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Modeling and Nonlinear Dynamic Analysis of a
Photovoltaic System With Multiple Parallel Branches
Based on Simplified Discrete Time Model
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Abstract—The widely used dc distribution system mainly based
on new energy generation consists of multiple power electronic
converters in series and parallel. The mutual coupling among these
converters can lead to complex nonlinear behavior. It is necessary
to build a more accurate mathematical model for identifying a
more comprehensive nonlinear behavior of this kind of high-order
complex system. Therefore, a double-branch parallel photovoltaic
system is taken as the research object in this article, where we
carry out accurate modeling and nonlinear dynamic analysis of
the system. First, the influence of environmental factors on the
output characteristic of the system is considered when modeling
the photovoltaic generator. Second, the simplified discrete-time
model is introduced in the dynamic model, which not only sim-
plifies the calculation process but also ensures the accuracy of
the calculation results, and is suitable for systems with different
switching frequencies. Subsequently, the nonlinear behaviors of
the system are analyzed in detail by using the constructed model,
and the Hopf bifurcations are identified. Through the simulation
comparison, the significant advantage in the calculation accuracy
of the modeling results is verified. Finally, the effectiveness of the
theoretical analysis is further demonstrated through experimental
verification.

Index Terms—Discrete-time mapping model, nonlinear
behavior, parallel de—dc converters, photovoltaic (PV) system.

I. INTRODUCTION

ITH the increasingly severe energy crisis and the
W rapidly developing power industry, dc distributed sys-
tems, mainly based on new energy generation, will become the
basic support link for the future energy Internet [1], [2], [3].
Nowadays, photovoltaic (PV) power generation technology is
widely used due to its advantages such as low emissions and
easy maintenance. Usually, dc distribution systems primarily
powered by new energy sources such as PV can output to a
common dc bus or dc load through m parallel branches, each of

Manuscript received 7 December 2023; revised 3 March 2024; accepted 4
April 2024. Date of publication 15 April 2024; date of current version 20 June
2024. This work was supported by the National Natural Science Foundation
of China under Grant U2166601. Recommended for publication by Associate
Editor ED. Freijedo. (Corresponding author: Fan Xie.)

The authors are with the School of Electric Power, South China
University of Technology, Guangzhou 510640, China (e-mail: 2021210
16667 @mail.scut.edu.cn;  epbzhang@scut.edu.cn;  epdyqiu@scut.edu.cn;
eeyfchen@scut.edu.cn; xiaowx @scut.edu.cn; epfxie @scut.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2024.3388577.

Digital Object Identifier 10.1109/TPEL.2024.3388577

, Fellow, IEEE, Dongyuan Qiu

, Senior Member, IEEE,
, Member, IEEE, and Fan Xie"”, Member, IEEE

| DC Bus )
|
v Bl L= sl > 7JepSionee @
Module-1 : = =1 | " [Battery &3
|
|
|
v @l = R
Module-2| | = | |Load
I |
| * A
I =£
N JINEZININDZEN G
Module-n : = =1 | "|Load
IPower Conversion System}I
Fig. 1. Model of a PV-based DC distribution system.

which consists of a PV module and a boost dc—dc converter [4],
as shown in Fig. 1. This PV system with multiple parallel dc—dc
converters is a nonlinear system, so, there are various nonlinear
behaviors [5], [6].

Due to the existence of nonlinear behaviors, unreasonable
parameter settings of a certain component in the circuit [7],
or external conditions affecting the actual power of the system
[8], will cause the system to transition from stable operation
to instability, thereby increasing the ripple and electromagnetic
interference of the circuit, which has a significant impact on
system reliability. More importantly, for a PV system with
multiple parallel branches as shown in Fig. 1, the complexity
of its topology and the coupling of its output terminals will have
more unpredictable impacts on system stability [9], [10], [11].
Therefore, there is an urgent need for more reliable nonlinear
behavior analysis to guide the parameter design of multiple
parallel branches PV systems.

