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Abstract: A maximum power point (MPP) always exists in photovoltaic (PV) cells, but a mismatch be-
tween PV system circuit parameters, weather conditions and system structure leads to the possibility
that the MPP may not be tracked successfully. In addition, the introduction of an isolation transformer
into a basic PV system allows for moderate values of the converter duty cycle and electrical isolation.
However, there is no comprehensive research on MPPT (maximum power point tracking) constraint
conditions for different isolated PV systems, which seriously hinders the application of isolated
PV systems and the development of a related linear control theory. Therefore, in this paper, the
overall mathematical models of different isolated PV systems are first established based on the PV
cell engineering model and the MPP linear model, and then, two sets of constraint conditions are
found for the successful realization of MPPT. These MPPT constraint conditions (MCCs) describe
in detail the direct mathematical relationships between PV cell parameters, weather conditions and
circuit parameters. Finally, based on the MPP linear model and MCCs, two new MPPT methods are
designed for isolated PV systems. Considering the MCCs proposed in this paper, a suitable range of
load and transformer ratios can be estimated from the measured data of irradiance and temperature
in a certain area, and the range of MPPs existing in PV systems with different structures can be
estimated, which is a good guide for circuit design, theoretical derivation and product selection for
PV systems. Meanwhile, comparative experiments confirm the rapidity and accuracy of the two
proposed MPPT methods, with the MPPT time improving from 0.23 s to 0.03 s, and they have the
advantages of a simple program, small computational volume and low hardware cost.

Keywords: isolated PV system; MPPT constraint conditions; linear cell model

1. Introduction

To carry out a theoretical analysis and practical verification of a PV system, an accurate
model of the PV cell should be established first. Nowadays, a large number of studies on
PV systems and PV cells are carried out, and they have led to a lot of breakthroughs and in-
novations in mathematical and circuit model optimization, as well as MPPT and parameter
extraction methods for PV cells. However, the model used cannot be completely compati-
ble with the required accuracy, the complexity of the calculations and the environmental
conditions [1]. There are nine commonly used circuit models and mathematical models
of PV cells categorized in Ref. [2], which can accurately reflect the output characteristics
of PV cells but are not convenient for engineering applications, so simplified engineering
models of PV cells have been widely investigated [3]. Many scholars have investigated
how to model PV cells using four important parameters (Isc, Voc, Im and Vi) provided by
manufacturers and, based on the derivation of the circuit model, to simplify the modeling
process, which is called engineering modeling. Under standard test conditions (STC; solar
irradiance S is 1000 W/m?, and PV cell temperature T is 25 °C), the PV cell engineering
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model is obtained using Equations (1)—(3), where I, V, Is¢, Voc, Im and Vi, represent the
output current, voltage of the PV cell, short-circuit current, open-circuit voltage, MPP
current and voltage of the PV cell at STC, respectively [4].
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However, when there are obstacles such as tall buildings and trees, the illumination
of PV modules is no longer uniform, resulting in partial shadow problems in which the
power curve has multiple peaks. So, it is necessary to establish a PV model under partial
shadow conditions and to simulate and analyze its output characteristics [5,6]. This is a
steady-state model of PV cells, but MPPT is a dynamic optimization process, so the dynamic
characteristics of PV cells have also been studied in a number of ways [7]. All of the above
models are nonlinear models of PV cells, which require complex iterations and calculations
to extract parameters and conduct studies, so scholars have proposed some linearized
models, such as segmented linear models, which replace the nonlinear PV relationship with
multi-segmented linear equations through segmented linearization [8]. In [9], the authors
proposed a new segmented linear shunt branch model that approximates the nonlinear I-V
curve of a PV cell via an equivalent circuit. The segmented linearized model simplifies the
workload in the nonlinear PV cell model and obtains comparable accuracy under certain
conditions, but the number of segments must be increased in the segmented linear model if
higher accuracy is required, which undoubtedly increases the computational complexity.
The authors of [10] derived a linearized model that relates changes in the inputs to the
system, such as irradiance and temperature, to its outputs, such as the array current and
power. The authors of [11] derived a set of nonlinear state-space equations based on the
average switching technique, which was implemented using MATLAB2016b. The authors
of [12] linearized the voltage—current characteristics of PV cells at the MPP in order to
completely remove the obstacle of nonlinear PV cells to the overall linearization of the PV
system by proposing two equivalent linear models, the Thevenin equivalent model and
the Norton equivalent model, as shown in Figure 1. In contrast, the MPP linear model
can better overcome these problems in the segmented linear model. On this basis, it is
feasible and reasonable to linearize the PV system as a whole, and the PV system can be
conveniently studied using the traditional linear theory or law.
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(a) Single diode model (b) MPP linear model

Figure 1. Relationship between single-diode model and MPP linear model.
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The DC/DC converters in PV systems are categorized into non-isolated and isolated
DC/DC converters. Non-isolated DC/DC converters, such as buck, boost, buck-boost and
Sepic converters, are widely used as the MPPT control circuits of PV systems. Isolated
DC/DC converters usually include forward, flyback, push—pull, half-bridge and full-bridge
converters. The introduction of an isolation transformer into a basic non-isolated DC/DC
converter can realize electrical isolation between the converter’s input power supply and
load. Meanwhile, it can improve the safety and reliability of converter operation and
electromagnetic compatibility. In addition, it can make the duty cycle of the DC/DC
converter change near a moderate value. Usually, in this case, a high boosted voltage can
be achieved by using a high-transformation-ratio transformer and a voltage multiplier [13].
The analysis shown in Reference [14] verifies that isolation not only ensures safety but
also increases the MPPT capability. Meanwhile, it shows that isolated converters have the
highest MPPT capability without considering the hardware implementation.

At present, MPPT methods can be classified into five categories: (1) classical methods,
such as perturbation observation, constant voltage and conductance increment meth-
ods [15]; (2) intelligent methods, such as artificial neural networks (ANNSs), fuzzy logic
controllers (FLCs) and sliding-mode control (SMC) [16,17]; (3) optimization methods, such
as cuckoo search (CS), the particle swarm algorithm (PSO), the gray wolf algorithm (GWO),
the ant colony algorithm (ACO) and the artificial bee colony algorithm (ABC) [18,19];
(4) hybrid methods, such as fuzzy particle swarm optimization (FPSO) and the adaptive
neuro-fuzzy inference system (ANFIS) [20]; (5) other methods, such as the variable-weather
parameter (VWP) method [21]. Under specific environmental conditions and requirements,
good performance can be obtained with all five of the above-mentioned MPPT methods.
However, the nonlinear model of the PV cell is one of the fundamental reasons why the
linear control theory cannot be widely applied in the MPPT control of PV systems at present.
And since the MPP must always exist in the process of use, it is easy to cause errors if its
constraints are not analyzed. In order to solve this problem, some expressions have been
proposed in Reference [22] to ensure the existence of the MPP in PV systems with buck,
boost, buck/boost and other non-isolated DC/DC converters.

Therefore, the research objective of this paper is as follows: to find the relationship
between the circuit parameters and the control signals of an isolated PV system by directly
utilizing the weather conditions so as to find the range of circuit parameters for which it is
capable of successful MPPT control and, accordingly, to propose two new MPPT methods.

The innovations and contributions of this work are as follows:

(1) The mathematical models of isolated PV systems are established, and the mathe-
matical relationships between the output power of the PV systems and the weather
conditions are found.

(2) The MCCs of isolated PV systems are found based on the engineering model and
the MPP linear model. The relationships between MCCs and the weather conditions,
circuit parameters and system structure are obtained.

(38) The practicality of the MPPT control algorithm can be enhanced. The problem of MPPT
failure can be avoided by fully considering the MCCs in the design and improvement
of the MPPT algorithm. Therefore, two MPPT methods, which are applicable to
different PV system structures, are proposed to improve the stability, applicability
and rapidity of MPPT control.

