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Abstract: The main purpose of this paper is to develop an intelligent controller for the DC-link
voltage of bidirectional soft-switching converters used in the batteries with equalizing charge and
discharge control. To accelerate the equalizing charge and discharge speed of batteries, the DC-link
voltage controller of the bidirectional converters is designed based on extension theory. Firstly, the
photovoltaic module arrays (PVMAs) are used with the intelligent maximum power point tracker
(MPPT) for supplying the power to the load side. Through the bidirectional soft-switching converters,
the PVMAs will be allowed to carry out the uniform charging and discharging for the storage
battery in order to achieve the intended energy storage and auxiliary power supply functions. In
terms of the controller design, the quantitative design techniques are utilized, by which the P-I
controller parameters will be designed for the converter when attempting to achieve the same control
performance at different working points. As a next step, the aforesaid parameters are used together
with the extenics theory. Based on the variation in the output power of the bidirectional converter and
that in the voltage of the storage battery, it allows the system to find out the intended P-I controller
parameters that will be approximate to the prescribed control performance when operating under
different working conditions. As a result, the P-I controller will be provided with more efficient
control flexibility and control performances. Finally, actual test results demonstrated that the response
time of the proposed intelligent extension controller is shortened by 3% compared to the quantitative
design of the proportional–integral (P-I) controller. Based on the proposed quantitative design of an
intelligent controller for uniform charging and discharging management of batteries, the sustainable
utilization of renewable sources of energy can be improved. At the same time, the better economic
benefit of the energy preservation system is obtained. In addition, it also prolongs the life cycle of
batteries, and then enhances the reliability of the batteries.

Keywords: intelligent controller; extension theory; bidirectional soft-switching converter; quantitative
design; proportional–integral (P-I) controller

1. Introduction

The rapid growth of industry in recent years has led to a gradual shortage of electricity
supply, resulting in high peak electricity bills [1]. To relieve the pressure of supplying
electricity, it is essential to develop new and renewable sources of energy, and photovoltaic
power is one of a few such main electricity sources. In addition, a photovoltaic power
generation system is more flexible if combined with sustainable energy preservation meth-
ods, while the current main one is battery-based. Therefore, increasing importance of
applications of sustainability has been attached to that research on energy preservation and
release control methods of batteries. In particular, when multiple sets of batteries are used
in series as a large energy preservation device, it is necessary to perform uniform charg-
ing and discharging control for series batteries in order to improve energy preservation
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efficiency. In study [2], a structure for uniform battery charging and discharging was pro-
posed, which controlled the DC-link voltage with a traditional proportional–integral (P-I)
controller, achieving uniform battery charging and discharging. However, the response
of the DC-link voltage control was slow, resulting in a slower uniform battery charging
and discharging. In study [3], technology for lithium battery charging and discharging
technology was proposed, which was mainly used in charging and discharging for electric
vehicles (EVs) with two stages of constant voltage and constant current, achieving uniform
battery charging and discharging. However, under different working conditions, it cannot
quickly control the DC-link input voltage of the converter to a constant value, resulting
in a slower uniform charging and discharging for series batteries. Although the voltage
values of the batteries are not quoted in the distributed cooperative control mentioned in
study [4], where uniform charging and discharging could be realized for multiple cells
of series-connected batteries by applying the control algorithm, the state of charge (SOC)
value of the charging and discharging should be set first for the aforesaid charging and
discharging control and then the same SOC value shall be applied to the charging and
discharging of all battery cells. When using this method to execute uniform charging
and discharging for the batteries subjecting to higher SOC variations, it will bring about
unnecessary energy loss. In study [5], an intelligent algorithm with faster calculation speed
constructed with extension theory was developed, but advance training was required
for higher control accuracy. In study [6], a P-I controller constructed with quantization
design was proposed. At a selected operating point, optimal controller parameters could be
designed according to preset control response performance, controlling the DC-link voltage
to achieve preferred load regulation responses. In study [7], the parameters of the P-I
controller could be adjusted automatically, but it was hard to achieve the fast response of
control performance under different operating conditions. In literature [8–11], an intelligent
controller was developed by combining fuzzy control with a P-I controller. However, fuzzy
control was less flexible because the membership function of 0~1 was used to determine
the intervals of operating conditions at a selected operating point, which affected the accu-
racy of its control. In study [12], poorer control response performance is observed when
executing the quantitative design for the controller of the nonlinear systems. It is mainly
because when executing the quantitative design, the parameters of the system model are
remained in a fixed range so as to find out the most suitable controller parameters. In
the nonlinear systems, however, the controller parameters acquired from the quantitative
design should be retrieved from the fixed range. In this case, it may result in system insta-
bility once any working point or any system parameter has changed. Study [13] proposes
that the parameters of a P-I controller can be determined directly according to the extenics
theory. Although satisfactory control response performance can be achieved, it would be
impossible to achieve the intended control performance from the deployed working points
and it may even lead to system instability if excessive control efforts are applied. In order
to solve the above problems, in this paper, the parameters of the P-I controller required for
expected control response performance under different operating conditions are obtained
by using quantization design technology. Then, with the extension theory applied, the
correlation degree of −1~1 is used to determine the intervals of operating conditions at a
selected operating point, so that preferred controller parameters are available. As a result,
when the battery charging and discharging is controlled under different operating points,
preferred response performance is achieved with the control of the DC-link voltage of
the converter.