The prerequisite for obtaining reliable nonlinear behaviors
is to establish an accurate system dynamic model. Currently, a
large number of studies about more effective modeling methods
have been proposed. The state-space average (SSA) model was
used to study the nonlinear dynamic behavior of a single boost
converter in PV systems [12], [13], [14]. However, SSA ignored
high-frequency characteristics, so it can only predict slow-scale
instability with low accuracy. A more accurate discrete-time
mapping model (DMM) was established for the single PV
system [15], [16], [17], but in practical applications, the PV
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system generally does not exist in a separate form, and this
analysis ignores the influence of subsystem coupling. DMM was
applied to hybrid energy storage systems with parallel branches
in [18], but the modeling process is very complex. When the
system has more branches, DMM is difficult to apply. Impedance
criteria were used to model the dc—dc converter system in series
or parallel [19], [20], [21], but this method is based on SSA,
making it difficult to ensure the accuracy of the results [22].
In addition, multibranch systems were analyzed using the de-
scriptive function method [23], [24], but the calculation process
was complex and the analysis results were incomplete, making
it difficult to expand. Moreover, literature [25] pointed out that
the different switching frequencies are also one of the factors
that need to be considered for complex systems with multiple
branches, but this problem cannot be solved effectively by using
existing methods. If the current modeling methods are applied
to the study of the nonlinear dynamic behavior of multibranch
new energy generation systems, it is not only difficult to balance
the accuracy of results and the simplicity of calculations, but
also the application range is not complete enough. Therefore,
the modeling and nonlinear dynamic analysis of new energy
generation systems with multiple parallel branches is still a
problem that needs to be studied.

Based on the current research status, the stability of a double-
branch parallel PV system is studied in this article. To solve
the modeling difficulties of multiple parallel branch systems
with multiple switching devices, the simplified discrete-time
model (DTM) of cascaded dc—dc converters proposed in our
previous work [26] is applied to parallel converters. For multiple
parallel branches systems, this method can not only reduce
computational complexity while ensuring accuracy but also
accurately analyze systems with different switching frequencies,
effectively solving the problems of traditional methods such as
SSA and DMM. Subsequently, the PV panel placement angle
and internal control parameters of the system were taken as
research objects. To analyze the impact of external conditions
and internal parameters on system stability, the stability region
was divided to provide design guidance.

The rest of this article is organized as follows. The studied
system and its operating principles are explained in Section II.
A mathematical model of the PV generator affected by external
conditions is provided in Section III. The simplified DTM of
the entire system is performed in Section IV. Then, stability
analysis based on the studied model is conducted in Section V.
The effectiveness of the proposed method is verified through
experiments and simulations in Section VI. Finally, Section VII
concludes this article.

II. SYSTEM DESCRIPTION OF PARALLEL PHOTOVOLTAIC
SYSTEM WITH BOOST CONVERTER

In this article, a double-branch parallel PV system is analyzed.
The operation principle will be briefly summarized in this sec-
tion, and the mathematical models of each part will be detailed
in Sections III and IV.

The schematic diagram of the double-branch parallel PV
system powered by the PV generator and connected to the load
through the boost converters is shown in Fig. 2, where, L
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Fig. 2. Circuit diagram of the studied system. (a) Main circuit. (b) Control
circuit of the converter i (i = 1, 2).

and Lo are the series inductors of converter 1 and converter 2,
respectively. r1,; and rg,5 correspond to the dc resistance (DCR)
of the inductor. Cj,1 and Cj,o and Cy; and Cye correspond to
the input capacitors and output capacitors of converter 1 and
converter 2. r¢in1 and reine and reo1 and rq2 are the equivalent
series resistance of the input capacitors and output capacitors.
Vp1 and Vpo are the voltage drop of diodes D and Ds. Ry, is
the load resistance of the output end. In addition, upy1 and w2
and i,y and i,y correspond to the output voltage and the output
currents of PV cells, respectively. i1,; and iro are the inductor
currents of the inductors L; and Lo, respectively. u¢in1 and tcino
and u.,1 and uceo correspond to the capacitor voltage of the
capacitors Ci,1 and Ciyg and C,q and Coe, respectively.

In the PV generation system shown in Fig. 2, two PV cells are
connected to the same load through independent boost convert-
ers. Between them, the boost converter has two main functions:
first, it increases the lower output voltage of the PV cell uy,, to
a level that matches the local dc bus voltage. The second is to
control the output voltage of the PV cell uy,, through the switch of
the boost converter, to maintain near the maximum power point
and continuously output electrical energy [27], [28]. In small
household PV systems, the output of the boost converter can be
directly connected to the household dc load. Excess electrical
energy can also be fed into the local power grid through the
dc—ac inverter and the output voltage of the boost converter will
also be controlled near the dc bus voltage through the switch
of the subsequent dc—ac inverter. To more intuitively reflect the
impact of parallel branches on the PV system, this circuit mainly
analyzes the bifurcation of the PV system when the output is
connected to the dc load.

