

u=—R ()BT (t)P(t)x*(t) (24)

According to Equation (25), the variation of R is determined by the limiter Umax. So,
the element value of R will be smaller while the limiter is unlocked and the U.x becomes
larger:

1

max

R Ro (25)
where k is a constant coefficient and usually k = 1. In this case, the conventional linear-
quadratic optimal controller cannot explain the phenomenon of limited control. R is the
initial value of R.

According to the minimum principle:

Hlx,u, Al = %[xT(f)Q(f)X(t) +ul (DR(Hu()] +AT(H[A(H)x(8) + B(Hu(t)]  (26)

Where the quadratic matrix Q and R is obtained by pole assignment, H is the Hamilto-
nian function, the adjoint equations are:

(27)
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So, the minimum principle is to realize the minimization of Hamiltonian function:

Hx*, A*,u*,t] = minH|[x*, A*, u, {] (28)
ueld

3.2. The Amplitude Limiter
The amplitude limiter was unlocked, determined by Equations (29) and (30):

At < Atmax
APeo < APeomax (29)
AV < AVimax
1(1) = Umax
u(2) = —R7Y(t)BT(t)P(t)x*(t) (30)
u(3) = Umin

where the At is the time of voltage instability. APeo is the deviation of active power Peo,
AVt represents the deviation of terminal voltage, and u(2) represents the control variables
Esy and Q within the interval determined by Uynax and Uy,

Where the mode selection from u(1) to #(3) are determined by Figure 3. When the
voltage instability or power-angle instability occurs, the system state is definitive and the
control variables u can be selected by Equation (30).

\Y Efd
A A
| | ' [
v | Interval2 Lou(l)
merm Inteval I /= B B
| [ | u2)
| Ettmin |__umax
| | ' I >
: : _Efdmax — — — — —
| | > Iu@)
01 t Atmax l t : l
Q : : delta I :
A
A | uy | | |
Qmax I - — = | |
| I
u(2) I I
Quin || umax | Interval 2
| | > :j/ttttt:‘:
—Q VO | It Aty | B "1 delta Interval 1 |
min umin L _: _____ I_ —_———
—Quax - B 0 Ity Atp |t >t
[N () I I

Figure 3. Mode selection of the amplitude limiter.

3.3. The Fuzzy Controller

The fuzzy controller for amplitude limiter was designed in Table 1 and Figure 4,
according to the fuzzy rules and fuzzy relationship function [16], where MN (Min), L
(Low), SL (Small low), M (Middle), SH (Small high), H (High), and MX (Max) are the rules
for determining the values of inputs and the output. The inputs of the fuzzy controller
were active power deviation APeo and the voltage deviation AUt, and the output was the
limit value Umax. While the system instability occurs, the voltage deviation AUt and active
power deviation APe determined the limiter output Umax according to Equation (25), and
the variation of the weight matrix R was determined at the same time.
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Table 1. Fuzzy Control Rules for Amplitude Limiter.

Reference Value Active Power Deviation APeo
L SL M SH H
L MN L L SL SL
. SL L L SL SL M
Voltage deviation AVt M SL SL M M SH
SH M M SH SH H
H SH SH H H MX

AUt 0 o A Peo . . AUt

_
y

Tmax

0.6 0.8 1

-

0.8 0.6 0.4 0.2
A Ut A Peo

(©) (d)

o

Figure 4. Fuzzy control membership function. (a) three-dimensional view (b) relationship of APeo
and AUt (c) relationship of Umax and AUt (d) relationship of Umax and APeo.

To avoid frequent mode switching between interval 1 and interval 2, the dead zone
was designed in Equation (31). Where Switch is the signal for mode switching, while
Switch = 0, the LOEC + AAL was adopted, otherwise the mode was LOEC. In Equation (31),
APey > APej and AVty > AVty: the Schmitt trigger.

