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Abstract: The real-time linearization of a photovoltaic (PV) cell has been implemented well by the
proposition of two maximum power point (MPP) linear models (MPP Thevenin cell model and MPP
Norton cell model). However, there is no work to specially analyze the circuit parameter range (CPR)
to correctly use them, which seriously impedes the development of the linear control theory involving
them. To deal with this problem, in this paper, PV systems with three usual outputs are analyzed
and the expressions of their CPR are proposed under ideal conditions. Meanwhile, these expressions
are improved to match the practical application. They disclose the relationships between load (or bus
voltage) and model parameters of the MPP Thevenin cell model (MPP-TCM) when the MPP of PV
system always exists. They also reveal the constraints of load (or bus voltage) when the MPP-TCM is
always available. Finally, by some simulation experiments, the accuracy of the expressions of the CPR
is verified, the regular patterns of the CPR changing with weather are disclosed, and the comparison
of the CPR for different PV systems are made. In this work, the relationships between MPP-TCM
and circuit parameters are successfully found, disclosing the constraints among parameters when the
MPP-TCM is used to implement the overall linearization of a PV system.

Keywords: PV system; MPP; MPPT; linear cell model

1. Introduction

Hitherto, lots of the maximum power point tracking (MPPT) methods have been
presented for different kinds of photovoltaic (PV) systems. They are usually classified
as the conventional methods, intelligent methods, and other methods [1,2]. The constant
voltage (CV) method [3], perturbation and observation (P&O) method [4], incremental
conduction (INC) method [5], and so on belong to the first group. The fuzzy logic control
(FLC) method [6], particle swarm optimization (PSO) method [7], iterative learning control
(ILC) method [8], and so on are categorized as the second group. Besides them, there are a
lot of other methods, such as the variable weather parameter (VWP) methods [9,10]. In
these algorithms, there are a few methods concentrating on the design of linear controller
or use of linear control theory. For example, an input-output linearization controller for a
PV system is designed to obtain the good MPPT robustness and rapidity [11]. Meanwhile,
a robust feedback linearization controller is presented to solve the problem with a varying
environment, uncertain load, and disturbed output [12]. In addition, an input-output
feedback linear control method is proposed to improve the MPPT speed and accuracy [13].
From these works, it is obvious that the nonlinear model of PV cell is one of the root reasons
why the linear controller and linear control theory cannot be widely used in the MPPT
control of PV system now. To solve this problem, in this paper, a study on the use of a
linear cell model to influence the circuit parameter range (CPR) is conducted. The results
in this work can be used as the theory foundation to implement the overall linearization of
PV system at the maximum power point (MPP).

Moreover, in some existing MPPT methods, the circuit parameters are usually in-
volved in the MPPT control. These parameters mainly include the load resistance, bus
voltage and so on. For example, a MPPT method considering the load characteristics is
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presented to improve the efficiency [14]. Meanwhile, a MPPT method based on a butterfly
optimization algorithm is proposed to improve the convergence speed under varying
load conditions [15]. In addition, two MPPT methods involving the direct current (DC)
bus voltage are proposed in my previous works [16,17]. However, it is usually ignored
that how a successful MPPT control is influenced by the range of these circuit parameters
under varying weather conditions. In practical application, it usually leads to difficulty
in the parameter calculation, circuit element selection, and configuration design for PV
system with MPPT control. To deal with this issue, in this paper, the ranges of the load
resistance and DC bus voltage are expressed by the model parameters of the linear cell
model. Obviously, this is beneficial for hardware design, theoretical research, and product
installation of PV systems.

With regard to the linear model of PV cell, there are usually two main models: the
piecewise linear model and the MPP linear model. The piecewise linear model has been
studied and used widely for a long time now. For example, a MPPT method based on
piecewise linear cell model is proposed to reduce the influence of grid frequency and
motivate to microgrid [18]. However, under varying irradiance or temperature conditions,
the piecewise linear cell model has two main disadvantages: complex calculation and big
error at the MPP. By contrast, they can be overcome well by the MPP linear model though
there is a less use. This cell model is proposed in my previous work (Reference. [19]) and
two linear models are included: MPP Thevenin cell model (MPP-TCM) and MPP Norton
cell model (MPP-NCM). However, the constraint conditions using them are not analyzed,
which easily leads to misuse because the MPP must exist all the time when they are used.
To sweep away this obstacle, in this paper, some expressions to guarantee the existence of
the MPP are proposed for different kinds of PV systems. They disclose the relationships
between circuit parameters and MPP-TCM when the MPP always exists. Clearly, this
work is a follow-up study for the MPP linear cell model and plays an important role in
promoting its use.

As is known to all, three basic DC/DC converters, i.e., the buck DC/DC converter,
boost DC/DC converter, and buck/boost DC/DC converter, are usually used as the MPPT
hardware circuits. They are usually united with a PV cell as the PV-buck system, PV-
boost system, and PV-buck/boost system [20]. Meanwhile, the inverter (INV) is usually
connected with them as PV-buck-INV system, PV-boost-INV system, and PV-buck/boost-
INV system [21,22]. In addition, a DC bus (or battery) is usually connected with them as
the PV-buck-DC system, PV-boost-DC system, and PV-buck/boost-DC system [17,23,24].
Here, the battery can be approximately regarded as a DC bus. However, there is no work
to specially compare them from MPPT perspective. To fill in this gap, in this paper, these
PV systems are selected as the research objects to analyze the influence of the system
configuration to the CPR. In practical application, these results can be used as the theory
foundation to select PV system with the fitting configuration.

This work is the first attempt to study the load range and DC bus range based on
MPP-TCM. The innovations and contributions can be illustrated as follows:

(1). The expressions of the CPR based on MPP-TCM under ideal conditions are first
presented. They reveal the constraints between MPP-TCM and load resistance or bus
voltage when the MPP of PV system always exists under ideal conditions.

(2). These expressions in practical application are first proposed. Unlike ideal conditions,
the nonlinear characteristics of the DC/DC converter and inverter are considered.
Therefore, they provide the theoretical foundation for the use of the MPP-TCM in
practical application.