According to the function of the dc—dc converter in the PV
system, the switch S; of the boost converter i should be controlled
by the maximum power point tracking (MPPT). Fig. 2(b) shows
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the specific control process: by collecting the output voltage
upyi and output current ipy; at both ends of the PV cell, the
maximum power point Ppymax; With the current solar irradiance
Ir and temperature T can be estimated by the specific MPPT
algorithm, as well as the corresponding voltage u,ymax; Of this
point, namely upyrer; in Fig. 2(b). Then, upyrer; is compared
with the output voltage of PV cell u,,;, and the output voltage
of PV cell u,,y; is adjusted to near the maximum power point by
reducing the error through the voltage loop. In Fig. 2(b), zero-
order holder (ZOH) in the voltage loop is a zero-order holder,
which functions to maintain its input signal for one switching
period. The reason for adding ZOH is the control circuit needs to
use digital control instead of analog control due to the presence
of MPPT control. In digital control, the circuit needs to convert
the analog signal into a digital signal through ADC sampling,
which is usually considered to have a sampling and holding
function within one switching period.

III. MATHEMATICAL MODELING OF THE PV GENERATOR

In this section, the mathematical model of the PV generator
will be introduced in detail, and the influence of PV panel
placement angle on the model will be considered to increase
the practicality of the model. Finally, the model is linearized
near the maximum power point to facilitate the modeling of the
PV generator and its subsequent converter.

A. Nonlinear Model of a PV Generator

PV generator sets have nonlinear characteristics that vary with
the external temperature 7 and solar irradiance Ir, and the most
commonly used i—u characteristic equations mainly include
the single-diode model [29], [30], the dual-diode model [31],
and engineering equivalent mathematical model [32]. When the
focus is on analyzing the stability of the entire PV system, most
scholars simplify PV cells directly in the form of a constant
current source, which is undoubtedly inaccurate [18], [33]. The
single-diode model was considered in stability analysis [34],
[35], but the influence of external conditions on system stability
was ignored. Meanwhile, due to the need for linearization of PV
cells near the maximum power point in stability analysis, the
conversion process of the single-diode model is very complex.
Compared to the single-diode model, the dual-diode model
is more accurate, but when applied to stability analysis, the
complexity of the model transformation process may affect the
uncertainty of the results. The engineering equivalent mathe-
matical model was used in [36] and [37], which simplifies the
conversion process and is therefore widely used for stability
analysis of PV systems. Therefore, the engineering equivalent
mathematical model is adopted and its mathematical expression
is as follows:

ipy = Isc[1 — Oy (e"/(C2Uoc) _ 1)), (1
Among them

{C1 = (]_ — %)Q*Umpp/(cﬂfoc)

[Jm Im '
Co = (Y= — 1)/In(1 — Su)

@)
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Fig.3. Schematic diagram of actual solarirradiance affected by solarincidence
angle and PV panel angle.

In (2), Uoc ret 1s the open circuit voltage of the PV panel,
Isc retis the short circuit current, Uppp ref and Iinpp ref, T€SpPEC-
tively, are the maximum power point voltage and current when
the temperature Tyef is 25 °C, and the solar irradiance Ir,f is
1000 W/m?. The above four parameters are all related to external
conditions. When the external temperature and solar irradiance
are different from the standard test conditions, each parameter
in the above formula can be expressed as follows:

Uoc = UOC_ref(]. + bAT)(l + CAI’I’)
Isc = Isc_ref - = (1 + aAT)

Umpp = Unmpp_ref(1 + DAT)(1 4+ c¢Alr) "
Tipp = Lmpp_re - %(1 + aAT)

3)

In QAT =T +k-Ir—Ter and Alr =1Ir/Ire — 1,
where a is the current temperature coefficient, b is the voltage
temperature coefficient, c is the voltage solar irradiance coeffi-
cient, T and Ir are the ambient temperature and solar irradiance
in the current condition respectively, and k is the temperature
coefficient of the PV cell when the solar irradiance changes,
using a typical value of 0.3 °Cem?/W.

B. Effect of Placement Angle on Mathematical Model

In practical applications, the placement angle of PV panels
will affect the actual received solar irradiance of PV panels,
and the output characteristics of PV cells will be affected to
varying degrees. Usually, to ensure the reliable operation of the
system, the local geographical conditions and placement angle
to be comprehensively considered are necessary when placing
the PV panels.