Switch(Pe) = {

0 APe > Peg
1 APe < Peq

0 AVt> AVt
Switch(Vt) = { AVt < AVH } (31)
0 At>t
Switch(t { 1 At <t

Switch = Switch(Pe)&Switch(Vt)&Switch(t)

The topology of FES and the structure of the coordinated controller used the LOEC
in the small disturbance interval (the interval 1), and adopted the fuzzy controller to
adaptively adjust the weight matrix and the limiter output when the large disturbance
occurs, as shown in Figure 5, where the U;* is the reference value of the terminal voltage.
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The control diagram of the proposed strategy is shown in Figure 6. The control system
adopted two fuzzy controllers to give the limiter output Upax1 and Upmaxe, and these fuzzy
controllers could also be incorporated if the fuzzy rules were the same, for simplicity.

u’ AUt

AUt  APe AUt

APe

APe

Ost

VSC
e
DC-link
va) Capacitor
AUt ALPe AUt APe |
Fuzzy
AAL2 [T
iUmaxZ
L
D
o
H-bridge

U2)

Figure 5. Coordinated control strategy based on decoupling control of stator and rotor.

Setting the initial Umax and R

Measuring the voltage

Adjusting the
Umax by fuzzy
controller

and power angle

A

Measuring the

Adjusting the
matrix R

time

Reactive power

Y

injection and
excitation voltage

End

Figure 6. The control diagram of LOEC + AAL.

4. Simulation Verification
4.1. The Simulation Platform

A simulation model was built under the MATLAB/SIMULINK. The structure of the
simulation platform is shown in Figure 7, and the coordinated control system was estab-
lished according to Figure 5. The structure of the LOEC + AAL controller in the simulation
platform is shown in Figure 8, which used the same fuzzy rules and input quantization
factors Kpe/Kv in two fuzzy controllers for simplification; the output quantization factors
Kout1/Kout2 were different. The parameters of SMIB system are shown in Table 2.
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Figure 8. Structure of LOEC + AAL controller.

Table 2. Parameters of simulation experiment.

Parameter Value
Rated terminal voltage 10.5 kV
Rated system voltage 220 kV
Voltage rate of main transformer 220kV/10.5kV
Voltage rate of excitation transformer 10.5kV/380 V
Rated frequency 50 Hz
Rated capacity of VSC 6.47 Mvar
Rated capacity of synchronous generator 64.7 MVA
Rated capacity of main transformer 150 MVA
Reactance of main transformer 0.1 pu
Reactance of power line 0.23 pu
d-axis transient reactance Xd’ of synchronous generator 0.314 pu
d-axis transient time constant Tdo” of synchronous generator 7.31s

4.2. The Simulation Results

According to the analysis and parameters above, the effectiveness of the proposed
strategy was compared with the traditional LOEC control strategy in this part. The contrast
tests included different disturbances in the power system that could cause large distur-
bances on voltage or power-angle stability. Three typical disturbances were tested in the
simulation verification. The three-phase short-circuit fault was divided into “proximal
fault” and “remote fault”. The proximal fault occurred at a short distance from the syn-
chronous generator; the short-circuit impedance was small and the terminal voltage fell
to around 0.2 p.u. The remote fault occurred at a long distance from the synchronous
generator; the short-circuit impedance was large and the terminal voltage fell to around
0.8 p.u. The disconnection fault occurred at one of the double transmission lines, which
caused disturbance to the power angle.
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1.02

4.2.1. Three Phase Proximal Fault

The single-phase proximal fault occurred at 1's and continued for 0.1 s. Figure 9 shows
the contrasted results of terminal voltage, active power, field voltage, and the reactive
power injection of the VSC. The LOEC + AAL could provide higher E; and Q while the
proximal fault occurred, and the excitation transformer could resist the impact within a
short period, which brought better stability. As can be seen in Figure 9, the voltage returned
to interval 1 within 1.5 s and the power angle returned to interval 1 within 2 s under the
LOEC + AAL, whereas it needed more than 3.5 s under the LOEC.

1.02 ; ——LoEc+aAL %87 —— LOECHAAL
' —— LOEC ——  LOEC
R _ 055
- hlle 2
= 3 05
- 1.5s =
ogst I °
| T 0.45
0.96 0.4
0 2 4 6 8 0 2 4 6 8
\s us
(a) (b)
3 0.1 M
| ——LOECH+AAL Wh —— LOCC+AAL
\ — I1OFC  gos ‘ — LOEC
= E ol
2 s |
-0.05 \j
0 -0.1
0 2 4 6 8 0 2 4 6 8
t's s
(c) (d)

Figure 9. Comparison of coordinated control and traditional control under the single phase proximal
fault. (a) terminal voltage (b) active power (c) field voltage (d) reactive power injection.