(3). The characteristics of the CPR changing with varying weather are shown. By these
results, the CPR can be estimated by the data of irradiance and temperature in a
certain area. Therefore, they supply an important theory basis for the hardware
design, theoretical research, and product installation of PV systems.

(4). The characteristics of the CPR changing with system configuration are disclosed. By
these results, the area to guarantee the existence of the MPP can be estimated for PV
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systems with different configuration. Therefore, they are a good guide for the type
selection, layout planning, and configuration design of PV systems.

The sections of this manuscript are arranged as follows. The expressions of the CPR
under ideal conditions are proposed in Section 2. Based on them, the expressions of the
CPR in practical application are proposed, and maximum and minimum values of the
CPR are analyzed in Section 3. Some simulation experiments are performed to verify the
accuracy of the theoretical analysis in Section 4. Finally, some discussions and conclusions
are given in Sections 5 and 6, respectively.

2. CPR under Ideal Conditions
2.1. Mathematical Modeling of PV System

The usual configuration of a PV system is shown by Figure 1. Here, the mathematical
models of the PV cell can be expressed by Equations (1)-(3) [25]. Meanwhile, the buck, boost
and buck/boost DC/DC converters can be expressed by Equations (4)—(6), respectively [26],
where I and V represent the output current and voltage of PV cell, respectively. Obviously,
they are also the input current and voltage of the DC/DC converter, respectively. I, and
Vo represent the output current and voltage of the DC/DC converter, respectively. D
represents the duty cycle of the pulse-width modulation (PWM) signal of the DC/DC
converter. Isc, Voe, Iy, and V;, represent the short circuit current, the open circuit voltage,
the MPP current and voltage of PV cell at standard testing conditions (STC), respectively.

1:@{1—q<¢ﬁw—1ﬂ 1)

C = (1 - ”") o @)
Ve 1
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V, =DV 4)
1%
Vo = ﬁ (5)
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R

1

Figure 1. Configuration of PV system.
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In addition, the input resistance R; shown in Figure 1 can be expressed by Equation (7).
Ri=— @)

When the different output devices (shown in Figure 2) are connected with the DC/DC
converter, there are the different equations of R;, where Vpy,,s represents the voltage of the
DC bus. V; and I, represent the root mean square (RMS) values of the output voltage and
current of the inverter, respectively.

' VDbus [

- r

© ' AC load,
H R Inverter | V; | ACbus
L .
or grid

DC bus
RL
(a) load (b) DC bus (c) inverter
Figure 2. Three types of the output devices.

Firstly, assume a pure load resistance is connected with ideal buck DC/DC con-
verter, boost DC/DC converter and buck/boost DC/DC converter, R; can be expressed by

Equations (8)—(10), respectively.
_R

R; = D2 (8)

R; = (1 - D)’R;. )
2

R, = (1-D)” D?) Ry (10)

Secondly, when a DC bus is connected with the buck DC/DC converter, boost DC/DC
converter, and buck/boost DC/DC converter, Equation (11) can be given.

Vo = VDbus (11)

Thirdly, assuming an ideal inverter is connected with the DC/DC converter,
Equations (12) and (13) can be satisfied.

VoM
V2
VZ

VI, = V,I, = R—VL (13)

(12)

Vi =
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Now, R; can be expressed by Equations (14)—(16) when the buck DC/DC converter,
boost DC/DC converter and buck/boost DC/DC converter are used as the MPPT circuit,

respectively.
2R;
Ri=yep2 14
2R;(1 - D)?
R o/ (15)
2R.(1— D)?
Ri= sy (16)

It is obvious that Equations (8)-(11) and (14)—(16) are some mathematical expressions
based on input resistance under ideal conditions. They reveal some relationships between
control signal (D and M) and circuit parameters (R;, R, and Vpy,s). By these relationships,
the change range of Ry and Vpy,s can be studied to correctly use the linear equivalent
model of PV cell.

2.2. Expressions of the CPR

According to Reference [19], when PV system is operating at its MPP, the four-
parameter model of PV cell can be linearized as MPP-TCM and shown in Figure 3. In
this case, the configuration of PV system can be replaced by Figure 4. Here R,y and Vs
represent the internal resistance and open circuit voltage of MPP-TCM, respectively.

T b |

i T Atthe MPP! R, |

AR A L U
|

| o i Viu A i

| | L j

One diode model (four - parameter model) MPP Thevenin model

Figure 3. MPP-TCM of PV cell.
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Figure 4. PV system based on linear cell model.
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In order to find the expressions of the change range for two circuit parameters (R,
and Vpy,,), firstly, Equations (17) and (18) can be given according to the maximum power
transfer theorem under ideal conditions when a PV system is operating at the MPP.

Rspm = R; (17)
Vsm
p— 1
14 > (18)

When the output device is a load, Equations (19)—(21) can be given by submitting
Equations (8)—(10) into Equation (17), respectively, where Dmax represents the duty cycle of

the PWM signal at the MPP.

R
Dmax - R i/[ (19)

S

R
Dpax = 1 — 12124 (20)
Dmax = # (21)
vV Rspr + /Ry,

When the output device is a DC bus, Equations (22)—(24) can be given by submitting
Equations (11) and (18) into Equations (4)—(6), respectively.

max — 7‘/SM (22)
Vsm
D =1- 3 23
mex 2VDbus ( )
2VDbus
D = 24
T Vem + 2Vhpus @)

When the output device is an inverter, Equations (25)—(27) can be given by submitting
Equations (14)-(17), respectively. Here M represents the modulation ratio of the sine-wave
pulse-width modulation (SPWM) signal of the inverter.

1 (2R,
M\ Rom

(25)

Dmax =

R
Dimax = 1 — M| =M (26)

V2R,
Dmax = (27)
V2R + M+/Rgpm
Secondly, the definition domain of Dmpax can be considered. As is known to all,
Equation (28) must be satisfied when the MPP of PV system exists.