When the angle of the PV panel from the ground is different,
the radiation of the solar irradiance on the PV panel will change,
this affects the output power of the PV panel. To ignore the in-
fluence of geographical conditions, the incident solar irradiance
can be set as the vertical plane solar irradiance Irp. It is not
difficult to obtain from Fig. 3(c) that the relationship between
the actual received solar irradiance Ir of the PV panel and the
vertical plane solar irradiance Iry is Ir = Iry - cos 6, where 6
is the angle of the PV panel. So, Alr and AT in (3) can be
expressed as

{Alr:ITT~0059/I7“ref—1 @

AT =T +k-Irp-cost — T

Substitute (4) into (3) to obtain the actual output values of the
PV generator affected by external conditions Uoc, Isc, Umpp,
and Iypp.
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Fig. 4. Output characteristic curve when the placement angle changes. (a) i—u
curve. (b) P-u curve.

As can be seen from Fig. 4, when the PV panel angle 6
is different, PV cells will exhibit different i—u characteristic
curves and corresponding P—u characteristic curves, and obtain
different maximum power points. With the increase of the PV
panel angle 6, the output power Py, of the PV panel will decline,
and the corresponding output current i,,, and output voltage uy,,
will also decline. It can be seen that when installing PV panels,
the appropriate placement angle should be selected to maximize
the solar energy conversion efficiency and stability.

C. Approximate Model Close to the Maximum Power Point

PV generator mainly has three working areas, namely the con-
stant current area, the constant voltage area, and the maximum
power point area. In practical application, the PV generator is
expected to work in the maximum power point area. To facilitate
subsequent analysis, it is considered to extend the nonlinear
model of the PV array to the Taylor pole number near the
maximum power point and ignore the higher order term. The
linear Norton equivalent model can be written as follows:

01
iy = Tmpp + = (tpy — Upnpp) )
P pp Dy P pp
where
al’pv _ ISCCI eUmpp/(CzUOC)_ (6)
Dupy CaUoc

It can be seen from (3) that all parameters in (5) and (6)
are related to external conditions. Therefore, this method of
linearization near extreme points correctly reveals the influence
of the nonlinear characteristics of PV generators under different
ambient temperatures and light intensities.

IV. DYNAMIC MODELING OF THE STUDIED SYSTEM

In the actual PV system, the output of the PV cell can always
be controlled near the maximum power point by controlling the
switch of the converter. Therefore, the mathematical model of
a double-branch parallel PV system with MPPT control will be
derived in this section. Among them, the steps and application
range of the modeling method are summarized in Section IV-A,
the dynamic model of the main circuit and control circuit of
the studied model is introduced in Section IV-B, and the sim-
plified DTM is used to more accurately derive the model in
Section IV-C.
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1.Dynamic Model

1) List differential equations based on circuit topology
(buck converter, boost converter,
N-branch system--+)

v

2) List the duty cycle formula based on the control circuit
(voltage mode control,
peak current mode control...)

v
2.Simplified Discrete-Time Model

1) Frequency transformation
(same or different switching frequency)

v

2) Modal rearrangement

End

Fig. 5. Flowchart of modeling.

A. Modeling Steps and Model Applicability

The flowchart for establishing the model of the studied system
is shown in Fig. 5, modeling the system mainly involves two
steps.

1) List the Dynamic Model of the System Based on the Circuit
Topology: First, it is necessary to list the differential equations
of the main circuit based on Kirchhoff’s laws. In this step,
the topology of the main circuit can be the buck converter,
boost converter, or other dc—dc converters in series and parallel.
For example, the system composed of two boost converters in
parallel is considered in this article. Second, it is necessary to
list the expression for the duty cycle of each power switch in the
system. In this step, the control circuit can use common control
methods such as voltage mode control, peak current control,
average current control, etc.

Establishing a dynamic model is the most common and essen-
tial step in modeling dc—dc converters. In this step, the system
can be composed of any dc—dc converter in series or parallel, or
any control method can be used. Therefore, this has also become
the main reason for the universality of the model in this article.

2) Use DTM to Perform Calculations on the Studied System:
To obtain the steady-state values of the system state variables.
The key to this step is to accurately calculate each converter
contained in the system one by one when simplifying all other
converters using the idea of SSA in the calculation process, to
reduce the complexity of the high-order system model. There-
fore, this method is applicable to both the double-branch system
studied in this article and the N-branch system with more than
three parallel branches.