In this paper, Section 2 mainly introduces the architecture of the energy storage system
that will be configured by combining the photovoltaic generation system with the storage
battery system. Section 3 explains the design process and method for the DC-link voltage
controller, including the execution of quantitative design for the P-I controller parameters
according to the prescribed control performance of the system. As a next step, it will be
used with the extenics theory for selecting the appropriate P-I controller parameters so that
the DC-link voltage of the bidirectional converters will be controlled when operating in
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different working conditions so as to obtain the intended control performance. Finally, the
operation result will be measured in Section 4 so as to verify the feasibility of the designed
intelligent controller. As a final step, conclusions will be made in Section 5 in order to
explain the research directions in the future.

2. Energy Storage System Structure of Photovoltaic Power System

The main purpose of this paper is to explain the DC-link smart voltage controller
designed for the bidirectional voltage buck-boost soft-switching converters in order to
stabilize the DC-link voltage so that the uniform charging and discharging will be achieved
more quickly for multiple sets of batteries that are configured in the series-connection
type. In the meantime, it will also be used with the photovoltaic power generation system
and the storage battery for realizing energy storage and auxiliary power supply, as per
the overall architecture indicated in Figure 1. Because the output power of the PVMAs
will change along with the sunshine amount, the boost converter is used together with
the MPPT [14] so as to maintain its output power at the maximum power point. In the
aspect of the selected uniform charging/discharging architecture, it is composed of several
groups of bidirectional buck-boost soft-switching converters that are configured in the
series-connection type [2]. The PVMA utilizes the sensing circuit for transmitting the
voltage and the current generated with the maximum power tracker and the uniform
charging/discharging circuit back to the TMS320F2809 digital signal processor for carrying
out the computation. In the meantime, a set of uniform charging/discharging rules are also
established for limiting the battery from outputting the maximum charging/discharging
current so as to prevent the excessive current from damaging the battery and to verify the
feasibility of the tested uniform charging/discharging architecture. Finally, the extenics
theory is also utilized to carry out the quantitative design of the parameters required for
the bidirectional buck-boost soft-switching converters so that the output voltage response
of these converters will achieve the intended performance. In addition, the resulting
charging/discharging speed is compared with the P-I controller using the parameters
designed with the conventional quantitative method in order to demonstrate its excellent
charging/discharging response performance.

The MPPT techniques [14–17] are mainly developed to allow the PVMAs to demon-
strate the MPPT under a variety of conditions in different working environments so as to
enhance the conversion efficiency of the PVMAs. The MPPT method selected in this paper
is configured according to the improved artificial bee colony algorithm [14]. The aforesaid
algorithm is included in the essay published by the author of study [14] previously.

In order to combine batteries with the photovoltaic power generation system for
controlling energy storage and release, a bidirectional buck-boost soft-switching con-
verter [2,18] is selected in this paper for controlling energy storage and release. The
low-voltage side of this bidirectional converter is connected to the battery, while the
high-voltage side is connected to the DC-link capacitor at the output of the MPPT of
the PVMA [2].