4.2.2. Three Phases Remote Fault

The three-phase remote fault occurred at 0.5 s and continued for 0.1 s. Figure 10
shows the contrasted results, which were similar to the results in Figure 9. In the transient
period, the LOEC + AAL strategy increased the limit of field voltage and reactive power in
a short time, which effectively stabilized the fluctuation in the power system and improved
transient stability.

0.6 | 3 01 q
——LOECHAAL ' —— LOECHAAL AT | r\\ PR
0.55 ‘ —  LOKC o | i i3 et e f - 4
. | ] ‘ 1.LOEC . I LOEC
= P %
% sl | =i i £ oMY
= = & U
0.45 Sy 0 l -0.05 i
0.4 — =1 -0.1 Il L
8 o 2 4 6 8 o 2 4 6 8 o 2 4 6 8
/s tis /s
(b) (0) (d)

Figure 10. Comparison of coordinated control and traditional control under the three phase remote fault. (a) terminal

voltage (b) active power (c) field voltage (d) reactive power injection.
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4.2.3. The Disconnection Fault

The disconnection fault occurred at 0.5 s and continued for 0.1 s. Figure 11 shows
the contrasted results. The disconnection fault resulted in changes in system parameters,
especially the system impedance, as the line of X;; or X;, was cut off, and, in this case, the
LOEC + AAL controller could better improve the voltage and power stability than tradi-
tional LOEC. The system returned to the stable value within 1 s under the LOEC + AAL,
which is a great improvement compared with the LOEC.

1015 ——LOEC+AAL
101! —— LOEC 0.52

0.5

Peo(pu)

0.48

0.46

0.1
—LOECHAAL —LOEC+AAL

— Lorc 0.05 —  LOEC

Efd(pu)

Q(pu)

-0.05

-0.1

(©) (d)

Figure 11. Comparison of coordinated control and traditional control under the disconnection fault.
(a) terminal voltage (b) active power (c) field voltage (d) reactive power injection.

In summary, the LOEC + AAL coordinated controller stabilized the system within 2 s
under large disturbances, which is a great improvement compared with the conventional
LOEC strategy, according to Figures 9-11. As the control objective was to keep the stability
of the terminal voltage and the power angle, it was suitable to increase the field voltage
Efd and the reactive power injection Q in a short period, which could be quickly stabilized
after 3 s, and the safety of the excitation transformer could be guaranteed.

4.2.4. The Fuzzy Amplitude Limiter

The reference value of the fuzzy amplitude limiter is shown in Figures 12 and 13.
Taking the reference value of Up,x1 (the output of the limiter to restrict the variation of field
voltage) for example, the fuzzy amplitude limiter changed Uy according to different
kinds of disturbances, in Figure 12. The weighted matrix R1 also changed in real-time
corresponding to Upaxi, in Figure 13. In these three typical fault cases, when the system
was detected to enter the large disturbance interval (the interval 2) in which the voltage or
the power angle exceeds the reference values of stability, the limiter opened and adjusted
the duration according to the length of the fault. However, if the duration of the fault
was too long (longer than 4 s), the limiter closed mandatorily to protect the safety of the
excitation transformer. In the studied cases, the duration of transient periods was no longer
than 2 s under the fuzzy amplitude limiter control.
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Figure 12. The fuzzy amplitude limiter for Umax1.
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Figure 13. The fuzzy amplitude limiter for R1.

5. Conclusions

The flexible excitation system can provide rapid reactive power injection for the
synchronous generator, improve the stability of the terminal voltage as well as the power-
angle stability, ameliorate the damping characteristics, and guarantee the robustness of the
power system. In this paper, a kind of FES was introduced; the mathematical model of the
coordinated control problem was figured out for designing the LOEC + AAL controller.
The LOEC + AAL control strategy, which combines the methods of linear optimal excitation
control, the adaptive amplitude limiter control, and the fuzzy logic control, was proposed
for improving the stability of the power system and releasing the capability of the excitation
transformer. The simulation results prove the effectiveness of the LOEC + AAL strategy,
compared with the conventional LOEC algorithm. As the FES has been connected to the
grid in field operation, the novel control algorithm proposed in this paper can be applied
in engineering practice. In future works, the parameters of the LOEC + AAL controller will
be calculated and tested in detail for industrial applications.
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