First, frequency transformation is required if the subconvert-
ers have different switching frequencies. Second, to reduce the
computational complexity of high-order parallel systems, it is
necessary to rearrange the switching modes of the subconverters.
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The specific transformation and rearrangement methods can be
found in Section I'V-C.

DTM can be applied to all multibranch dc—dc converter sys-
tems with pulsewidth modulation (PWM) control. It is worth
noting that as the number of parallel branches increases, the
calculation using DTM becomes simpler compared to the tra-
ditional DMM. At the same time, due to the low coupling
characteristics between the converters in the parallel system,
the calculation accuracy can still be guaranteed. However, this
method also has certain limitations, that is, when there is more
complex coupling between subconverters, or when there are too
many branches, the idea of SSA can lead to the system being
overly idealized, which can result in a decrease in computational
accuracy.

B. Dynamic Model of the Main Circuit and Control Circuit

In PV systems, the control circuit controls the input voltage
of the dc—dc converter, not the output voltage. In practical
application, the output voltage of the dc—dc converter is fixed
near the local dc bus voltage through the subsequent dc—ac
inverter. When studying the stability of small household PV
systems, assuming that the electricity generated by PV power
generation is only supplied for personal use and not fed into
the power grid, the output of the dc—dc converter is directly
connected to the load Ry,. Thus, the state variable of the system
can be obtained as x = [ir,1 iL2 Ucinl Ucin2 Ucol Uco2 Vel VCQ]T,
where, v.; and v.p, respectively, represent the integral part
of the PI controller, namelyv.; = f (Upvi — Upvreri)dt, @ = 1,2.
Applying Kirchhoff’s law and substituting it into the linear
Norton equivalent model of the PV generator, the differential
equation can be written as follows:

Ly dgil = upy1 — 171 — (1 = s1) (Vb1 + Uac)
Lo d(lif = Upya — in27L2 — (1 — 52) (Vb2 + Udc)

dugint _ .
Cinl 52“1 = lpyvl — L1

due . ;
Cin2 =522 = ipy2 — iL2

ducor — Co1

(14 50 2%

oo o (s1in + s2ine — 52)

Teo2 ducoz — _ Coi ; ; Uco2
(1+ T )Co2 52 = CoriCoa (s1in1 + s2ir2 — ey )
dver

dtl = Upy1 — Upvrefl
dves _
dtz = Upy2 — Upyref2

(7

In (7), s1 and 5o represent the switching modes of converter 1

and converter 2, where, s; = 1(i = 1, 2) indicates that the switch

is ON. s; = 0 indicates that the switch is OFF. In addition, the

output voltage of PV cells u,,; can be converted to the input
capacitor voltage uy; as follows:

Upyi = Ucini T Teini (ipvi - iLi)vi =1,2. (®)

In (7), ipy; can be derived by (4) and (5). According to the
analysis in Section III, it can be seen that the output voltage
Upy; and the output current iy,; of the PV cell are affected
by the PV cell parameters Uoc, Isc, Umpp, and Iy, which
are determined by the PV panel placement angle 6. Therefore,
in subsequent analysis, the PV panel placement angle 6 will
become one of the key parameters to consider.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024

In the MPPT control loop, the error signals of input voltage
upy; and reference voltage upyrer; through the PI; controller
generate lqo, ;. Compared with the sawtooth signal uyamp i, the
driving pulse of the MOSFET §; is generated. The duty cycle of
converter i d; can be obtained as follows:

Ky
=2 e —(ULi+(Uni — Uri)d;) = 0.

E .

©)
In (9), K},; and T;; are the scale coefficient and integration
coefficient of the PI; controller, respectively, and Uy; and Ur,;
represent the peak and valley values of sawtooth wave u,amp,
respectively. In addition, in (9), when iteratively calculating the
model cycle by cycle, the duty cycle d,, of the nth switching
period is calculated based on the initial state variable value x,, of
that switching period, which means the data required to calculate
the duty cycle can be considered to remain unchanged within one
switching period, as demonstrated by the zero-order holder in

Fig. 2(b).
After listing the state equation and duty cycle calculation
formula of the system, the dynamic model of the system can
be obtained, and DTM can be used to model the studied system.