When uneven charging and discharging is caused due to different power levels of
batteries connected in series, it can automatically adjust the current levels of charging
and discharging, achieving uniform battery charging and discharging. A structure for
control of uniform charging and discharging is proposed by the authors of [2], which can
independently charge and discharge each battery connected in series, achieving uniform
charging and discharging quickly. This structure not only could effectively limit the current
levels of charging and discharging, but also slows down battery aging. Figure 1 is an
energy storage system structure for a photovoltaic power generation system combined
with uniform charge and discharge control [2]. This structure uses a digital signal processor
(DSP) TMS320F2809 as its control core [2] and sends the voltage and current signals
detected with sensors to the digital signal processor for calculation. This allows control
of the uniform charging and discharging controller, control of signals with corresponding
pulse width modulation (PWM) output, control of conducting time switched using the



Sustainability 2023, 15, 15664 4 of 17

power semiconductor of the converter, adjustment of the charging and discharging current
levels of each battery, and for achieving uniform battery charging and discharging control
quickly. However, during the control of uniform battery charging and discharging, it is
important to maintain the constant DC-link voltage at the input of the converter. As a
result, the design and control performance of the DC-link voltage controller will greatly
affect the time achieving uniform battery charging and discharging. Indicated in Figure 1
is the overall system architecture, and the specifications of the single piece photovoltaic
module are listed in Table 1. In such modules, the four in series and three in parallel
connection are utilized to create the 500 W PVMA. By combining the specifications of
bidirectional soft-switching converters listed in Table 2, it allows the system to execute the
battery charging and discharging control.
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Figure 1. An energy storage system structure for photovoltaic power generation system combined
with uniform charge and discharge control.

Table 1. Specifications of the single piece for SUM SWM-50 W PV module.

Maximum Power (Pmax) 50 W

Voltage at Pmax (Vmp) 18.18 V
Current at Pmax (Imp) 2.75 A

Open-circuit voltage (Voc) 22.32 V
Short-circuit current (Isc) 2.89 A
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Table 2. Specifications of bidirectional soft-switching converters.

Voltage (VBus) of high voltage (HV) side (DC-link) 240 V
Voltage (VBat1) of low voltage (LV) side battery #1 24 V

Voltage (VBat2) of LV side battery #2 24 V
Switching frequency (f ) 50 kHz

Maximum output power (Pmax) 300 W
Voltage ripple of HV side 0.5%
Voltage ripple of LV side 0.5%

In Figure 1, the lower side is the circuit diagram of the bidirectional soft-switching
converters in which the resonance circuit is composed of auxiliary switch SLa1 (SLa2),
resonance capacitor Ca1 (Ca2), and the back-connected diode of SH1 (SH2) and SHa1 (SHa2).
Figure 2 explains the PWM signal triggering process for the auxiliary switch being deployed
in the resonance circuit. Through Figure 2, it can be learned that the original triggering
signal of the main switch SL1 (SL2) will be postponed for a certain period (td) and then
energized through auxiliary switch SLa1 (SLa2). In this way, the resonance loop of the
auxiliary circuit is created through the resonance capacitor Ca1 (Ca2) and inductor La1 (La2),
thus allowing the main switch to achieve zero voltage switching (ZVS) [2,18].
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Figure 2. PWM signal triggering flow schematic view of auxiliary switch in resonance branch [2].

Listed in Table 3 are the specifications of each component in the boost converter
designed for tracking the maximum power. Listed in Table 4 are the specifications of each
component in the bidirectional soft-switching converters designed for executing the battery
charging and discharging control in which the resonance capacitances (Ca1 and Ca2) are
replaced with the IGBT-based parasitic capacitance (45 pF).

Table 3. Component specifications of boost converters.

Component
Name

Energy Storage
Inductor (L)

Filter Capacitor
(CBus)

Switch (SPV)
IRFP460

Diode (D)
FMP-G5FS

Specification 1.152 mH 390 uF/450 V 500 V/20 A 1500 V/10 A
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Table 4. Component specifications of bidirectional soft-switching converters.