0 < Dmax <1 (28)

Submit Equations (19)-(21) into Equation (28), respectively, then Equations (29)-(31)
can be given. They are the CPR of PV-buck system, PV-boost system, and PV-buck/boost
system, respectively.

0 < Rp < Rem (29)
R > Rypm (30)

Rr >0 (31)
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Submit Equations (22)-(24) into Equation (28), respectively, then Equations (32)-(34)
can be given. They are the CPR of PV-buck-DC system, PV-boost-DC system, and PV-
buck/boost-DC system, respectively.

V.
0 < Vppus < 5+ (32)
V.
VDbus > STM (33)
VDbus >0 (34)

Submit Equations (25)—(27) into Equation (28), respectively, then Equations (35)—(37)
can be given. They are the CPR of PV-buck-INV system, PV-boost-INV system, and
PV-buck/boost-INV system, respectively.

M?ZR
0<Rp <=5 sM (35)
MZRSM
Ry > — (36)
R. >0 (37)

Finally, under ideal conditions, the expressions of the CPR can be given in Table 1
for PV systems with different output devices. These expressions are the sufficient and
necessary conditions to correctly use the MPP-TCM under ideal conditions. Certainly, they
are also the sufficient and necessary conditions to track the MPP successfully under ideal
conditions.

Table 1. CPR under ideal conditions.

Output Devices Configuration Expressions of the CPR
PV-buck 0 < Rp < Rgum
Load resistance PV-boost Rp > Rsm
PV-buck/boost Ry >0
PV-buck-DC 0 < Vppus £ 0.5V
DC bus PV-boost-DC Vbbus 2> 0.5Vspm
PV-buck/boost-DC Vppus > 0
PV-buck-INV 0 < Ry < 05M2R4
Inverter PV-boost-INV Ry > 0.5M2R
PV-buck/boost-INV Ry >0

According to Table 1, it is obvious that Ry is hardly constrained to track the MPP
successfully for PV-buck/boost system and PV-buck/boost-INV system under ideal con-
ditions because the MPP always exists. In other words, there always exists a value of Ry
to meet the conditions using the MPP-TCM regardless of PV-buck/boost system or PV-
buck/boost-INV system under ideal conditions. Meanwhile, Table 1 also shows that there
always exists a value of Vpy,s to match the use of the MPP-TCM for PV-buck/boost-DC
system under ideal conditions. By contrast, some constraints always exist for other PV
systems, even if they are the ideal circuits according to Table 1.

In addition, by comparing Equation (29) with Equation (35) (or comparing
Equation (30) with Equation (36)), it is obvious that the change ranges of the circuit pa-
rameter R;, are influenced because of the used inverter. In other words, when the inverter
is used, the change range of R; become narrower in PV system with the buck DC/DC
converter while this range become wider in PV system with the boost DC/DC converter.

Obviously, the expressions shown in Table 1 reveal the constraints between circuit
parameters and MPP-TCM when the MPP always exists under ideal conditions. In other
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words, only when the expressions are satisfied can the MPP-TCM be used correctly in the
corresponding PV systems.

3. CPR in Practical Application
3.1. Expressions

In terms of practical application, because both DC/DC converter and inverter are
non-ideal circuits, these expressions shown in Table 1 should be improved. It is generally
known that the duty cycle cannot be too small for the buck DC/DC converter while it
cannot be too big for the boost DC/DC converter. Meanwhile, for the buck/boost DC/DC
converter, its duty cycle cannot be too small or too big. Therefore, to find the CPR in
practical application, assume that the minimum duty cycle of the buck DC/DC converter
or buck/boost DC/DC converter can be represented by Dy and the maximum duty cycle
of the boost DC/DC converter or buck/boost DC/DC converter can be represented by Dy;.
In this case, Equations (38)—(40) can be used for the buck DC/DC converter, boost DC/DC
converter, and buck/boost DC/DC converter, respectively.

DL S Dmax S 1 (38)
0 < Dmax < DU (39)
DL < Dmax < DU (40)

Firstly, for PV-buck system, PV-boost system, and PV-buck/boost system, submit
Equations (19)—(21) into Equations (38)-(40), respectively, then Equations (41)—(43) can
be presented. They are the CPR of PV systems with three DC/DC converters when the
MPP-TCM is used.

D?Rgy < Ry < Ry (41)
R
Roy < Ry < ﬁ (42)
— Yu
2 2
M <R < %Mz (43)
(1-Dy) (1-Dy)

Secondly, for PV-buck-DC system, PV-boost-DC system, and PV-buck/boost-DC sys-
tem, submit Equations (22)—(24) into Equations (38)-(40), respectively, then Equations (44)-
(46) can be presented. They are the CPR of PV systems with three DC/DC converters and
DC bus when the MPP-TCM is used.

DrVsm Vsm

2 < VDbus < > (44)
Vim Vim
52 < VDhus < 2(1 _S DU) (45)
D1 Vim DuVsm
< < JUTM
20—Dy) — Vbous < 2(1—Dy) (46)

Thirdly, for PV-buck-INV system, PV-boost-INV system, and PV-buck/boost-INV sys-
tem, submit Equations (25)—(27) into Equations (38)-(40), respectively, then Equations (47)-
(49) can be presented. They are the CPR of PV systems with three DC/DC converters and
inverter when the MPP-TCM is used

2 A2
D? M?Rsm <R < M?R

5 <R 5 (47)
2 2
M Rsm <R, < M (48)
2 201 Dy)
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M2D? Ry <R, < M2D#Rsm
2(1-Dp)* ~ "7 2(1-Dy)’

Finally, in practical application, the expressions of the CPR can be given in Table 2 for
PV systems with different output devices.

(49)

Table 2. CPR in practical application.