Kpi(upvi - upvrefi) +

C. Simplified Discrete-Time Model of the Studied System

The traditional SSA is simple but inaccurate, while DMM is
precise but difficult to apply to high-order complex systems. To
speed up the calculation and ensure its accuracy, the simplified
DMM for cascaded converters, which was proposed in the previ-
ous work [26] will be applied to parallel systems in this section,
to model the double-branch parallel PV system. Compared with
traditional methods, this method can not only maintain high
calculation accuracy but also has a simpler calculation idea.
Moreover, when there are converters with different switching
frequencies in the system, this method can also model the system
effectively. Taking the modeling of converter 1 with the duty
cycle d; < ds as an example, the specific process of this method
is shown in Fig. 6. When analyzing systems with different
switching frequencies, the method can be divided into two steps:

1) Frequency Transformation: Using the idea of strobo-
scopic mapping, the sampling frequency is equal to the switching
frequency of the system, and the data at the starting point of
each switching period will be calculated in the system model. As
shown in Fig. 6, when two converters have different frequencies,
it is difficult to determine the specific sampling frequency by
using the traditional stroboscopic mapping method. It can be
seen from Fig. 6 that the working frequency and duty cycle of
converter 2 before and after scaling are related as follows:

dy' = dy, Ty =1T. (10)

Since duty cycle d5 does not change before and after scaling,
and scaling only takes place on the time axis, utilizing the idea of
state space averaging, the basic iteration information of the state
variables of converter 2 will not change significantly within one
switching period. It can be seen that frequency transformation
not only simplifies the calculation but also ensures the accuracy
of the calculation while facilitating sampling.
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STEP 1: Frequency transformation
» sample time: 7,=73' -
S| |[«— 4, —>|
S, &—— 4, 4>|
Sz’ — dz':dz —’l
g T -
\ 2 J
2
( STEP 2: Mode rearrangement )
- sample time: 7\=1,' >
S le— d—>|
Sg' d2 ':dz —,I
Ml M3 M4
(S1,82)=(1,1)  (0,1) (0,0)
O
S [e— & —>|
S| didy |d(1-d)| (1-d)dy'  [(1-d)(1-dy))
M, '(S=1) M;(5,=0)
M +(1-d, "M, dy Ms+(1-d» )My
G J
Fig. 6. Flowchart of frequency transformation and mode rearrangement (d;

< do as an example).

TABLE 1
OPERATION MODES OF THE STUDIED SYSTEM

Mode Switch states (s1, 52) State and input matrix
M, 1,1 (A1, B))
M, (1,0) (42, By)
M; 0, 1) (45, B3)
M, (0,0) (A4, By)

2) Modal Rearrangement: It is assumed that the diode and
the MOSFET are always complimentary when the continuous
conduction mode is operating. In a double-branch parallel PV
system, the switch has four switching modes, namely M to My,
as shown in Table I. Considering the switching mode, the system
state equation can be obtained by combining (7) and (8) as

&= A,x+ B,,n=1,2,3,4. (11)

In (9), A, and B,, are the state matrix and input matrix in the
nth switching mode, corresponding to M; to My.

For traditional DMM, it is necessary to directly list all of the
possible switching forms. For the studied system, six working
modes can be obtained: 1) Mode 1 (d>>d): When dy = 1, there
are two modes in a period of the system, namely M; and M3;
When both dy and d; are less than 1, there are three modes,
namely M;, M3, and My. 2) Mode 2 (dy = dq): When dy = d;
= 1, only one mode i.e., My, exists; When ds = d; < 1, there
are two modes, namely My and My. 3) Mode 3(d> < d1): When
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dy = 1, there are two modes, namely M; and Ms; When d; <
1, there are three modes, namely M, Mo, and My.

It can be seen that for high-order complex systems such as
the studied system, six working modes are cumbersome. As the
number of parallel branches increases, DMM will become more
difficult to apply. Therefore, the method of modal rearrangement
can be used to simplify the working mode of the system. Taking
converter 1 as an example, the switching modes of converter 2
are rearranged. As can be seen from Table I and Fig. 6, switch s;
of converter 1 is always on when the system operates in modes
M; and Ms; When the system operates in modes M3 and My,
switch s; of converter 1 is always OFF. Therefore, M; and My
can be combined into switching mode M;’, M3 and My into
switching mode My, and the corresponding coefficient matrix
A,’ and B,,’ becomes

Ay =Aydy + As(1 — do) 1
yS1 =
By = Bido+ By(1—dy) "
Ay = Aydy + Ag(1—d
. 1(1—da) 51 =0. (12)
By = Bids + By(1 — do)

At this time, the working mode of the system is simplified:
1) Mode 1 (d; = 1): there is only one mode of the system in a
period, namely M;’; 2) Mode 2 (d; < 1): there are two modes,
namely M;’ and My . Through the above analysis, the simplified
DMM of converter 1 can be obtained as follows:

! !
Tny = A2 (1=d1)Th As lelwn

nT1+d Ty
+ eAgl(lfdl)Tl /
nTy

(n+1)T4
+ / e (T =T Byl
nT1+d,T

eA1’(’I’LT1+d1TlfT)B1/dT

(13)

It can be seen from the above derivation that since the strobo-
scopic mapping is sampled only once in one period, the modal
rearrangement does not change the stroboscopic sampling point.
Therefore, the mode rearrangement method can not only ignore
the switching process of converter 2 but also ensure that the state
variable value of converter 1 will not change, that is, the accuracy
of the model calculation can still be guaranteed. The simplified
DMM of converter 2 can be derived by using the same steps.

To further highlight the characteristics of DTM, we compre-
hensively evaluate SSA, DMM, and DTM from several dimen-
sions of computational simplicity, result accuracy, and method
universality, as shown in Fig. 7. First, in terms of computational
simplicity, SSA is the simplest model, while DMM is very
difficult for modeling high-order systems due to the need to
consider complete switch mode combinations. DTM retains the
modeling steps of DMM while borrowing the ideas of SSA,
resulting in computational simplicity between the two methods.
Second, in terms of the accuracy of the results, SSA is the worst
due to excessive idealization of the system model. At the same
time, SSA can only recognize the slow-scale bifurcation. For
systems with fast-scale bifurcation, using SSA is ineffective.
DMM and DTM consider the switching process of the system



10232

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024

Integrity Integrity Integrity
1
Simplicity Accuracy Simplicity Accuracy Simplicity Accuracy

(a)

Fig. 7.

within one switching period, which not only improves the accu-
racy of the calculation results but also identifies fast and slow
scale bifurcations simultaneously. Finally, in terms of method
universality, traditional SSA and DMM are not only difficult
to apply in high-order complex systems, but more importantly,
they cannot be accurately applied to cascaded or parallel systems
with different switching frequencies. The improved DTM can
be well applied to multibranch converter systems in series or
parallel with different switching frequencies.

It can be seen from Fig. 7 that the simplified DMM has
significant effectiveness in modeling converter systems with
multiple switching devices, not only has it been guaranteed in
terms of computational simplicity and accuracy of results, but it
can also have a wider range of applications.

Meanwhile, DTM is not only applicable to the cascaded
converters studied in [26] but also to the parallel converters
studied in this article. Compared to cascaded converters, the
main advantage of using parallel converters is that the calculation
results are more accurate and less susceptible to changes in
the switching frequency. This is because compared to cascaded
converters, parallel converters have a lower degree of coupling,
and each converter can be connected in parallel to form a
complete system or operate independently. When using DTM
to model cascaded converters, the error caused by the idea of
SSA will have a significant impact on the calculation results.
When using DTM to model parallel converters, the error caused
by this reason will be reduced.

After the simplified DMM of the parallel converter is ob-
tained, the small signal stability of the double-branch parallel
PV system can be studied by calculating the eigenvalues of the
Jacobian matrix and constructing the bifurcation diagram, to
judge the working state of the system and obtain the parameter
boundary of the stable operation of the system.

V. EFFECT OF CIRCUIT PARAMETERS ON STABILITY

In this section, the nonlinear dynamic behaviors of the double-
branch parallel PV system are analyzed by the aforementioned
modeling method, and the critical parameter conditions of the
converter are obtained. Finally, the accuracy of the modeling
method is verified by comparison of numerical calculation and
simulation when the system has different switching frequencies.

A. Nonlinear Dynamic Analysis of the Parallel PV System

In the nonlinear dynamic analysis of the converter, a series
of qualitative analysis methods can be used to characterize

(b) ©

Comprehensive evaluation of modeling methods. (a) SSA. (b) DMM. (c) DTM.

2
2 <
L5 .
1t ‘
0 0.1
Kp
@
Fig. 8.  Bifurcation diagram with K}, as the variable. (a) Changes in the

inductor current of converter 1 i,1. (b) Changes in the inductor current of
converter 2 ir,o.

the bifurcation and chaos of the system, to observe the stable
working states of the system. Among them, bifurcation diagrams
and Jacobian matrix eigenvalues as the most intuitive methods
used in the analysis of this article. For example, establish the
dynamic model in MATLAB and calculate and store the steady
values of the inductor currents iy,; and i,5 in different bifurcation
parameters to draw the bifurcation diagram.