Component Value

Main inductors (L1 and L2) 1.425 mH
LV-side capacitors (CBat1 and CBat2) 330 uF/450 V

HV-side capacitors (CBus1 and CBus2) 330 uF/450 V
Main switches (SL1 and SL2) IGBT IXGH40N120C3D1 (75 A/1200 V)

Auxiliary switches (SLa1 and SLa2) IGBT IGP30N65H5XKSA1 (55 A/650 V)
Resonance inductors (La1 and La2) 22 uH
Resonance capacitors (Ca1 and Ca2) 45 pF/650 V

In this paper, the quantitative design will be executed for the intelligent controller
using the DC-link voltage supplied with the bidirectional buck-boost soft-switching con-
verters [2,18], and the designed controller parameters allow the battery to achieve the
uniform charging and discharging more quickly. In the meantime, it is also used with the
photovoltaic generation system for the battery to utilize the energy storage and the auxiliary
power supply functions so as to stabilize the DC-link voltage. Indicated in Figure 3 is
its overall architectural process. Because the output power of the PVMAs will change
along with the sunshine amount, the boost converter should be used with the artificial
bee colony algorithm [14] so as to maintain its output power at the maximum output
point. In the aspect of the uniform charging/discharging architecture used in this paper,
it is composed of several sets of bidirectional buck-boost soft-switching converters [2,18]
that are configured in the series-connection type. These converters are equipped with the
sensing circuit for transmitting the voltage and the current of the MPPT and the uniform
charging/discharging circuit back to the TMS320F2809 digital signal processor [2] for carry-
ing out the computation. In addition, a set of uniform charging/discharging rules are also
established for limiting the battery from outputting the maximum charging/discharging
current in order to prevent the excessive current from damaging the battery and to verify
the feasibility of the selected uniform charging/discharging architecture in controlling the
stability of the DC-link voltage. Finally, the extenics theory is also utilized to select better
P-I controller parameters for the quantitatively designed bidirectional buck-boost soft-
switching converters so that the DC-link voltage response of the converter may achieve the
intended performance when operating in different working conditions. In the meantime, it
will be used for comparing with the control performance of the conventional quantitative
P-I controller.
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uniform charging/discharging control [2].

3. Design of DC-Link Voltage Controller

This paper is focusing on the load regulating performance designed for controlling
the DC-link voltage of the bidirectional converters. The impact of the load characteristic
variations to the control performance of the P-I controller being designed according to the
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conventional quantitative method has been considered at the current stage. In the next
stage, the aforesaid control performance will be used for comparing with other controllers
according to the intelligent rules and the intelligent online regulating parameters designed
for the conventional P-I controller. Its purpose is to propose the controller that will be
designed with higher robustness.

The bidirectional soft-switching converters are controlled with the dual-loop control
method in which the outer loop is controlled with the DC-link voltage and the inner one
is controlled with the uniform charging/discharging current supplied with the storage
battery. In this regard, the detailed control method is described in the essay previously
published by the author and it is also included in [2]. Therefore, it will not be repeatedly
described in this paper.

Based on the specifications of the bidirectional soft-switching converters indicated in
Table 2, the 240 V voltage (VBus) of the HV side refers to the value of DC-link voltage. Tra-
ditional P-I controllers usually have preferred control performance only at their operating
points and obtain their parameters through trial and error. In order to obtain the parame-
ters of the P-I controller required for preset control performance under a certain operating
point, quantization design technology is required [19]. In recent years, many intelligent
algorithms have been proposed [4–13]. Although they can change those control parameters
under different operating conditions to achieve preferred load regulation responses, most of
these algorithms are too complicated to implement. Therefore, a P-I controller constructed
with extension theory combined with quantization design is proposed in this paper to form
an intelligent controller, thereby solving those difficulties for implementation.

3.1. Parameters of P-I Controller Constructed with Quantization Design

In study [20], the control block diagram of the voltage loop with the bidirectional buck-
boost soft-switching converter shown in Figure 1 was obtained, as shown in Figure 4. In
Figure 4, Gcv(s) is a voltage controller, Gp(s) is the transfer function of the bidirectional buck-
boost soft-switching converter, Kpv is the voltage conversion coefficient when the DC-link
power is disturbed, and Kv is the voltage sensing conversion factor with a value of 0.01.
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According to the control block diagram shown in Figure 4, the transfer functions of
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(2)
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By using the step response method [21], a = 26.88 and b = 537.7 can be estimated
using Equations (1) and (2), and the transfer function Gp(s) of a bidirectional buck-boost
soft-switching converter can be derived as Equation (3).