Output Devices Configuration Expressions of the CPR
PV-buck D?Rsm < R < Rym
Load resistance PV-boost Rsm < Rp < Rgpm/(1— Du)2
PV-buck/boost D?Rop/(1 - Dp)? < Ry < D3Rap/ (1 — Dyp)?
PV-buck-DC 0.5D1 Vopm < Vppus < 0.5V
DC bus PV-boost-DC O5VSM < VDbus < O5VSM/(1 — Du)

0.5D1.Vsm/ (1 — D) < Vppys <
0.5DyVsm/ (1 — Du)
PV-buck-INV 0.5D? M?Rgp < Ry < 0.5M2Rgp
Inverter PV-boost-INV 0.5M2Rgp; < Ry < 0.5M2Rgp/ (1 — Dy)?
0.5M2D?Rep/(1—Dp)* < Ry <
0.5M2D?Rsp/ (1 — Dy)?]

PV-buck/boost-DC

PV-buck/boost-INV

According to Equations (41)-(49), the CPR in practical application can be shown by
Table 2. Comparing Table 2 with Table 1, it is obvious that the ranges of R} and Vpp,,
keep smaller. Meanwhile, unlike ideal conditions, there exist some constraints for PV-
buck/boost system, PV-buck/boost-INV system, and PV-buck/boost-DC system in terms
of practical application. In addition, Table 2 also shows that, when the inverter is used, the
change range of R} becomes narrower in PV system with the buck DC/DC converter while
it becomes wider in PV system with the boost DC/DC converter in practical application.

Obviously, the expressions shown in Table 2 illustrate the constraints between circuit
parameters and MPP-TCM when the MPP always exists in practical application. Certainly,
they disclose the inherent constraints among parameters when the MPP-TCM is used to
linearize the overall PV system. In addition, they are also the sufficient and necessary
conditions to guarantee the existence of the MPP in practical application.

3.2. Maximum and Minimum Values of the CPR

In practical application, the weather conditions usually keep varying with time and
they can be represented by two main parameters (S and T). To analyze the influence of the
varying weather to the CPR, its maximum and minimum values under varying weather
conditions should be studied. Here, assume that Equations (50) and (51) are satisfied for
model parameters of the MPP-TCM, where Rspimin and Rspmax represent the minimum
and maximum values of Ry, respectively. Meanwhile, V;pimin and Vspmax represent the
minimum and maximum values of V;, respectively.

Rstin < RsM < Rstax (50)

Vstin < VsM < Vstax (51)

Therefore, the maximum and minimum values of the CPR in practical application can
be shown by Table 3. It is obvious that the maximum range of Ry, (or Vpy,s) is the necessary
condition to use the linear cell model for every PV system. In other words, the maximum
value of the CPR is the necessary condition of a successful MPPT control. By contrast, the
minimum range of Ry, (or Vpy,;s) is the sufficient condition to use the linear cell model for
every PV system. In other words, the minimum range of the CPR is the necessary condition
of a successful MPPT control.
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Table 3. Maximum and minimum values of the CPR.

Configuration Maximum Ranges Minimum Ranges
PV-buck D%Rstin < Rp < RsMmax ) D%Rstax < Rp £ RsMmin )
PV-boost Rspmin < RZL < Rstax/(l - DU) ) Rsmmax < R < Rstin/(l - DU) )
PV_buCk/bOOSt D%Rstin/Cl - DL) < RL < Dllestax/(l - DU) D%Rstax/(l - DL)Z < RL < D%IRstin/(l - Du)
PV-buck-DC 0~5DLVstin < VDhus < O-SVSMmax 05D Vstax < VDbus < 0~5Vsl\/lmin
PV-boost-DC 0.5Vsmmin < Vppus < 0-5V5Mmax/(1 - DU) 0.5Vsmmax < Vppus < O~5Vstin/(1 - DU)
0.5D1 Vipmin/ (1 = D) < Vppys < 0.5D1 Vipimax/ (1 = D) < Vppys <
PV’buCk boost_DC SiMmin us siVimax us
/ 0.5D1Virtmax/ (1~ D) 0.5D1; Vartmin/ (1~ D)
PV-buck-INV 0.5D? M?Rsptmin < RL < 0.5M?Rsptmax 0.5D? M?Rsptmax < Rp. < 0.5M?Ryptmin
PV-boost-INV O~5M2R5Mmin <R < O-SMZRstax/(l - DU)Z O~5M2R5Mmax <R < 0~5M2R5Mmin/(1 - DU)Z
22R _D Y2 <R < 2D2R, ~D;)’<R. <
PV-buck/boost-INV 0-5M DLZR”;Amm/(l Di)” < I§L - 0-5M DLfbA;max/(l D) < §L -
0.5M DuRstax/(l - DU) 0.5M DuRstin/(1 - DU)

Clearly, Tables 1 and 2 show the sufficient and necessary conditions of using the linear
cell model in PV systems while only some sufficient conditions or necessary conditions are
given in Table 3. However, in practical application, these sufficient conditions or necessary
conditions can usually play an important role in the hardware design, theoretical research,
and product installation for PV system. On the one hand, because the boundaries of these
sufficient and necessary conditions always vary with the weather parameters, it is very
difficult to adjust whether the load (or bus voltage) of the operating system is varying
within CPR in real time. For hardware designer, to make the MPP tracked successfully
all the time, these sufficient conditions can be used to select the system configuration and
circuit elements. For the theoretical researcher, these sufficient conditions can be used
as the basis to guarantee the availability of the proposed control method. For system
installers, these sufficient conditions can be used to estimate the MPPT effect according
to the recorded data of solar irradiance and temperature in the installation area. On the
other hand, the maximum selected value of the load (or bus voltage) can be reflected by
these necessary conditions in practical application. It is obvious that these expressions can
be used as a theoretical basis for the hardware design, theoretical research, and product
installation of PV systems. In other words, for a PV system, if the selected value of its load
(or bus voltage) is without the corresponding interval (“Maximum ranges” in Table 3), the
MPP cannot be tracked successfully regardless of any MPPT methods. Certainly, in this
case, the MPP-TCM cannot be used. In addition, when the MPP-TCM is used to study
the overall linearization model of PV system, the results shown in Table 3 can provide the
theoretical foundation.