The section arrangement of this paper is as follows: Two MPPT constraint condi-
tions and two new MPPT methods are presented in Section 2. Some simulation experi-
ments are presented in Section 3. Finally, a discussion and some conclusions are given in
Sections 4 and 5, respectively.

2. Materials and Methods
2.1. Integrative Model of Isolated PV Systems

The structure of the isolated PV system is shown in Figure 2. I and V denote the
output current and voltage of the PV cell, respectively. I, and V,, denote the output current
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and output voltage of the isolated DC/DC converter, respectively. R; and Ry, denote the
equivalent resistances after the PV cell and after the isolated DC/DC converter, respectively.

Lo load
o or
Isolated + DC bus
PV cell DC/DC Vo or
converter I—» Inverter
o or
Ru AC bus

Figure 2. Isolated PV system structure.

The basic circuits of isolated DC/DC converters include the forward converter, flyback
converter, half-bridge converter, full-bridge converter and push-pull converter. They are
associated with the PV cell to produce the PV-Forward system, PV-Flyback system, PV-
Half-bridge system, PV-Full-bridge system and PV-push—pull system, respectively. The
isolated DC/DC converter is generally connected to a resistor, DC bus, inverter or AC
bus (shown in Figure 3). The different system structures also lead to differences in the
mathematical model and MPPT method.

° It It
oO— o—— o— —o—
DC
Ru bus Inverter| Vr Ru Invertey V:r |AC bus
o— o— o— - o0—

(a) (b) () (d)
Figure 3. Four types of output. (a) Load; (b) DC bus; (c) inverter; (d) AC bus.

In order to derive a theoretical mathematical model, two assumptions need to be made
for isolated PV systems:

(1) All circuit components are ideal;
(2) The isolated DC/DC converter operates in the continuous-current mode (CCM).

Firstly, according to Figure 2, it can be obtained by the power balance relationship:

VI =V, =P, 4)
1%

Ry = T ©)

Ry = Yo 6)
Iy

P, denotes the output power of the PV system.

The input-and-output-voltage relationships of forward, flyback, half-bridge, full-
bridge and push—pull converters can be expressed by Equations (7)—(11), respectively [23].
D denotes the duty cycle of the PWM wave for the isolated DC/DC converter, and the
isolation transformer ratio n is equal to N1/N,.

_ov
o

V, (7)
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Vo= 5y ®)
Vo= ©)
vo =27 (10)
Vo= a1

It can be seen that Equations (7), (9) and (11) are the same, which means that the
input-output-voltage relationships are the same for forward, half-bridge and push—pull
converters.

According to Figure 2, Equation (12) is satisfied.

_v

P = -0
(e} RL

(12)

The mathematical model of the PV-Forward system can be obtained by combining
Equations (1), (4), (7) and (12).

2
2R, [2 ny/PoRp,
Py =" e 1-C <e CDVoc —1>] (13)

Since the forward, half-bridge and push—pull converters have the same input-output-
voltage relationships, the mathematical models of the PV-Forward, PV-Half-bridge and
PV-Push—pull systems are also the same, all of which are expressed in Equation (13) and
will not be repeated below.

Similarly, the mathematical models of the PV-Flyback and PV-Full-bridge systems can
also be obtained.

2
ZR 12 1—-D 2 n(1-D)/PoRy,
Py =1 Lisel Z 2 Sclgz Flic (e ot " 1 (14)
2
ZR 12 ny/PoRL
P, =" 21;2“ 1-C <eZCzDVoc —~ 1)] (15)

For the DC bus, Equation (16) is satisfied.
Vo = Vbbus (16)

The mathematical model of the PV-Forward-Dbus system can be obtained by combin-
ing Equations (1), (4), (7) and (16).

Vibus! Vs
P, = ”LSS“ {1 -G <eCzDVoc — 1)] (17)

Similarly, the mathematical models of the PV-Flyback-Dbus and PV-Full-bridge-Dbus
systems can also be obtained.

_ 1Vppys(1-D)
P, = nVppussc(1 — D) [1_(:1 (eDCbZDVOC_1>:| (18)

D

P, = % [1 -G (eZCzDVOC —1” (19)
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The mathematical models of the inverter (SPWM control) and AC load can be repre-
sented by Equations (20) and (21), respectively. M denotes the SPWM wave modulation
ratio. V; and I; denote the RMS values of the output AC voltage and AC current for the
inverter, respectively.

v, = Mo (20)
V2

Ry =2 1)
I

The mathematical model of the PV-Forward-INV system can be obtained by combining
Equations (1), (4), (7), (20) and (21).

2n2R; I2 1y/2PoRy,
i o [1 e <e CDMVoc 1) (22)

D2M?

Similarly, the mathematical models of the PV-Flyback-INV and PV-Full-bridge-INV
systems can also be obtained.

2
2 ZR 12 1—-D 2 n(1-D)4/2PoR,
Py =" LDSES\/p ) 1-G (e 2DMVoc —1>] (23)
2
ZR IZ nm

For the AC bus, Equation (25) is satisfied.
Vi = Vabus (25)

The mathematical model of the PV-Forward-INV-Abus system can be obtained by
combining Equations (1), (10), (13) and (25).

21V s I V2V A s
P, = V21V s lse ll —C <e CDMVoc _ 1)1 (26)

DM

Similarly, the mathematical models of the PV-Flyback-INV-Abus and PV-Full-bridge-
INV-Abus systems can also be obtained.

2nV, I.(1—D ﬁnVAbuS(lfD)
Po _ \fn Ablg sc( ) 1— C1 (e C,DMVoc _ 1)] (27)
21V s I V21Vapys
Po _ fnngus sc 1— Cl <e2C2DMV0c _ 1)] (28)

Equations (13)-(15), (17)—(19), (22)—(24) and (26)—(28) are the theoretical basis for the
MCCs of PV systems with these five isolated DC/DC converters connected to the load, DC
bus, inverter and AC bus, respectively.

It can be concluded that Pomax appears in the slope of the curve at 0. Therefore, in
order to find the MCCs of PV systems with different structures, their mathematical models
are analyzed by substituting each of them into Equation (29).

dp,

-5 =0 (29)
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For the PV-Forward, PV-Flyback, PV-Full-bridge and PV-Forward-Dbus systems,
substituting Equations (13)—(15) and (17) into Equation (29), respectively, give Equations
(30)-(33), where the parameter C3 is represented by Equation (34).

nvP, R
Dmax = %XL (30)
3
D _ V PomaxRL —1_ C3/7’l (31)
T C3/n 4 /PomaxRL C3/n + v/PomaxRL
nv/P, R
Dinax = %"L (32)
3
V=Cs (33)
Cs = CyVie[lambertw(e x Sy 1] (34)

G

According to Equation (34), it can be concluded that the value of C3 is only related
to the parameters of the PV cell itself (S and T). The simulation experiments revealed
that Pomax is only affected by S and T and is independent of Ry, and n. Therefore, only
the values of C3 and Pomax under different weather conditions are required to derive the
relationship between Dmax and Ry, n. This leads to the MPPT control of isolated PV systems
to improve the efficiency. The C3-S, C3-T, Pomax-S and Pomax-T curves under different
weather conditions were plotted using MATLAB, and by applying the curve-fitting method,
Equations (35) and (36) can be obtained.

C3 = 0.0057 x S —0.086 x T 4 26.15 (35)

(36)

b —55x1077 x S34+53x10°xS5>4+017xS—009x T—145 0<T <40
omaX T —55x 1079 x S3+53x107° x S2 +0.17 x S — 2.7 —-20<T<0

According to Equations (35) and (36), C3 and Pomax can be easily derived from the
weather conditions. Meanwhile, in order to find the MCCs and improve the MPPT method-
ology of isolated PV systems, Dmax can also be derived by combining the circuit parameters
Ry and n.