Gp(s) =
b

s + a
=

537.7
s + 26.88

(3)

In order to make the step response of the system with characteristics of no overshoot,
zero steady-state error, fast voltage recovery time, and small drop of maximum voltage,
Equations (4) and (5) can be obtained as the specifications of the maximum voltage drop
v̂Bus,max and recovery time tr selected.

f1(u1, u2) = v̂Bus,max −
Kpvb∆Ppv

u1 − u2

[
e
−u1

u1−u2
ln( u1

u2
) − e

−u2
u1−u2

ln( u1
u2

)
]

(4)

f2(u1, u2) = 0.05v̂Bus,max −
Kpvb∆Ppv

u1 − u2

[
e−u1tr − e−u2tr

]
(5)

By using Matlab2020a software, the variables of Equations (4) and (5), the two nonlin-
ear equations, can be calculated, and parameters KP and KI of the voltage controller can be
derived as Equations (6) and (7), respectively.

KP =
(u1 + u2)− a

b
(6)

KI =
u1u2

b
(7)

3.2. Extension Theory

To achieve uniform battery charging and discharging quickly, the extension the-
ory [22–25] was used in this paper to select different controller parameters at different
operating points, achieving preferred response performance of DC-link voltage. First, the
parameters of a P-I controller required for desired control performance under different
operating conditions are obtained with quantization design; next, the operating mode
at the current operating point is determined with extension theory; the correlation de-
gree was calculated based on features of the selected operating point to determine the
required parameters of the P-I controller; as a result, the best parameters of the P-I controller
are obtained accordingly. In the extension theory, matter–affair is expressed as matter–
elements shown in Equation (8), where R is the basic element that describes matter–affair,
i.e., matter–element, and N, C, and V are the three elements that constitute the matter–
element, i.e., N for the name of matter–affair, C for the feature of matter–affair, and V for
the feature value of matter–affair. And the matter–element model is shown as Equation (9),
where C is the characteristic of F, VP is the characteristic value of C, i.e., classical domain,
and g expresses five operating modes. In the extension theory, controller parameters under
various operating conditions need to be included in the matter element model, and the
weighting value is selected to represent the importance of each parameter.

R = (N, C, V) (8)

Rg = (F, C, Vp) =

[
F C1 < x1, y1 >

C2 < x2, y2 >

]
, g = 1, 2, . . . , 5 (9)

The extension distance, which is the distance relationship between one certain point
on the physical domain to one interval, is expressed as a function like Equation (10).

ϕ( f , F0) =

∣∣∣∣ f − va + vb
2

∣∣∣∣− vb − va

2
(10)
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In addition to the correlation between one point and one interval, the relationships
between one point and two intervals or one interval and another interval must also be
considered. Therefore, if F0 =< Va, Vb >, F =< Vc, Vd > are inside two intervals of the
physical domain, respectively, while interval F0 is inside the interval F, the rank value of the
point f to interval F0 and the rank value of two intervals F can be expressed as Equation (11).

D( f , F0, F) =

{
ϕ( f , F)− ϕ( f , F0), f /∈ F0

−1 , f ∈ F0
(11)

As a result, the correlation function equals to the distance divided by the function of
the rank value, as shown in Equation (12).

K( f ) =
ϕ( f , F0)

D( f , F0, F)
(12)

In the case of f = (Va + Vb)/2, the correlation function has a maximum value, which
is called elementary correlation function, its schematic diagram being shown in Figure 5.
In addition, in the case of K( f ) < −1, the point f is outside the interval F; in the case of
K f > 0, the point f is inside the interval F0; and in the case of −1 < K( f ) < 0, the point f
is inside the extension domain.
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3.3. Proposed P-I Controller Constructed with Extension Theory Combined with Quantization Design

In this paper, the parameters of a P-I controller required under different operating con-
ditions are determined with extension theory. Mainly with the quantization design method
applied and based on the control performance (maximum voltage drop v̂Bus,max = 1V/W,
i.e., 100 W→ 100 V; voltage recovery time tr = 0.7 s) of desired DC-line voltage at differ-
ent operating points, the required parameters of a P-I controller are calculated accordingly.
First, the output power change and battery voltage change are set as characteristic values
with the extension theory, and the range of the neighborhood domain is set, as shown in
Table 5. Next, the ranges of the classical domain at different operating points from Mode 1
to Mode 5 are set with values among the range of the neighborhood domain, as shown in
Table 6. Finally, Equations (10)–(12) are used to calculate those correlation functions, which
are classified as different working modes using characteristics; then, Equation (13) is used
to calculate the correlation degree of each operating mode type according to the impor-
tance of each characteristic to obtain the optimal operating mode under current operating
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conditions; the optimal parameters of a P-I controller constructed with quantization design
in the corresponding operating mode type are obtained accordingly; as a result, preferred
response performance of DC-link voltage is achieved and preferred response performance
of DC-link voltage, and required time for uniform battery charging and discharging,
is shortened.