4. Simulation Analysis
4.1. Accuracy of the Expressions

Some simulation experiments are done to test the accuracy of the expressions shown
in Table 2. Here, assume that the values of D;, Dy, and M are 0.2, 0.8, and 0.8, respectively,
in practical application. Meanwhile, assume all PV systems are operating at 5 different
weather conditions shown in Table 4. In all simulation experiments (including Sections 4.2
and 4.3), the four cell parameters Iy, V,, I, and V;, are selected as 9.19 A, 22V, 8.58 A,
and 17.5 V at STC, respectively. In addition, although only the accuracy of the expressions
shown in Table 2 are verified in this section, other results shown in Table 1 or Table 3 can
also tested easily by analogy. Meanwhile, although only some operating conditions shown
in Table 4 are used in these simulation experiments, other weather conditions can also be
analyzed by analogy.

Table 4. Operating conditions of PV system in simulations.

Operating Conditions () (b) © (d) (e

s (W/m?) 1200 1000 800 600 500
T (°C) 45 35 25 20 20
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4.1.1. Test for Load Output Device

When the output device of PV system is a load resistance, some simulation experi-
ments are performed, and the results are given by Figures 5-7. Figure 5 shows the compared
Dmax curves varying with Ry for PV-buck system under five operating conditions. Figure 6
show the compared Dpayx curves varying with R;, for PV-boost system under 5 operating
conditions. Figure 7 shows the compared Dmax curves varying with Rj for PV-buck/boost
system under five operating conditions. Meanwhile, some main parameters in Table 2 are
calculated and shown in Table 5. They can be used as the compared objects to judge whether
the simulation results shown in every zoom subgraph are accordant with conclusions given
in Table 2.

0.9

0.8

0.7

max
o
)
T

0.2
0.3 i
0.060.08 0.1 0.120.140.160.18

0.2 A

0 05 1 15 2 25 3 35 4 45 5
R, ()

Figure 5. Dimax—R|, curves for PV-buck system.
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Table 5. Calculated values of some main parameters.

Operating Conditions (a) (b) (V] (d (e)
D2R 0.0667 0.0807 0.1035 0.1408 0.1698
] LBsM
PV-buck system Ranmt 1.6669 2.0172 2.5879 3.5203 4.2450
R 1.6669 2.0172 2.5879 3.5203 42450
PV-boost syst sM

cosTeysiem Rem/(1 - Dy)? 41,6732 50.4307 64.6963 88.0076 106.1255
PV-buck /boost system D2Rgy/(1— Dy )? 0.1042 0.1261 0.1617 0.2200 0.2653
D% Roy/ (1 - Dy)? 26.6708 32.2757 41.4056 56.3249 67.9203

Figure 5 shows that D,y keeps at 0.2 under Ry < D% R condition while Dpax re-
mains at 1 under Ry > Rgps condition for PV-buck system, which means that, in these cases,
there is no MPP and the MPP-TCM cannot be used. Figure 6 shows that D,y remains at 0
under R} < Rgp condition while Dy« remains at 0.8 under Ry > Rqp/ (1 — Du)2 condi-
tion for PV-boost system, which means that, in these cases, there is no MPP and the MPP-
TCM cannot be used. Figure 7 shows that Dmax keeps at 0.2 under R < D%RS m/(1—D L)z
condition while Dy, remains at 0.8 under R; > D%IRS m/(1— Du)2 condition for PV-
buck/boost system, which means that, in these cases, there is no MPP and the MPP-TCM
cannot be used. By contrast, according to Figures 5-7, Dmax keeps varying with R;, when
Ry is in its CPR (shown in Table 2), regardless of PV-buck system, PV-boost system, or
PV-buck/boost system. In this case, the MPP always exists and the MPP-TCM can be used
for these three PV systems.

In brief, the simulation results shown in Figures 5-7 (including the zoom subgraph) are
accordant with the corresponding data given in Table 5, although the Dax — R}, curves of
PV systems are very different under different operating conditions. Therefore, a conclusion
can be drawn that the expressions shown in Table 2 are accurate for PV-buck system,
PV-boost system, and PV-buck/boost system.

4.1.2. Test for DC Bus Output Device

When the output device of PV system is a DC bus, some simulation experiments
are performed, and the results are given by Figures 8-10. Figure 8 shows the compared
Dmax curves varying with Vpy,,s for PV-buck-DC system under five operating conditions.
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Figure 9 show the compared D,y curves varying with Vpy,s for PV-boost-DC system
under 5 operating conditions. Figure 10 show the compared Dmax curves varying with
Vbpus for PV-buck/boost-DC system under five operating conditions. Meanwhile, some
main parameters in Table 2 are calculated and shown in Table 6. They can also be used
as the compared objects to judge whether the simulation results shown in every zoom
subgraph are accordant with conclusions given in Table 2.
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Table 6. Calculated values of some main parameters.

Operating Conditions (a) (b) (0 (d) (e)
PV-buck-DC system 0'3 .]; \L/XSAM 137.?6363514 13 7%3798016 137%4812 256 13 7'?5(218360 137..56225888
PVboostDCsystem oy DAY b ihes seows  soem sl sl
PVbuck/boost DCsystem 0 Spt IO TD R G e oae 705150