Figure 4 shows the equivalent model of the isolated PV system at the MPP [12], where
Rimpp, Vmpp and Iypp represent the values of R;, V and I at the MPP in Figure 2, respectively.

Impp

7z
Z
1
| |
=
3
1
L

Rimpr

Figure 4. Isolated PV system with MPP linear model.

At the MPP, Equations (37) and (38) can be given by the circuit theorem [24].

Rimpp = —— (37)
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Pomax = Vmpp X Impp (38)
Equations (33), (37) and (38) are combined to obtain Equation (39).
G

P omax

Rimpp = (39)

According to the maximum power transfer theorem [24], the isolated PV system can
operate at the MPP when Equation (40) is satisfied.

Rivpp = Rem (40)
Meanwhile, according to the circuit theorem [24], Equation (41) is satisfied.
Vem = 2C3 (41)

Using Equations (35), (36), (39) and (41), Equations (42) and (43) can be obtained.

2
Raa(5,T) = o DL @)
VsM(S/ T) = 2C3(S, T) (43)

According to Equations (42) and (43), the MPP linear model of the PV cell can be built
using MATLAB/Simulink. When the weather conditions change, Rg\y is involved in the
design of MPPT as the output signal of the model.

2.2. MCCs Based on the Engineering Model

The relationship between circuit parameters, weather conditions and control parame-
ters has been derived in Section 2.1 when the output of the isolated DC/DC converter is
a load resistor. This section continues to derive the MCCs for isolated PV systems with
different topologies and outputs on the basis of the engineering cell model.

The circuit topologies of forward and flyback converters determine their D to sat-
isfy Equation (44), those of half-bridge and push—pull converters determine their D to
satisfy Equation (45), and that of the full-bridge converter determines its D to satisfy
Equation (46) [23]. These three formulas are also the basis of the analysis of MCCs carried
out in a later section. Dmax represents D at the MPP.

0 < Dpmax < 1 (44)
0 < Dmax < 0.5 (45)
0 < Dmax < 0.5 (46)

Substituting Equation (30) into Equation (44), it can be seen that Equation (47) is
satisfied. This is the Ry range in which the PV-Forward system can successfully track

the MPP.
0<R < “7)
L 12 Pomax

If the transformer ratio n is the object of study, Equation (47) can be replaced by
Equation (48).

C3
O<n< —> (48)
PomaxRL
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Similarly, the MCCs in the ideal case using the different PV systems are displayed in
Table 1. These expressions are the prerequisites of successful MPPT control for isolated PV

systems in the ideal case.

Table 1. Theoretical expressions of MCCs.

PV System Range of the Output Range of n
PV-Forward 0 <Ry < %ﬁmx 0<n< m
PV-Flyback 0 <Ry 0<n
PV-Half-bridge 0 <Ry < gop— 0<n< g e
PV-Full-bridge 0<Ry< poi— 0<n< O
PV-Forward-Dbus 0 < Vppus < % 0<n< ngus
PV-Flyback-Dbus 0 < VDbus 0<n
PV-Half-bridge-Dbus 0 < Vppus < 5 0<n< g
PV-Full-bridge-Dbus 0 < Vppus < & 0<n< po
PV-Forward-INV 0 <Ry < poti 0<n< MO
PV-Flyback-INV 0 <RL 0<n
PV-Half-bridge-INV 0 <Ry < garci 0<n< MG
PV-Full-bridge-INV 0 < Ry < yoC 0<n< Mo
PV-Forward-INV-Abus 0<1@m5<%%§ 0<n<:¢%ﬁm
PV-Flyback-INV-Abus 0 < Vapus 0<n
PV-Half-bridge-INV-Abus o<mmm<§% O<n<2é%m
PV-Full-bridge-INV-Abus 0 < Vapus < fgf 0<n< %

From the practical application point of view, the isolated PV system is a non-ideal
circuit, and the expressions in Table 1 need to be improved. The duty cycle of the isolated
DC/DC converter cannot be too small or too large due to the losses of the switching devices
and the isolation transformer itself, the limitations on the switching device’s opening and
closing times and the through-current withstand voltage, the transmission delay of the
controller and the PWM sampling delay. Therefore, in order to find the MCCs in practical
applications, it is assumed that the minimum D of the forward and flyback converters is
Dy 1, while their maximum D is Dy, and the minimum D of the half-bridge, full-bridge
and push—pull converters is D} 5, while their maximum D is Dyj,. At this point, the duty
cycle ranges of the forward and flyback converters can be expressed by Equation (49), and
the half-bridge, full-bridge and push—pull converter duty cycle ranges can be expressed by
Equation (50).

D11 < Dmax < D1 (49)

DLZ < Dmax < DU2 (50)

Substituting Equation (30) into Equation (49), it can be seen that Equation (51) can be
obtained. This is the Ry, range in which the PV-Forward system can successfully track the
MPP in practical applications.

2 2
DL1C3

D% C2
5 <Ry < U8
1% Pomax

51
- = 12 Pomax D

If the transformer ratio # is the object of study, Equation (51) can be replaced by
Equation (52).

D11C3 <n< Duy1Gs

e (52)
PomaxRL Pomax RL
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Similarly, the MCCs of various isolated PV systems can be derived when the D limita-

tion in a practical situation is considered, as shown in Table 2. These expressions are the
prerequisites of successful MPPT control for isolated PV systems in practical applications.

Table 2. Practical expressions of MCCs.

PV System Range of the Output Range of n
PV-Forward %ﬁi <Ry < nDz%iji f’):lac: - <n< 7D012§32L
2 2 2 2
PV-Flyback m SR < HZ(l,Egﬂlcfzpomax (RN e R i
PV-Half-bridge %ﬁ <R < ,Eéf,:i \/% =n< \/%
PV-Full-bridge % <R < ‘,‘,?éf% TG <n < Jpe
PV-Forward-Dbus GDU < Vs < S2Pu C\?fof sns CY}TT
PV-Flyback-Dbus B < Vobus < iy Vo D7 < < Tonuttoboy
PV-Half-bridge-Dbus GDL < Ve < S0 Tz <n < G
PV-Full-bridge-Dbus 2D < Vs < 2P0 T <n < I
PV-Forward-INV WD < Ry < 20 M <1< Rl
20212 20212
PV-Flyback-INV Wﬁ% <RL< anpﬁf‘:;lD,U;)Ul)Z (17Di\f)l)\;121€2maxRL =ns %}%
) M2C2D2 M2C2D>2
PV-Half-bridge-INV 21\2;;5’?;? <RL< ;A,Zli?; \\}% =n= é%
PV-Full-bridge-INV Bl < py < 200 vBus <n < Dus
PV-Forward-INV-Abus 7&%2“ < Vabus < 4C3A\/A§ZU1 %A\/ii,zl sn< %ﬁi
PV-Flyback-INV-Abus T < Vabus < P8 15 S Ve (1B
PV-Half-bridge-INV-Abus GO < Vypys < SMD2 Vi SnS TRt
PV-Full-bridge-INV-Abus VAGMDL <y, < Y2GMDy V2GMDLz < gy < V2GMDe
us Abus

2.3. MCCs Based on the MPP Linear Model

2.3.1. Expression of MCCs

The analysis in Section 2.2 has produced the ranges of circuit parameters for twenty

isolated PV systems capable of MPPT control based on the engineering model. This section
continues with an in-depth study of these circuit parameter ranges based on the MPP
linear model. After the engineering model has been linearized by using the methodology
in Section 2.1, the isolated PV system structure can be replaced by the system shown in
Figure 5. The flyback converter is selected as an example, where Vg1 and Rgy are quantities
that vary with the weather conditions (S and T).