λg =
2

∑
j=1

WjKgj, g = 1, 2, . . . , 5 (13)

Table 5. Neighborhood domain of DC-link voltage control constructed with extension theory.

Feature Range of Neighborhood Domain

Output power change −150 W~150 W
Battery voltage change −1 V~1 V

Table 6. Classical domain of each characteristic under different operating modes constructed with
extension theory.

Type
Characteristic

Output Power Change

Mode 1 150 W > X > 20 W
Mode 2 150 W < X
Mode 3 −20 W < X < 20 W
Mode 4 −150 W < X < −20 W
Mode 5 −150 W > X

With the variation range allowed for varied output power and storage battery voltage
ratings being established for the bidirectional converters, multiple sets of P-I controller
parameters are designed through the offline quantitative method according to the pre-
scribed load regulation control performance (as per Table 7). Next, the online measuring is
conducted for learning about the level of the variations between the following two features,
i.e., the output power of bidirectional converters and the voltage of the storage battery.
Through the intelligent algorithm of the extenics theory, the most suitable P-I controller
parameters are selected for controlling the bidirectional converter so that its DC-link voltage
will be approximate to the prescribed load regulation response when the varied level of
output power and storage battery voltage is changing. In view of this, the P-I controller
parameters selected for the online operation described in this paper are not the optimal
control parameters; instead, the P-I controller parameters approximate to the prescribed
control performance are selected.

Table 7. Corresponding P-I controller parameters under Mode 1 in the classical domain constructed
with extension theory.

Output Power Change Battery Voltage Change Output Value

150 W < X < 70 W −1.0 V > X > −0.5 V KP = 0.285, KI = 3.35
120 W < X < 60 W −1.0 V > X > −0.5 V KP = 0.28, KI = 3.38
80 W < X < 50 W −0.9 V > X > −0.4 V KP = 0.275, KI = 3.41
70 W < X < 40 W −0.8 V > X > −0.3 V KP = 0.27, KI = 3.44
60 W < X < 40 W −0.7 V > X > −0.3 V KP = 0.265, KI = 3.47
50 W < X < 30 W −0.7 V > X > −0.2 V KP = 0.26, KI = 3.50
40 W < X < 30 W −0.5 V > X > −0.2 V KP = 0.255, KI = 3.53
30 W < X < 20 W −0.5 V > X > −0.2 V KP = 0.25, KI = 3.56

Table 7 shows the parameters of the quantized P-I controller (KP = 0.25, KI = 3.56)
at the operating point (DC-link voltage vBus = 180 V and load P = 500 W) of Mode 1 in
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the classical domain constructed with extension theory, where the values of KP and KI
are the parameters calculated with Equations (6) and (7). Based on the parameters at this
operating point, the output power change of Mode 1 is divided into several ranges, and
those parameters are assigned as different controller parameters according to corresponding
ranges of output power and battery voltage change. The values of KP and KI for other
operating modes can be obtained in the same way.

Table 8 shows the characteristic weight values of the DC-link voltage controller con-
structed with extension theory. Those weight values are used to measure the importance of
various characteristics, allowing more accurate controller parameters calculated by means
of extension theory accordingly. The DC-link voltage change is greatly affected by the
output power change in the converter, but less affected by the battery voltage change. There-
fore, as the weight values of the two characteristics are set to 0.65 and 0.35, respectively, the
correlation degree can be obtained through Equation (13), the calculation equation of the
extension method, accurately achieving the preferred KP and KI, the parameters of a P-I
controller based on the level of the correlation degree.

Table 8. The weights of DC-link voltage control constructed with extension theory.

Characteristic Weights

Output power change 0.65
Battery voltage change 0.35

As a next step, the output power of the bidirectional converter and the variation of the
storage battery voltage required for the online measuring are referenced in Equation (13)
for calculating the correlation degree between the categories listed in Table 7. As a final
step, the P-I controller parameters (KP and KI) pertaining to the category that is presenting
the tightest correlation degree are selected as the increment of the controller.