Figure 8 shows that Dmax remains at 0.2 under Vpy,s < 0.5D] V51 condition while
Dmax remains at 1 under Vpy,; > 0.5V, condition for PV-buck-DC system, which means
that, in these cases, there is no MPP and the MPP-TCM cannot be used. Figure 9 shows
that Dmax keeps at 0.2 under Vpy,s < 0.5V, condition while Dyax keeps at 0.8 under
Vppus > 0.5Vipm/ (1 — Dyy) condition for PV-boost-DC system, which means that, in these
cases, there is no MPP and the MPP-TCM cannot be used. Figure 10 shows that Dmax
keeps at 0.2 under Vpy,s < 0.5D1 Vipr/ (1 — Dyp) condition while Dpax remains at 0.8 under
Vbbus > 0.5DyVsp /(1 — Dyy) condition for PV-buck/boost-DC system, which means that,
in these cases, there is no MPP and the MPP-TCM cannot be used. By contrast, according
to Figures 8-10, Dmax keeps varying with Vpy,,s when Vpy,; is in its CPR (shown in Table
2), regardless of PV-buck-DC system, PV-boost-DC system, or PV-buck/boost-DC system.
In this case, there always exist the MPP and the MPP-TCM can be used for these three PV
systems. In addition, Figures 8-10 also show that the real-time values of Dy, are hardly
influenced by the different weather conditions. In addition, Figures 8-10 also show that
there is only a small difference among Dmax — Vpp,s curves under five operating conditions.
This means that, when Vpy,; is given as a constant, there is a small difference for Dpyax even
if the irradiance keeps greatly varying. For example, according to the zoom subgraphs, this
difference of Dy is about 0.012 in Figure 8 while the values in Figures 9 and 10 are about
0.003 and 0.004, respectively.

In brief, the simulation results shown in Figures 8-10 (including the zoom subgraph)
are accordant with the corresponding data given in Table 6. Therefore, a conclusion can
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be drawn that the expressions shown in Table 2 are accurate for PV-buck-DC system,
PV-boost-DC system, and PV-buck/boost-DC system.

4.1.3. Test for Inverter Output Device

When the output device of PV system is an inverter, some simulation experiments
are performed, and the results are given by Figures 11-13. Figure 11 show the compared
Dmax curves varying with Ry for PV-buck-INV system under five operating conditions.
Figure 12 show the compared Dmax curves varying with Ry, for PV-boost-INV system under
five operating conditions. Figure 13 shows the compared Dmax curves varying with Ry,
for PV-buck/boost-INV system under five operating conditions. Meanwhile, some main
parameters in Table 2 are calculated and shown in Table 7. They can also be used as the
compared objects to judge whether the simulation results shown in every zoom subgraph
are accordant with conclusions given in Table 2.
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Figure 11. Dnax—R| curves for PV-buck-INV systems.
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Figure 12. Dax— Ry, curves for PV-boost-INV systems.
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Table 7. Calculated values of some main parameters.

Operating Conditions (a) (b) (V] (d) (e)
- 0.5D2 M2 Ry 0.0213 0.0258 0.0331 0.0451 0.0543
PV-buck-INV system 0.5M2 Ry 0.5334 0.6455 0.8281 1.1265 1.3584
PV-boostINV svstem 0.5M2Rgp 0.5334 0.6455 0.8281 1.1265 1.3584
Y 0.5M2Rp1/(1 — Dy)? 13.3354 16.1378 20.7028 28.1624 33.9602
PV-buck/boost-INV 0.5M?D?Rgp1/ (1 — D) 0.0333 0.0403 0.0518 0.0704 0.0849
system 0.5M2D2 Ryp1 /(1 — Dy)? 8.5347 10.3282 13.2498 18.0240 21.7345

Figure 11 show that Dp,x remains at 0.2 under R; < 0.5M?2 D% Rsp condition while
Dpmax remains at 1 under R; > 0.5MZ2R;j; condition for PV-buck-INV system, which means
that, in these cases, there is no MPP and the MPP-TCM cannot be used. Figure 12 shows
that Dmax keeps at 0 under Ry < 0.5M2R,) condition while Dpax remains at 0.8 under
R; > 0.5M2R.p/ (1- Du)2 condition for PV-boost-INV system, which means that, in
these cases, there is no MPP and the MPP-TCM cannot be used. Figure 13 show that Dmax
remains at 0.2 under R} < O.SMZD%RsM /(11— DL)2 condition while Dmax keeps at 0.8
under R; > 0.5M2D? Rsp/ (1 — Dy)? condition for PV-buck/boost-INV system, which
means that, in these cases, there is no MPP and the MPP-TCM cannot be used. By contrast,
according to Figures 11-13, Dmax keeps varying with R; when Ry is in its CPR (shown in
Table 2) regardless of PV-buck-INV system, PV-boost-INV system, or PV-buck/boost-INV
system. In this case, the MPP always exists and the MPP-TCM can be used for these three
PV systems.

In brief, the simulation results shown in Figures 11-13 (including the zoom subgraph)
are accordant with the corresponding data given in Table 7, although the Dpyax — R,
curves are very different under different operating conditions. Therefore, a conclusion
can be drawn that the expressions shown in Table 2 are accurate for PV-buck-INV system,
PV-boost-INV system or PV-buck/boost-INV system.

Allin all, a conclusion can be drawn that the expressions shown in Table 2 are accurate
in terms of practical application.
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4.2. Characteristics of the CPR Changing with the Varying Weather

According to Tables 2 and 3, two key parameters to express the boundaries of the CPR
are R;p and Vsp1. However, they keep varying with time, which leads to the uncertainty of
CPR. Therefore, to analyze their characteristics changing with S and T, some simulation
experiments are performed, and simulation results can be shown by Figures 14 and 15.
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Figure 14. Characteristics of V.

Figure 14a shows that the relationship between V;)s and S is an approximate parabolic
curve when T keeps constant. The minimum value of V;), is reached when S is about
638.25 W/m>. Figure 14b shows that Vs is the linear decreasing function of T when S
remains unchanged. Figure 14c shows the characteristics of V)1 when both S and T are
varying. Here, a function V;((S, T) can be used to describe the parameter V. Its maxi-
mum value (Vspmax) and minimum value (V;pmin) can be represented by Equations (52)
and (53), respectively.

Vet (Smins Tenin) 5 VS < 638.25 0T Spin + Smax < 1276.5 52)

VaMmax = { Vot (Smax, Tmin) , VS > 638.25 OF Spnin + Smax > 1276.5
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VsM(Smax/ Tmax) , VS < 638.25
VsMmin = Vam (638.25, Tmax) , others (53)
Vem (Smins Tmax) VS > 63825

Figure 15a shows that Ry, is the monotone decreasing function of S when T keeps
constant. Meanwhile, Figure 15b shows that Ry, is the linear decreasing function of T
when S remains unchanged. Figure 15c shows the characteristics of R;) when both S and
T are varying. Here, a function Rgp(S, T) can be used to describe the parameter R;y;. Its
maximum value (Rspimax) and minimum value (R;pimin) can be expressed by Equations (54)
and (55), respectively.