'\I IO
‘6' load
ll or
N> c___ Vo DC bus
* or
Inverter
|RL

Figure 5. Isolated PV system based on MPP linear model. (* indicates the eponymous end of the

induced electromotive force of the winding).
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In order to find the MCCs in the ideal case, according to the maximum power transfer
theorem, it can be seen that Equations (53) and (54) are satisfied when the PV system is
operating at the MPP.

Ri = Rem (53)

Vm = 2V (54)

The R; of the PV-Forward system can be expressed by Equation (55), and R; will vary
with the different output devices and the transformations of isolated DC/DC converters.

2
n°R
R = —DZL (55)
The R; of the PV-Forward-INV system can be expressed by Equation (56).
2n*Ry
R =D G6)

Equation (56) reveals the mathematical relationship between the circuit parameters
(Rj, Ry and n) and the control signals (D and M). On the basis of these expressions, the
MCCs can be found.

When the output of the PV cell is connected to a resistor, Equation (55) is substituted
into Equation (53), and then Equation (57) can be obtained.

Ry
RsM

Dmax = 1 (57)

Substituting Equation (56) into Equation (53), it can be seen that Equation (58) is
satisfied. This is the Ry, range in which the PV-Forward system can successfully track
the MPP.

R
0< R < nzM (58)

If the transformer ratio n is the object of study, Equation (58) can be replaced by

Equation (59).
0<n< | Rt (59)
Ry

Similarly, the MCCs of the different PV systems in the ideal case are displayed in
Table 3. These expressions are the prerequisites of successful MPPT control for isolated PV
systems in the ideal case.

Table 3 shows that under ideal conditions, an Ry, or n value always exists in the PV-
Flyback system to match the conditions for the use of the MPP linear model. Also, Table 3
shows that under ideal conditions, a Vppys 0r 11 value always exists in the PV-Flyback-Dbus
system to match the use of the linear model. In contrast, for other PV systems, some
constraints always exist. In addition, the use of inverters in isolated PV systems also affects
the ranges of Ry, and n. For the PV-Forward-INV, PV-Half-bridge-INV and PV-Full-bridge-
INV systems, the presence of inverters narrows the ranges of Ry, and n. Obviously, the
expressions shown in Table 3 are the theoretical expressions of the MCCs, which can be
used as the basis for designing the MPPT control process and proposing the MPPT control
strategy under ideal conditions.
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Table 3. Theoretical expressions of MCCs.

PV System Range of the Output Range of n
PV-Forward 0<RL< ij%“ 0<n< %
PV-Flyback 0 <Ry 0<n
PV-Half-bridge 0 <Ry < i% 0<n<y IEA
PV-Full-bridge 0< Ry < B 0<n< /B
PV-Forward-Dbus 0 < Vppus < ‘%A 0<n< 2\‘//153]: s
PV-Flyback-Dbus 0 < VDbus 0<n
PV-Half-bridge-Dbus 0 < Vppus < 2t 0.<n< gt
PV-Full-bridge-Dbus 0 < Vppus SZ‘%" O<n< 21‘//;’;4.,5
PV-Forward-INV 0<RL< Mz,lfzSM 0<n <M,y gfzhf
PV-Flyback-INV 0<Rp 0<mn
2
PV-Half-bridge-INV 0 < Ry, < MR 0o<n< i gﬁ“ﬁ
PV-Full-bridge-INV 0<Rp< MZZ,’f;M 0<n<M §f§f

From the practical application point of view, the isolated PV system is a non-ideal
circuit, and the expressions in Table 3 need to be improved. The duty cycle of the isolated
DC/DC converter cannot be too small or too large. Therefore, in order to find the range of
circuit parameters in practical applications, the duty cycle ranges of the forward, flyback,
half-bridge, full-bridge and push—pull converters are expressed by Equations (49) and (50).

Substituting Equation (57) into Equation (49), it can be seen that Equation (60) is
satisfied. This is the Ry range in which MPPT control can be successfully realized in
practical applications for the PV-Forward system.

2
DL1 RsM
n2

D%n Rem

<R; < 5
n

(60)

If the transformer ratio n is the object of study, Equation (60) can be replaced by
Equation (61).

R R
Dryy /=M <5 < Dypy /=M (61)

Similarly, the ranges of circuit parameters in which various isolated PV systems are
capable of successfully realizing MPPT are shown in Table 4, when considering the limited
range of D in practical situations. These expressions are the prerequisites of successful
MPPT control for isolated PV systems in practical situations.

Table 4 shows significantly smaller ranges for Ry and Vpy,,s when compared with
those in Table 3. Unlike the ideal case, the PV-Flyback, PV-Flyback-Dbus and PV-Flyback-
INV systems have certain constraints in practical applications. Obviously, the expressions
in Table 4 provide a theoretical basis for isolated PV systems on the basis of the MPP linear
model in practical applications.

2.3.2. Range of MCCs

The ranges of Vg and Rgy have been derived for changing weather conditions.
Therefore, the extreme values of MCCs for practical applications are shown in Table 5. It
can be seen that the maximum range of Ry, (or Vpp,s) is necessary for each PV system to
be modeled with the MPP linear cell. By contrast, the minimum range of Ry, (or Vppys)
is a sufficient condition for every PV system to use the MPP linear model. Similarly, the
maximum and minimum ranges of the variable ratio n can be derived analogously.
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Table 4. Practical expressions of MCCs.

PV System Range of the Output Range of n
D?. Ry D%, R S :
PV-Forward LS S Rp < UM Di4 I%EA <n <Dy I}a\a
D2 R D% R, D, R D R.
PV-Flyback _PftsM o R _ZUISM L1 M <y < U1 sM
Y ‘rzz(l—DLl)2 =L = ”2(1—DU1)2 (1-Dv1) Re =" = (1-Du) Ro
2 2
PV-Half-bridge Dhafw < Ry < Dl Dioy /Bt < < Dy /B
: 4D2,R 4D2, Ry
PV-Full-bridge =M < Ry < M 2Dy, 1%3/1 <n<2Dy, IEA
Dr1Vem Du1Vam Dr1Vam Dy1Vem
PV-Forward-Dbus Diglir < Yy, < Dyl Dpr < n < Gl
a _ Dr1Vem < _DuiVem Dr1Vam < Du1Vam
PV-Flyback-Dbus 2n(1-Dyy) < Vbbus < 2n(1-Dy1) 2Vpbus(1—Dr1) <ns 2Vppus (1—Du1)
; D1 Vem Do Vem DioVem Duz Vm
PV-Half-bridge-Dbus =M < Vppus < =5, M <n < S
PV-Full-bridge-Dbus % < Vbpus < % % <n< %
D2, MR, D2, M?R = "R
PV-Forward-INV LS SR < UM MDy;4 /12%{1 <n < MDy; 12%{1\:
Df, MR, D MRy MD, R MD. R
PV-Flyback-INV PV BRM o R UL BM L1 M <y < U1 sM
y Z‘rzz(l—DLl)2 = "L = 27122(1—2DU1)2 (1-Dn) V 2R =7 = (1-Du1) V 2R
. D2, M2 Ry D2, M2 Rey i R,
PV-Half-bridge-INV M <Ry < e MDypy/ 5t < n < MDyyy/ 532
. 2D%, M?Ramt 2D%, M?Rgm 2R 2R
PV-Full-bridge-INV o =M SRy < 2N MDi, /2R < n < MDyyy /2R
Table 5. Ranges of MCCs.
PV System Maximum Range Minimum Range
2 . 2 2 > ‘
PV-Forward @ <R < @ w <R < @
2 ) 2 2 2 .
PV-Flyback M <Ry < M M <RL< M
n (21*DL1) "2(1*DU1) n (21*DL1) n2(1-Dy1)
PV-Half-bridge L}Mmm <R < L;Mmax L;Mmax <Ry < Lﬁl\’lm‘m
n - - n n - - n
PV-Full-bridge 4DERovmin < R < 4DGpRovmax 4DBRwmax g < 4DEpRavimin
n2 L n2 2 L 2
PV-Forward-Dbus BuYamin < vy, < Dut¥edme DuVome: < vy o < DurVoumin
m = > n n = = n
T - DLl Vstin DUl Vstax DLl Vstax DUl Vstin
PV-Flyback-Dbus m=py < Vbbus < 2n(1=Doy) mi-Dr) < VDbus < 2(1-Dun)
PV-Half-bridge-Dbus % < Vipus < % % < Vipus < %
PV-Full-bridge-Dbus DuoVewmin < Yy, < DuzVeuma DuoVoma < v, o < D2Vormn
2 2 . 2 2 2 2 2 2 .
PV-Forward-INV w <R < w w <R < W
PV-Flyback-INV Dy M*Rsvimin < R < Dby M Rovmax DE M Ravimax < R < Dy M Rovimin
2n2(17DL1) - - 2112(17DU1) an(lfDLl) - - 2H2(17DU1)
PV-Half-bridge-INV DEM2Rovmin R« DipM?Rovimax DEM2Rovimax o« DM Rovimin
2n2 = AL = ) 2n22 2n2 = 2L = 5 21122
PV-Full-bridge-INV M < Ry < 2PuM Revimax M < Ry, < 2PueM Ratmin
n — = n ” > = 7