4. Test Results

Indicated in Figure 6 is the outlook appearance of the overall hardware testing device.
Figure 7a,b are a comparison of testing results from P-I DC-link voltage controllers con-
structed with extension theory and quantitative design, which show their performance
with 50 W power loading and curtailing, respectively. As seen in Figure 7a, it takes 0.5 s for
recovering DC-link voltage with 50 W loading, and another 0.5 s for recovering with 50 W
curtailing. On the other hand, for the testing result from the DC-link voltage P-I controller
constructed with extension theory with 50 W power loading and curtailing, as seen in
Figure 7b, it only takes 0.15 s for recovering DC-link voltage with 50 W loading, and an-
other 0.15 s for recovering with 50 W curtailing. Based on the comparison of testing results,
the following is seen: faster recovery time of DC-link voltage from the DC-link voltage
controller constructed with extension theory than the one constructed with quantization
design with 50 W power loading or curtailing, respectively.

Figure 8a,b are a comparison of testing results from P-I DC-link voltage controllers
constructed with extension theory and quantitative design, which show their performance
with 100 W power loading and curtailing, respectively. As seen in Figure 8a, it takes
0.8 s for recovering DC-link voltage with 100 W loading, and another 0.9 s for recovering
with 100 W curtailing. On the other hand, for the testing result from the DC-link voltage
controller constructed with extension theory with 100 W power loading and curtailing, as
seen in Figure 8b, it only takes 0.2 s for recovering DC-link voltage with 100 W loading,
and another 0.3 s for recovering with 100 W curtailing. Based on the comparison of testing
results, the following is seen: faster recovery time of DC-link voltage from the DC-link
voltage P-I controller constructed with extension theory than the one constructed with
quantization design with 100 W power loading or curtailing, respectively.

Figure 9a,b are a comparison of testing results from P-I DC-link voltage controllers
constructed with extension theory and quantitative design, which show their performance
with 150 W power loading and curtailing, respectively. As seen in Figure 9a, it takes
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1.5 s for recovering DC-link voltage with 150 W loading, and another 1.2 s for recovering
with 150 W curtailing. On the other hand, for the testing result from the DC-link voltage
controller constructed with extension theory with 150 W power loading and curtailing, as
seen in Figure 9b, it only takes 0.9 s for recovering DC-link voltage with 150 W loading,
and another 0.7 s for recovering with 150 W curtailing. Based on the comparison of testing
results, the following is seen: faster recovery time of DC-link voltage from the DC-link
voltage P-I controller constructed with extension theory than the one constructed with
quantization design with 150 W power loading or curtailing, respectively.
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Table 9 shows the recovery time of the DC-link voltage for two controllers under
different power changes. As seen in this table, it shows better recovery time of DC-link
voltage from the intelligent DC-link voltage controller constructed with extension theory
than the one constructed with quantization design at any operating point.

Table 9. Comparison of recovery time of DC-link voltage from different controllers at different
operating points.

Power Change (∆P)

Controller Type P-I Controller Constructed with Extensive
Theory Combined with Quantization Design

P-I Controller Constructed Only
with Quantization Design

Power Loading Power Curtailing Power Loading Power Curtailing
50 W 0.15 s 0.15 s 0.5 s 0.5 s

100 W 0.2 s 0.3 s 0.8 s 0.9 s
150 W 0.9 s 0.7 s 1.5 s 1.2 s

Indicated in Figures 7–9 is the speed response of the designed intelligent controller that
is provided with quicker restoration function for the controlled DC-link voltage. It is learned
that during the charging and discharging process, the battery is also designed with faster
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uniform charging/discharging speed. In this regard, the waveform response required for
the storage battery charging/discharging current and the uniform charging/discharging
is described in the essay previously published by the author and it is also included in
study [2]. Therefore, it will not be repeatedly described in this paper.