Rstax = RSM<Smin/ Tmin) (54)
Rstin = RSM(SmaXI Tmax) (55)

According to Equations (52)—(55), on the one hand, the CPR shown in Table 3 can be
calculated after the parameters Smax, Smin, Tmax, and Tin in a certain area are obtained. In
terms of practical application, it is beneficial to the hardware design, theoretical research,
and product installation of a PV system. On the other hand, these results reveal how these
CPR are influenced by the varying weather. Obviously, it is beneficial for the planning,
layout, and design of a PV system.

In a word, the CPR will change with S and T.
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Figure 15. Characteristics of the parameter R;y;.
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4.3. Comparison of the CPR for Different PV Systems

In practical application, there are a lot of PV systems for our choice. Therefore, it is
very necessary to compare their CPR. Here, assume that the values of Dy, Dy, and M are
the same as Section 4.1. In this case, Table 2 can be replaced by Table 8.

Table 8. Calculated values of the CPR.

Outputs Configuration CPR
PV-buck 0~04R5M < RL < RSM
Load resistance PV-boost Rsm < Rp < 25Rgpy
PV-buck/boost 0.0625Rsp1 < Ry, < 16Rgp
PV-buck-DC 0.1Vspm < Vppus < 0.5V
DC bus PV-boost-DC 0.5Vspr < Vppus < 2.5Vium
PV-buck/boost-DC 0.125Vim < Vppus < 2Vem
PV-buck-INV 0.0128R5M < RL < 0'32RSM
Inverter PV-boost-INV 0.32Rspm1 < Rp <8Ry
PV-buck/boost-INV 0.02Rsp1 < Rp < 5.12Rgp

According to Table 8, for PV systems with different output devices, the load range can
be shown by Figure 16 and the bus-voltage range can be shown by Figure 17. In Figure 16,
A area shaded by red lines represents the load range where the MPP always exists if the
PV-boost system or PV-boost-INV system is used. By contrast, B area shaded by blue
lines represents the load range where the MPP always exists if the PV-buck system or
PV-buck-INV system is used. In Figure 17, D area shaded by red lines represents the range
of the bus voltage where the MPP always exists if the PV-boost-DC system is used. By
contrast, E area shaded by blue lines represents the range of the bus voltage where the MPP
always exists if the PV-buck-DC system is used. Obviously, in these areas, the existence
of the MPP implies the usability of the MPP-TCM. In addition, according to Table 8, the
values of o, 3, 5, {, ¢, and v can be shown by Table 9.

Figure 16. Range of the load for different PV systems.
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A
S
Figure 17. Range of the bus voltage for different PV systems.
Table 9. Parameter values corresponding to Figures 16 and 17.

PV Systems o B J PV Systems 4 I4 v
PV-buck / 0.04 1 PV-buck-DC / 0.1 0.5
PV-boost 25 / 1 PV-boost-DC 2.5 / 0.5

PV-buck/boost 16 0.0625 1 PV-buck/boost-DC 2 0.125 0.5
PV-buck-INV / 0.0128 0.32
PV-boost-INV 8 / 0.32
PV-buck/boost-INV 5.12 0.02 0.32

For PV-buck/boost system and PV-buck/boost-INV system, their load ranges can
be still expressed by Figure 16. Unlike PV-buck system, PV-boost system, PV-buck-INV
system and PV-boost-INV system, their MPP always exist in both A area and B area. In A
area, the buck/boost DC/DC converter works in the “boost” mode while its “buck” mode
is implemented in B area. Meanwhile, for PV-buck/boost-DC system, their bus-voltage
ranges can be still expressed by Figure 17. Unlike PV-buck-DC system and PV-boost-DC
system, their MPP always exist in both D area and E area. In D area, the buck/boost
DC/DC converter works in the “boost” mode while its “buck” mode is implemented in E
area.

Some simulation experiments are also undertaken to further analyze the CPR. The sim-
ulation results are shown by Figures 18-23. In Figure 18, UBpypyuck, LBpvbuck, UBpvbuckiNv,
and LBpypyckiny represent the upper boundary of the load range for PV-buck system, lower
boundary of the load range for PV-buck system, upper boundary of the load range for
PV-buck-INV system, and lower boundary of the load range for PV-buck-INV system, re-
spectively. By analogy, other boundaries are also represented in Figures 18-23. In addition,
some zoom subgraphs are given in Figures 18-20 to show the numerical values of these
boundaries more clearly.
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Figure 23. Boundaries of PV-buck/boost-DC system.

According to Figures 18-23 and Tables 8 and 9, some conclusions can be drawn.
Firstly, when the boost DC/DC converter is used as the MPPT circuit, the load range
or bus-voltage range is much wider than buck DC/DC converter. Secondly, when the
buck/boost DC/DC converter is used as the MPPT circuit, there is the widest load range
or bus-voltage range. Thirdly, because both R,y and V;y, are the function of S and T, the
width of the load range or bus-voltage range will change with S and T. Fourthly, when
the inverter is used, the change range of R; become narrower in PV system with the buck
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Pomax = {

DC/DC converter while this range become wider in PV system with the boost DC/DC
converter in practical application. In addition, Figures 18-23 are actually the concretion
of Figures 16 and 17. Therefore, by these figures (especially by the zoom subgraphs) not
only the change range of Ry is shown, but the accuracy of the numerical values of the
boundaries given in Tables 8 and 9 is also verified.

In a word, not only the use of the inverter, but also the different choice of the DC/DC
converter maybe lead to the change of the CPR.