In practical applications, Tables 3-5 are a good guide for the circuit design, theoretical
derivation and product selection of isolated PV systems. On the one hand, it is complicated
to adjust the output under changing weather conditions. In order to realize MPPT control,
they can be used to select the types of isolated DC/DC converters and circuit components.
On the other hand, they can also be used as a basis for the study of MPPT methods.
Meanwhile, they can be used to estimate the MPPT effect based on the recorded historical
data of S and T in the application area. In addition, the results shown in Table 5 can
provide a theoretical basis when the overall linearized model of the isolated PV system
is investigated.

2.4. Two New MPPT Methods Based on MPP Linear Modeling

Two new MPPT methods based on the MPP linear model are proposed. Here, the
PV-Flyback and PV-Flyback-Dbus systems are used as examples.
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2.4.1. MPPT Method for PV Systems with Resistive Output (RMPPT)

Substituting Equations (4)-(6), (8) and (42) into (53), Equation (62) is satisfied. It relates
Dmax to the weather conditions (S and T) and the circuit parameters (Ry, and 1) when the
PV-Flyback system operates at the MPP.

nyRy
\/ RSM(S’ T) + n\/R7L

According to Equation (62), it can be seen that RMPPT can be used when Ry, and n
are measured or known. Equation (62) is the theoretical basis of RMPPT, which can be
described as follows: by measuring or knowing S and T as well as Ry, and 7, the duty cycle
Dmax at the MPP for the isolated PV system can be calculated, and the microcontroller or
chip can realize MPPT control by controlling D = Dpax.

The structure of the isolated PV system using RMPPT is shown in Figure 6. As can be
seen in Figure 6, the Dmayx value of the PV system when it is located at the MPP attachment
can be simply calculated by using a microcontroller or chip to measure or know the weather
parameters (S and T) and the circuit parameters (1, V, and I,), calculating the load resistor
Ry, and then substituting these parameters into Equation (62). When the input is a PV array,
the cost of the sensor can be reduced by sharing the irradiance sensor if S is uniform in
a certain area. Also, the cost of voltage sampling and current sampling can be reduced
if Ry is essentially the same for each PV system. It can be seen that the implementation
of RMPPT requires only a simple process with low computational complexity, which can
greatly reduce the hardware cost and program design of an isolated PV system.

Dmax =

(62)

Isolated load
PV cell DC/DC .
resistance
converter
n Dmax

VO

Sand T S, T MPPT
Sensors controller

IO

Figure 6. Isolated PV system structure of RMPPT.

2.4.2. MPPT Method with Output as DC Bus (BMPPT)

Substituting Equations (8), (16), (43) into (54), Equation (63) can be obtained. It relates
Dmax to the weather conditions (S and T) and the circuit parameters (Vpyp,s and n) when
the PV-Flyback-Dbus system operates at MPP.

2nVDbus
VsM(S/ T) + 2nVDbus

Drmax = (63)

According to Equation (63), it can be seen that when Vs and # can be measured or
known, BMPPT can be used. Equation (63) is the theoretical basis of BMPPT, which can be
described as follows: From the measured or known S and T, as well as Vpy,s and 7, the duty
cycle at the MPP Dyax of the isolated PV system can be calculated. Then, the microcontroller
or chip makes the duty cycle of the PWM wave equal to Dpay, thereby achieving MPPT
control. In contrast to RMPPT, BMPPT need not collect the output current. Eliminating the
current-sampling device from the hardware design reduces the design difficulty and cost
of the PV system and also reduces the current-sampling program designed for the software.
When the output is a DC bus, BMPPT has an obvious advantage.

The structure of the isolated PV system using BMPPT is shown in Figure 7. As can
be seen in Figure 7, the value of Dmax for a PV system located at the MPP attachment can
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be simply calculated by using a microcontroller or chip to measure or know the weather
conditions (S and T) and the circuit parameters (n and Vppys) and then substituting these
parameters into Equation (63). Similarly, in the case of multiple PV arrays at the input, the
cost of the sensors can be reduced by sharing irradiance sensors if S is uniform in a certain
area. At the same time, multiple PV cells simplify the design of voltage-sampling circuits
and reduce hardware and software costs by sharing a common set of DC buses.

DC bus
Isolated
PV cell DC/DC
converter
n Dinas DFZ loads or
inverters

SandT | 7] MPPT | Vobus
Sensors conh‘oller

Figure 7. Isolated PV system structure of BMPPT.

3. Results
3.1. Simulation Verification of MCCs Based on the Engineering Model

In Table 2, it can be seen that the MCCs for PV systems with forward, half-bridge,
full-bridge and push—pull converters are similar, as are the MCCs for PV systems with
and without inverters. In this section, only the PV-Flyback, PV-Full-bridge, PV-Flyback-
Dbus and PV-Full-bridge-Dbus systems are verified, and other PV systems with different
structures can be verified analogously. In order to verify the accuracy of Table 2, some
simulation experiments were carried out for PV systems with a flyback converter and
full-bridge converter at STC with n =1/10 or Ry, =5 Q) or Vs = 500 V for three cases,
respectively. The experimental results are shown in Figure 8. The four factory parameter
settings of this PV cell model are the same as in the first PV cell (1Soltech 1STH-215-P) of the
PV array module in MATLAB/Simulink, which are Isc =7.84 A, Vo =363V, [ =735 A
and Vi =29V, respectively.

2000y Ri=25.790 : 2001\ —— n=0.2271
n=1
Ri=1000Q \ \ N
150 : 150 | \
\ Ri=30000 \ \ 1=3.63 \
Ri=6601Q 4
% 100 \ Z 100
50 j 50 F
0 . 1 1 \ O L l\
0.2 0.3 04 05 06 07 08 02 03 04 05 06 07 08
D
D

() (b)

Figure 8. Cont.
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Figure 8. P,-D curves of the different outputs and n. (a) Po-D curves of PV-Flyback system for
different Ry ; (b) Po-D curves of PV-Flyback system for different 1; (c) Po-D curves of PV-Full-bridge
system for different Ry ; (d) Po-D curves of PV-Full-bridge system for different n; (e) Po-D curves
of PV-Flyback-Dbus for different Vpy,s; (f) Po-D curves of PV-Flyback-Dbus for different #; (g) Po-
D curves of PV-Full-bridge-Dbus for different Vpy,g; (h) Po-D curves of PV-Full-bridge-Dbus for

different n.
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Assume that Dy, Dy1, D1y and Dy, are taken as 0.2, 0.8, 0.1 and 0.45, respectively,
that R, =5 Q or Vppys = 500 V for the study of the range of n, and that n = 0.1 for the
study of the range of Ry or Vpyps. The calculated maximum and minimum values of
the circuit parameter range for a PV system with a forward converter and a full-bridge
converter capable of successful MPPT are shown in Table 6, where Ry max and Rymin denote
the maximum and minimum values of Ry, respectively, #max and #yin denote the maximum
and minimum values of n, respectively, and Vpmax and Vpmin denote the maximum and
minimum values of Vpy,,s respectively. These data are compared with Figure 8 to analyze
the reasonableness and accuracy of the MCCs.