At the current stage, the control performance was tested under different working
conditions for the intelligent control being developed by combining the extenics theory
and the quantitatively designed P-I controller that are mentioned in this paper. The
measured result defined in Figures 7–9 proves that it has better control performance than
the P-I controller designed according to the conventional quantitative method [19]. In
the meantime, Figure 9 also indicates that when using the PVMAs designed with 500 W
of rated output power and when 150 W of output power variation is observed in the
bidirectional converter, it will be regarded as one of the cases where extreme changing
of the output power has occurred to the PVMAs. To prevent the variation level higher
than 150 W from causing excessive output control force to the P-I controller, the 150 W
controller parameters will be used for regulating the DC-link voltage beforehand and then
the controller parameters are adjusted until the variation of the bidirectional converter
is lower than 150 W. In this way, the system damage can be avoided as may be caused
by the excessive variation value when instantaneous error exists in the power sensing
value or when the system is interfered with by the intensified noise. For this reason, the
intelligent controller proposed in this paper will be equipped with excellent reliability. In
the next stage, the aforesaid control performance will be used for comparing with other
controllers according to the intelligent rules and the worst-case working conditions where
the conventional P-I controller is used for carrying out the intelligent online parameter
regulating. Its purpose is to propose the controller that will be designed with higher
robustness and higher reliability.

In design, the load required for this system will be supplied alternately using the
photovoltaic generation system and the storage battery. If the load is increased to the extent
that PVMAs are no longer able to supply adequate electric energy, then it will lead to the
dropping of the DC-link voltage. In this case, the battery will discharge the electricity for
carrying out the auxiliary power supply so as to maintain the intended DC-link voltage
value. If the load is too high thus that the system fails to maintain the fixed value for
the DC-link voltage and where it has dropped to the minimal voltage rating required for
the storage battery to maintain the power supply, then it means that the storage battery
is unable to supply the auxiliary power continuously. In this case, the system will stop
supplying the power to prevent the entire system and the load from damage. During
practical applications, the system will set up appropriate capacity for the PVMAs according
to the level of the load and will also execute the mixed power supply by using reasonable
capacity of the storage battery.

The main purpose of this paper is to improve the defect where the quantitatively de-
signed P-I controller currently used is not provided with the required robustness. Therefore,
the extenics theory is proposed for combining the aforesaid quantitatively designed P-I
controller in order to overcome the defect where intended control performance cannot be
achieved with the P-I controller parameters being designed for the specific working point,
as will be caused by the change in the working point in the system. At the current stage,
therefore, the controller performance will be compared with the conventional P-I controller
being designed through the quantitative method. In the next stage, the control performance
will be compared with the controller according to the intelligent rules and the intelligent
online regulating parameters designed for the conventional P-I controller so as to propose
the controller designed with more intensified robustness.

5. Conclusions

A DC-link voltage intelligent controller with a converter constructed with extension
theory combined with quantization design is proposed in this paper, and corresponding
P-I controller parameters under different mode types at different operating points are
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calculated with extension theory. Operating modes are classified into five types, and
the most preferred parameters KP and KI of the P-I controller are calculated through the
quantization design method according to the expected control performance. Based on
the comparison of testing results, the following is seen: faster recovery time of DC-link
voltage from the DC-link voltage controller constructed with extension theory than the one
constructed with quantization design either with 50 W, 100 W, or 150 W power loading or
curtailing, respectively. Due to the quantization design technology applied, it is possible
to calculate the different parameters of the P-I controller required for the same control
performance of the converter at different operating points in advance. Moreover, with
extension theory combined, it is also possible to derive the parameters of the P-I controller
required for expected similar control performance under different operating condition
points based on the output power change in the converter and battery voltage change. This
allows such controllers to have higher control flexibility and performance. When it is used
in the structure for uniform battery charging and discharging, quicker uniform battery
charging and discharging can be achieved.

The energy storage system is combined with a photovoltaic power generation system
and batteries. The proposed uniform charge/discharge control strategy can improve the
life cycle and energy management efficiency for batteries, and then elevate the sustainable
utilization of renewable sources of energy. Therefore, this paper proposes a safe and reliable
management method for a sustainable energy preservation system. However, the selected
uniform charging/discharging architecture can only be used for measuring the voltage and
the current of the battery and for determining whether the battery charging and discharging
level is balanced or not. Therefore, the stage of charge (SOC) and the state of health (SOH)
are not added in the measuring test. Therefore, it would be impossible to confirm the charge
and health status of the battery. For this reason, the battery management system (BMS)
should be established for future research programs as to enhance the servicing efficiency of
the battery and extend the battery life.
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