5. Discussions

In this work, the expressions in Table 1 are proposed under ideal DC/DC converter
and inverter conditions. By contrast, the change range of the control signal of the DC/DC
converter and inverter is considered to improve these results, just as Table 2 shows. How-
ever, in terms of practical application, the MPPT control of PV system is usually influenced
by some other factors, such as the installed PV power, the nonideal DC/DC converter, the
nonideal inverter, the transmission efficiency and so on. Therefore, the expressions shown
in Tables 1-3 will be influenced by them in a certain extent. However, these factors can
be ignored. There are some reasons for this, as follows. On the one hand, the theoretical
research need be greatly simplified by using the ideal DC/DC converter and inverter, just
as other works have been doing. On the other hand, the emphasis of this work is to disclose
the constraints between MPP-TCM and load resistance or bus voltage when the MPP of
PV system always exists. Obviously, the harvest of these relationships is very beneficial
to study the MPPT control method with MPP-TCM. Finally, the expressions shown in
Tables 1-3 represent the key results. Based on them, in practical application, other factors
can be easily considered and involved.

In practical application, R} can be estimated and calculated by Equations (56)—(61)
for PV-buck system [10], PV-boost system, PV-buck/boost system, PV-buck-INV system,
PV-boost-INV system and PV-buck/boost-INV system, respectively. Here, C and P,max can
be approximately calculated by Equations (62) and (63), respectively [19].

2D2
Ry = € Dinax (56)
Pomax
C2
Ry = 5 (57)
Pomax(l - Dmax)
212
Rp=— = Dmax (58)
Pomax(l - Dmax)
M2C2D2
R, = —— —max 59
L 2Pomax ( )
M2C2
R = 3 (60)
2(1 - Dmax) Pomax
27212
R, = MCDnZlaX (61)
2(1 - Dmax) Pomax
C=4.62x107° x (S —638.25)% +17.287 4 (25 — T) x 0.0516 (62)
2.943 x 107853 — 2.992 x 107552 4 0.1497S + 2.664 — 0.045T 0<T<40 (63)
2.943 x 107853 — 2.992 x 107552 + 0.1497S + 2.664 —20<T<0

In addition, the voltage level of V; in Section 4.1.3 can be estimated under V = V.,
Dmax = 0.8 and M = 0.8 conditions for PV-boost-INV and PV-buck/boost-INV systems.
Meanwhile, it can be also estimated under V = V,., Dmax = 1 and M = 0.8 conditions for
PV-buck-INV system.
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According to Table 10, the voltage levels of V; considered for the results in Figures 11-13
are less than 12.3 V, 61.5 V, and 49.5 V, respectively. Although these results have been pre-
sented at a lower voltage level, other levels can be easily analyzed by analogy. Therefore,
the verification of the results shown in Table 2 is not influenced by the voltage level of V;.

Table 10. V; under operating conditions given in Table 4.

PV Systems Parameters (a) (b) () (d (e)
PV-buck-INV Maximum limit value of V; (V) 12.278 12.087 12.102 12.193 12.252
PV-boost-INV Maximum limit value of V; (V) 61.388 60.433 60.510 60.963 61.261

PV-buck/boost-INV Maximum limit value of V; (V) 49.111 48.347 48.408 48.770 49.009

6. Conclusions

In this paper, for PV systems with three different outputs, the expressions of their
CPR have been proposed under ideal conditions and in practical application, respectively.
Meanwhile, the characteristics of the CPR have been analyzed under varying weather and
different system configuration conditions. Finally, some simulation experiments verify the
accuracy of the expressions of the CPR. Meanwhile, simulation results also show that not
only are these CPR influenced by the varying S and T, but the use of the inverter or the
different choice of the DC/DC converter may also lead to the change of the CPR. In this
work, the difficult question concerning when the MPP-TCM can be used is thoroughly
solved, which plays an important role in studying the overall linearization of PV systems.

Future work on the subject will be focused on the use of the CPR to propose the overall
linear model of PV system. To realize this purpose, on the one hand, these results on the
CPR will be considered as one of the bridges to connect the inputs with outputs. On the
other hand, some main factors in practical application should be taken in account. For
example, how the CPR is influenced by the transmission efficiency should be analyzed.

Funding: This work was supported by National Natural Science Foundation of China (No. 61963014)
and High-level Achievement Cultivation Project of Hubei Minzu University (No. PY21004).

Acknowledgments: The author would like to sincerely thank the editor and anonymous reviewers
for their valuable comments and suggestions to improve the quality of the article.

Conflicts of Interest: The author declares no conflict of interest.

Abbreviations

MPP maximum power point

MPPT maximum power point tracking
CPR circuit parameter range

PV photovoltaic

MPP-TCM  MPP Thevenin cell model
PWM pulse-width modulation

SPWM sine-wave pulse-width modulation
Ccv constant voltage

P&O perturbation and observation
INC incremental conduction

FLC fuzzy logic control

ILC iterative learning control

PSO particle swarm optimization
VWP variable weather parameter
RMS root mean square

AC alternating current

DC direct current

STC standard test conditions
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Nomenclature

D duty cycle of the PWM signal of the DC/DC converter
Dy, lower boundary of D

Dy upper boundary of D

M modulation ratio of the SPWM signal of the inverter
Dmax D at the MPP

Isc short circuit current of PV cell at STC [A]

Ly MPP current of PV cell at STC [A]

Voe open circuit voltage of PV cell at STC [V]
Vin MPP voltage of PV cell at STC [V]

14 output voltage of PV cell [V]

I output current of PV cell [A]

Vs output voltage of the DC/DC converter [V]

Iy output current of the DC/DC converter [A]

Vi RMS values of the output voltage of the inverter [V]
I RMS values of the output current of the inverter [A]

Rsm internal resistance of linear cell model [()]
VoM open circuit voltage of linear cell model [V]

Ry, load or equivalent load resistance of PV system [()]
R; input resistance of the DC/DC converter [Q)]

b, output power of PV system [W]

Vpeus ~ voltage of the DC bus [V]

S solar irradiance [W/m?]

T cell temperature [Co]
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