Table 6. The extreme values of MCCs.

PV System Rpmin 0f VDmin Rimax 0 VDmax Hmin Nmax
PV-Flyback 25.79 O) 6601 Q) 0.2271 3.634
PV-Full-bridge 16.5 Q) 334.2 Q) 0.1817 0.8175
PV-Flyback-Dbus 7425V 1188 V 0.01485 0.2376
PV-Full-bridge-Dbus 594V 267.3V 0.0594 0.2673

According to Figure 8a,b,e f, for the PV-Flyback and PV-Flyback-Dbus systems, when
n is certain and Ry = Rymin OF Vppus = VDmin 1S satisfied, the MPP is reached exactly at
D =Dr1. When Ry = Rpmax O Vppus = Vbmax is satisfied, the MPP is reached exactly at
D = Dy1. When Ry, or Vppys is certain and # = ny,y is satisfied, the MPP is reached exactly
at D = Dp ;. When 11 = n1max, the MPP is reached exactly at D = Dyjy.

In Figure 8c,d,g h, it can be seen that, for the PV-Full-bridge and PV-Full-bridge-Dbus
systems, the MPP is reached exactly at D = Dy, when # is certain and Ry, = Rymin or
Vbbus = VDmin 1S satisfied. When Rp = Rpmax O Vppus = VDmax 1S satisfied, the MPP is
reached exactly at D = Dyp. When Ry, or Vs is certain and # = npy,;p, is satisfied, the MPP
is reached exactly at D = Dyy. When n = nmay is satisfied, the MPP is reached exactly at
D = Dyyp.

In Table 6, it can be seen that the range of MCCs for the PV-Flyback and PV-Flyback-
Dbus systems is much larger than that of the PV-Full-bridge and PV-Full-bridge-Dbus
systems. However, in the small-load and low-variable-ratio segments, the range of MCCs
for the PV-Full-bridge and PV-Full-bridge-Dbus systems is slightly larger than that for the
PV-Flyback and PV-Flyback-Dbus PV systems.

In conclusion, according to Figure 8, the MCCs shown in Table 2 are accurate in
practical applications when the duty cycle constraints of isolated DC/DC converters are
considered.

Obviously, the MCCs of PV systems are influenced by the changing irradiance and
temperature. Therefore, in the research and application of PV systems, we can judge the
effect of MPPT control and estimate the range of its circuit parameters according to local
historical meteorological data.

3.2. Simulation Verification of MCCs Based on MPP Linear Model
3.2.1. Accuracy Verification of MCCs

Table 7 shows the four weather conditions of the PV system, and simulation exper-
iments were conducted for the MCCs. Meanwhile, the results in Tables 3-5 and other
weather conditions can be verified analogously.

Table 7. Simulated weather parameters of PV system.

Weather Conditions (€)) (b) (c) (d)

S (W/m?) 1300 850 550 350
T (°C) 40 25 20 15
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When the output of the PV system is resistive, D11, Dy1, D12 and Dy, are taken as 0.2,
0.8, 0.1 and 0.45, respectively, and Ry, is equal to 0.5 ). The simulation results are shown
in Figure 9. Figure 9 compares the curves of D,y variation with n for the PV-Forward,
PV-Flyback, PV-Half-bridge and PV-Full-bridge systems under four weather conditions.
Meanwhile, the MCCs in Table 4 are calculated, and the results are shown in Table 8. They
can verify the accuracy of the simulation results in Figure 9 and Table 4.

05 T T T T

Dmax

0.5

Dmax

(© (d)

Figure 9. P,-D curves of different PV systems. (a) Dmax-1 curves of PV-Forward system; (b) Dpmax-1
curves of PV-Flyback system; (¢) Dmax-11 curves of PV-Half-bridge system; (d) Dmax-1 curves of
PV-Full-bridge system.

Table 8. Calculated values of MCCs.

Weather Conditions (a) (b) (c) (d)
0.497 0.615 0.760 0.957
PV-Forward 1.989 2462 3.038 3.829
0.622 0.769 0.949 1.197
PV-Flyback 9.947 12.31 15.19 19.15
. 0.249 0.308 0.380 0.479
PV-Half-bridge 1.119 1.385 1.709 2.154
PV-Full bridge 0.497 0.615 0.760 0.957

2.238 2.770 3.418 4.308
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In Figure 9a, it can be seen that, for the PV-Forward system, Dmax remains at 0.2
when n < Dr1v/Reu/+V/Rp and 0.8 when n > Dy;v/Rem/+/Rr, which implies that the
MPP does not exist outside the range of n, and the MPP linear model cannot be used.
In Figure 9b, it can be seen that, for the PV-Flyback system, Dmax stays at 0.2 when
n < Dr1v/Rem/[v/RL(1 — Dyr1)], while when n > Dy3v/Rem/ [V RL(1 — Dy1)], Dmax stays
at 0.8, which means that the MPP does not exist outside the range of n, and the MPP linear
model cannot be used. In Figure 9c, it can be seen that, for the PV-Half-bridge system, Dyin
staysat 0.1 whenn < Dyv/Rgm/ +/Rp, while Diax stays at 0.45 when n > Dys+/Rsm//Rr,
which implies that the MPP does not exist outside of the range of n, and the MPP linear
model cannot be used. In Figure 9d, it can be seen that the PV-Full-bridge system maintains
Dmin at 0.1 when n < 2Dj2+/Rgm/ +v/R1,, while Diax remains at 0.45 under the condition of
n > 2Duzv/Rem/ /R, which implies that the MPP does not exist outside the range of n,
and the MPP linear model cannot be used.

Comparing Figure 9, the Dpax of the PV system varies with n when 7 is within the
MCCs. In this case, the MPP always exists, and the MPP linear model can be used for
these four PV systems. The simulation results shown in Figure 9 are consistent with the
corresponding data in Table 8, whereas the Dmax-# curves of PV systems under different
weather conditions differ significantly. Therefore, it can be concluded that the practical
expressions of MCCs for various isolated PV systems in Table 4 are accurate for the PV-
Forward, PV-Flyback, PV-Half-bridge and PV-Full-bridge systems.

3.2.2. Comparison of MCCs

The fifteen PV systems studied in this section can be applied under a wide range of
practical requirements. However, the choice of the right PV system is complex. Therefore,
it is essential to compare their MCCs. Here, it is assumed that the values of Dy, Dy,
Du1, Dya, n, Ry and Vs are the same as in Section 3.2.1. In this case, Table 9 shows the
calculated values according to Table 5.

Table 9. Calculated values of MCCs.

PV System Calculated MCC Values
PV-Forward 0.284/Rgm < n < 1.13y/Rgm 4Rgm < Ry < 64Rgy
PV-Flyback 0.35v/Rgm < 11 < 5.661/Rem 6.25Rsm < Ry, < 1600Rg\m
PV-Half-bridge 0.144/Rem < 11 < 0.6361/Rgm Rsm < Ry < 20.25Rgv
PV-Full-bridge 0.28y/Rgm < 1 < 1.272/Rgm 4Rgm < Rp < 81Rgm
PV-Forward-Dbus 0.01Vgy < n < 0.04Vom Vem < Vobus < 4Vem
PV-Flyback-Dbus 0.013Vgmy < n < 0.2Vgm 1.25Vom < Vppus < 20Vam

PV-Half-bridge-Dbus
PV-Full-bridge-Dbus
PV-Forward-INV
PV-Flyback-INV
PV-Half-bridge-INV
PV-Full-bridge-INV

0.005Vgy < 1 < 0.02Vgy
0.01Vey < 11 < 0.045Viy
0.16y/Rem < 11 < 0.641/Rgyp
0.2y/Rqm < 1 < 3.2/Rem
0.08v/Rgm < 11 < 0.361/Rgmp
0.164/Rgp < 11 < 0.72y/Rgpp

0.5Vam < Vipus < 2.25Vem
VoM < Vpbus < 4.5Vsm
1.28Rq < Ry < 20.48Rgy
2Rgy < Ry < 512Rgy
0.32Rgy < Ry, < 6.48Rgy
1.28Rqq < Ry < 25.92Rgy

Some simulations based on Table 9 were performed to further analyze the MCCs. The
simulation results are shown in Figure 10. In Figure 10, Ry minrp and Ry maxpip denote the
maximum and minimum values of Ry, for the PV-Forward system and PV-Half-bridge
system, respectively. Other circuit parameter boundaries are also presented in Figure 10.
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Figure 10. Comparison of curves of MCCs. (a) PV-Half-bridge compared with PV-Full-bridge
system; (b) PV-Forward compared with PV-Forward-INV system; (c) PV-Full-bridge compared with
PV-Full-bridge-INV system; (d) PV-Forward-Dbus compared with PV-Half-bridge-Dbus system.

Some conclusions can be drawn from Figure 10 and Table 9. Take the load resistance
output as an example. When the weather parameters and the ratio are certain, the max-
imum value of the load resistance for the PV system using the forward converter as the
MPPT circuit is about three times that for the PV system using the half-bridge converter.
Meanwhile, the maximum value of the load resistance for the PV system using the full-
bridge converter is about four times that for the PV system using the half-bridge converter.
However, when Ry, < 4Rg\, only the PV system using the half-bridge converter can success-
fully realize MPPT control. When the weather parameters and load resistance are certain,
the maximum value of load resistance for the PV system using the full-bridge converter is
about two times that for the PV system using the half-bridge converter. Meanwhile, only
the PV system using the half-bridge converter can successfully realize MPPT control when
n < 0.28. When an inverter is connected to the PV system, no matter what kind of converter
is used as the MPPT control circuit, the range of circuit parameters is reduced to a certain
extent. When the flyback converter is used, the load resistance, transformer ratio or bus
voltage range is much larger than that of other isolated PV systems. Since both Rgy and
Vem are functions of S and T, the load, transformer ratio or bus voltage range changes with
S and T. In addition, Figure 10 not only shows the range of variation in Ry, # and Vpy,s but
also verifies the accuracy of the boundary values given in Table 9. The MPP linear model
can be used only if the MPP is always present in the isolated PV system within this range.
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In conclusion, both the different choices of isolated DC/DC converters and changing
weather parameters may lead to changes in the MCCs.

3.3. Simulation Analysis of RMPPT

In order to verify the practicality of RMPPT and test its MPPT capability, the PV-
Flyback system model was built by using Simulink. In this case, the MPP linear model
in Section 2.1 is used. Meanwhile, n and Rj, are equal to 2 and 1.7 (), respectively. In
addition, the capacitors, inductors and transformers in the circuit are ideal components,
the switching components are MOSFETs, and the PWM wave frequency is 15 kHz.

Simulation experiments on the practicality of RMPPT were conducted, and the results
are shown in Table 10. Dy,x and Dya¢1 denote D values at the MPP when the RMPPT and
P&O methods are used, respectively. Pomax and Pomax1 denote the maximum output power
values of the PV cell when the RMPPT and P&O methods are used, respectively. Pomax2
denotes the maximum output power of the PV system. The parameter settings are n =1/10
and Ry, = 500 Q). The P&O method step size is set to 0.005.

Table 10. Experimental results for practicability of RMPPT.

(S,T)/(W/m2, OC) Dmax Dmaxl Pomax Pomaxl PomaxZ
(750, 15) 0.4865 0.4821 152.19 152.13 149.63
(1000, 15) 0.5175 0.5204 214.7 214.89 2125
(1250, 15) 0.54 0.5373 281.77 281.72 279.92
(750, 25) 0.4929 0.5007 151.29 151.22 148.79
(1000, 25) 0.524 0.5221 2134 213.69 211.2
(1250, 25) 0.547 0.5455 280.87 280.83 277.93
(750, 35) 0.4994 0.5013 150.39 150.51 148.43
(1000, 35) 0.5308 0.5269 2129 212.69 210.09
(1250, 35) 0.5539 0.5520 279.97 280.14 277.64

In Table 10, it can be seen that the values of Diax and Pomax calculated by RMPPT are
basically equal to Dax1 and Pmaxi, respectively. This proves the practicality of RMPPT. In
addition, it can be seen from Pypax1 and Pymaxo that there is a difference between them due
to the loss of the circuit components, the average value of which is the circuit loss, which is
calculated to be about 2.41W.

Two sets of simulation experiments were performed for RMPPT using Simulink. And
the MPPT methods were judged on the basis of stability and speed.

(1) Simulation experiment of irradiance change

In order to simulate a sudden weather change situation, it is assumed that at 0~0.3 s,
S=800W/m?and T = 25 °C; at 0.3~0.7 s, S = 1200 W/m? and T = 25 °C; and at 0.7~1 s,
S =400 W/m? and T = 25 °C. Figure 11 shows the simulation results.

In Figure 11b, it can be seen that the tracking time and numerical stability of the MPP
are much better than in the traditional P&O method when RMPPT is used in the isolated
PV system with sudden changes in weather conditions (S). In Figure 11c, it can be seen
that the P&O method itself has a step-length limitation, which causes D to oscillate around
Dmax, which is the reason why the output power of the P&O method oscillates at the MPP,
while the RMPPT stabilizes at the MPP. It can also be seen in Figure 11 that, after the sudden
change in S, D is actively adjusted to the new Dmax, and the Pomax of the PV cell is also
stabilized to the new Pomax after a rapid adjustment, which also proves the correctness of
the conclusion in Section 2.1.
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Figure 11. Simulation experiment of irradiance change. (a) S curve variation with ¢; (b) compari-
son of Pomax-t curves of RMPPT and P&O methods; (c¢) comparison of D-t curves of RMPPT and
P&O methods.

(2) Simulation experiment of Ry, change

Figure 12 shows the simulation results. In Figure 12b, it can be seen that the tracking
time and numerical stability of the MPP are much better than those of the P&O method
when RMPPT is used with sudden changes in Ry . It can also be seen in Figure 12 that D,y
is actively adjusted to the new Dpax after a sudden change in Ry, but Pomax remains at the
same value after a short transient adjustment.

Therefore, it can be concluded that RMPPT outperforms the conventional P&O method
in terms of MPPT rapidity and stability, regardless of changing weather conditions or
circuit parameters.

Although only the MPPT method for the PV-Flyback system based on Equation (62) is
proposed and verified in this section, the remaining MPPT methods for different isolated
PV systems can be proposed analogously, which makes it easy for researchers and users of
PV systems to select the corresponding MPPT methods.
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Figure 12. Simulation experiment of Ry, change. (a) Ry, curve variation with ¢; (b) comparison of Pomax-t
curves of RMPPT and P&O methods; (c) comparison of D-t curves of RMPPT and P&O methods.

3.4. Simulation Analysis of BMPPT
In order to verify the practicality of BMPPT and test its MPPT capability, the PV-

Flyback-Dbus system model shown in Figure 8 was built by using Simulink. The parameter
settings are n = 2 and Vpypys = 25 V, the capacitors, inductors and transformers in the
circuit are ideal components, the switching components are MOSFETs, and the PWM wave
frequency is 15 kHz. The simulation experiment results under varying temperature and

DC bus voltage conditions are shown in Figure 13.
In Figure 13b,e, it can be seen that the tracking time and numerical stability of the

MPP are much better than in the P&O method when BMPPT is used in isolated PV systems
with sudden changes in T or Vppys. It can also be seen in Figure 13b,c that, after a sudden

change in T, Dmax is actively adjusted to the new Dy, and Pomax is also stabilized to the

new Pomax after a rapid stepwise adjustment.
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Figure 13. Simulation experiment of T and Vs changes. (a) T curve variation with ¢; (b) comparison
of Pomax-t curves of T change; (c) comparison of D-t curves of T change; (d) Vppys curve variation with
t; (e) comparison of Pomax-t curves of Vs change; (f) comparison of D-t curves of Vpy,s change.
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Therefore, it can be concluded that BMPPT is far superior to the traditional P&O
method in terms of rapidity and stability under changing weather conditions or circuit pa-
rameters.

Although only the MPPT method for the PV-Flyback-Dbus system based on the theory
of Equation (63) is proposed and validated in this section, the remaining MPPT methods
for different isolated PV systems can also be proposed analogously.

In this section, two MPPT methods (RMPPT and BMPPT) are verified when a load
resistance and DC bus are selected as the output of the PV system, respectively. The
conventional P&O method is compared with two MPPT methods implemented in Mat-
lab/Simulink under varying weather conditions (irradiance and temperature) and circuit
parameters (DC bus voltage and load resistance). The experimental results verify the high
speed and accuracy of the two proposed MPPT methods and show the advantages of a
simple program, small computational volume and low cost of hardware and software.
They also verify the correctness and practicability of the MPP linear model established in
Section 2.1.

4. Discussion

Tables 1-5 show the constraint conditions that enable the successful realization of
MPPT control for isolated PV systems on the basis of the PV cell engineering model and
MPP linear model. However, in practical applications, these constraint conditions usually
play an important role in the hardware design, theoretical study and product installation of
the PV system. On the one hand, since the boundaries of these constraints always change
with the weather parameters, it is difficult to adjust the operating system in real time based
on whether the load (or bus voltage) varies within the MCC range. For hardware designers,
the MCCs can be utilized to select system configurations and circuit components. For the
theoretical researcher, the MCCs can be used as a basis for ensuring the usability of the
proposed control method. For the system installer, the MCCs can be used to estimate the
MPPT effect based on solar irradiance and temperature recordings in the installation area.
On the other hand, in practical applications, the maximum selected value of the load (or
bus voltage) can be reflected by the MCCs. In other words, for a PV system, if the selected
value of the load (or bus voltage) is not within the corresponding interval, the MPP cannot
be successfully tracked, regardless of the used MPPT method, in which case, of course, the
MPP linear model cannot be used. In addition, the MCCs can provide a theoretical basis
when the MPP linear model is used to study the overall linearized model of the PV system.

However, in practice, the MPPT control of PV systems is usually affected by some other
factors, such as the installed PV power, non-ideal DC/DC converter, non-ideal inverter
and transmission efficiency. Therefore, the conclusions of this paper will be influenced
by these factors to some extent. However, these factors are negligible. The reasons are
as follows. On the one hand, the use of ideal isolated DC/DC converters and inverters
can greatly simplify the theoretical study, just like in other studies. On the other hand,
the aim of this work is to reveal the governing relationships between PV cell parameters
and the load resistance or bus voltage when the MPP of the PV system is always present.
Obviously, obtaining these relationships is very beneficial for the study of MPPT control
methods using both PV cell models. Finally, the two constraint conditions in this paper
represent the key results on the basis of which other factors can be easily considered and
involved in practical applications.

5. Conclusions

For isolated PV systems, this paper solves the problem of when to apply the MPP
linear model of the PV cell and proposes two faster and more accurate MPPT methods on
the basis of MCCs, which are important for studying the overall linearization of isolated
PV systems. In practical applications, the MCCs are a good guide for the circuit design,
theoretical derivation and product selection of isolated PV systems. Theoretical researchers,
hardware circuit designers and PV equipment installers can select the suitable isolated PV



Processes 2023, 11, 3245

26 of 28

system according to different load and DC bus range requirements and make a preliminary
estimation of MPPT effects. The main work in this paper is summarized as follows:

(1) The overall mathematical models of twenty isolated PV systems are established. And
the relationships between the output power of isolated PV systems, the parameters of
the PV cell and circuit parameters are found.

(2) The MCCs are found for isolated PV systems with different topologies and outputs on
the basis of the PV cell engineering model and MPP linear model, respectively. They
are a good guide for the circuit design, theoretical derivation and product selection of
PV systems.

(3) Based on the MPP linear model and MCC, two MPPT methods (RMPPT and BMPPT)
applicable to different output conditions are proposed. The experimental results
verify the speed and accuracy of the two proposed MPPT methods. The MPPT time is
improved from 0.23 s to 0.03 s. These two methods have the advantages of a simple
program, small computational volume and low hardware and software costs.

Although this thesis finds some direct mathematical relationships between weather
parameters (irradiance and temperature), circuit parameters (load resistance, transformer
ratio and bus voltage) and control signals (PWM wave duty cycle) for isolated PV systems
and proposes two MPPT methods applicable to different topologies and load types, there
is still a lot of follow-up work to be carried out.

(1) The theoretical derivation in this paper makes some idealized assumptions. However,
there may be more complicated situations in the practical circuit, and determining
how to establish the MCCs and MPPT methods for more complicated situations is an
important research direction.

(2) The two MPPT methods proposed put forward higher requirements on the speed,
accuracy and economy of the irradiance and temperature sensors. If irradiance
and temperature sensors with lower costs, higher accuracy and faster speed can be
developed, the MPPT control method proposed in this paper can be more widely used.

(3) The MCCs proposed in this paper are based on the premise that the irradiance of
all PV cells is uniform, but due to the environmental changes that may occur in the
case of the partial shading of PV cells, it is also an important direction to consider the
MCCs and the MPPT method in the case of non-uniform irradiance.
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Abbreviations

MPP  Maximum power point STC Standard test conditions
PV Photovoltaic PWM  Pulse-width modulation
MCC  MPPT constraint conditions DC Direct current

MPPT  Maximum power point tracking AC Alternating current

VWP  Variable-weather parameter

Nomenclature

I Output current of PV cell (A) n Transformer ratio of isolated DC/DC converter

14 Output voltage of PV cell (V) M SPWM wave modulation ratio

S Solar irradiance (W/m?) Ve Output voltage of inverter (V)

T Cell temperature (°C) Iy Output current of inverter (A)

I Output current of isolated DC/DC converter (A) Rom Internal resistance of linear cell model (Q)

Vo Output voltage of isolated DC/DC converter (V) Vsm Open-circuit voltage of MPP linear model (V)

D Duty cycle of the PWM signal of converter Dmax D at the MPP

Isc Short-circuit current of PV cell under STC (A) Pomax  Output power at MPP (W)

Vo  Open-circuit voltage of PV cell under STC (V) Rivpp  Value of R; at MPP (Q))

Im MPP current of PV cell under STC (A) Vmpep  Value of V at MPP (Q))

Vm  MPP voltage of PV cell under STC (V) Ivpp Value of I at MPP ()

R; Input resistance of isolated DC/DC converter ((2) Vpbus ~ Voltage of DC bus (V)

Ry Load or equivalent load resistance of PV system ((2) Vapys  Voltage of AC bus (V)

D13y Minimum D for forward and flyback converters Dy Minimum D for half-bridge, full-bridge, push—pull converter

Dyi1  Maximum D for forward and flyback converters Dy Maximum D for half-bridge, full-bridge, push—-pull converter

Py Output power of PV system (W)
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