Table II lists the parameters for setting a double-branch par-
allel PV system. To ensure the safety of the experiment, the
parameters of the PV system were reduced.

1) Bifurcation When the Internal Parameters of a Single
Converter Changes: When the system operates at the reference
temperature Ty = 25 °C and the reference solar irradiance Irqf
= 1000 W/m?, K1 of PI; controller is taken as the bifurcation
parameter, and the bifurcation of the system can be obtained as
shown in Fig. 8. It can be seen from Fig. 8(a) that when K,; <
0.134, converter 1 works stably, as K},; continues to increase,
Hopf bifurcation occurs in converter 1, which lead to converter
2 is also entered Hopf bifurcation as shown in Fig. 8(b). The
corresponding Loci of eigenvalues are shown in Fig. 9. When
the converter 1’s internal parameter K,; increases from 0 to 0.2,
two conjugate eigenvalues of converter 1 cross the right side of
the unit circle, that is, Hopf bifurcation occurs in the converter 1.
At this time, the eigenvalues of converter 2 also exhibit similar
trajectories, that is, Hopf bifurcation also occurs in converter
2. It can be seen that the bifurcation obtained by calculating
the eigenvalues of the Jacobian matrix is consistent with that
obtained from the bifurcation diagram. This further proves the
mutual influence between parallel converters, that is, when a
converter malfunctions due to internal parameter changes, other
converters will also oscillate slightly due to output coupling.
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TABLE IT
PARAMETER VALUES OF MAIN CIRCUIT AND CONTROL CIRCUIT
PV arrays
Circuit Symb()l UOCJef (V) IS(Tiref (A) Umppﬁref (V) [mppiref (A) a b ¢
Parameter 21 1.83 18 1.66 0.102 -0.36099 0.3
Main circuit and control circuit
Circuit Symb()l le> CmZ (MF) Feinls rcinZ(Q) Col> CoZ (MF) Feols rcoZ(Q) Lla L, (mH) L, 2 (Q) VD1> VDZ(V)
Parameter 100 0.04 100 0.04 2 0.8 0.55
Circuit symbol K, Ky Ty T» Ja (kHz) Jo (kHz) Ru(©)
Parameter (0.0001, 0.2) 0.05 0.0015 0.0015 20 20 20
1 o /11 j-s _______ 0.2 2.3
05 n%g s RN 0.1 /_‘/1 ,-\2'25
di; Ay s /.3 <
<~ rn = ] =22
£ 0 :“5/14 s /V:"_’% g 0 = ] .
- K1 B ~— 2.15
05 w0y S en T . 21
/ 30 40 , .50 60 30 40 , .50 60
S | : -0.2 / fi0) o)
-1 05 0.0 09 095 1 1.05 1.1 (@) (b)
Re(4) Re()
(@) (b) Fig. 10. Bifurcation diagram with 6; as the variable. (a) Changes in the
1 - 02 inductor current of converter 1 ir,;. (b) Changes in the inductor current of
o/ _,_.)vs """" converter 2 if,2.
0.5 o ok - 0.1 )
- ’.l':‘/13 A7 . —
I 0 "D/'[4 D/‘Ls .r.';i 3 0 a o Ii . . . . .
£ /ﬁ:i_ E . maintains stable operation. Continue to increase the placement
05 K /o 0.1 t e angle 0, of PV 1, when 6, = 52.4°, Hopf bifurcation occurs
(0—02) in converter 1. It can be seen from Fig. 10(b) that the change
S S s 202 in the placement angle of PV panel 1 also has a slight impact
-1 05 0 05 1 09 095 1 _1.05 1.1 a5
Re()) Re(d) on the stability of converter 2. When the placement angle of
© ) PV panel 1 0; < 52.4°, as converter 1 is in a stable working
state of period 1 and the placement angle 65 of PV panel 2 has
Fig. 9. Loci of eigenvalues. (a) Converter 1 when K1 from 0 to 0.2. not Changed, converter 2 always operates stably and the value

(b) Enlarged view of (a). (c) Converter 2 when K1 from 0 to 0.2. (d) Enlarged
view of (c).

Hopf bifurcation generated by increasing K,; belongs to
slow-scale bifurcation. The reason why fast-scale bifurcations
were not identified is due to the control method of the converter.
In general, if the control method is peak current control, the duty
cycle of the power device is greater than 50%, which will cause
the system to generate subharmonic oscillations, that is, the
state variable will be identified as a period-doubling bifurcation.
The voltage control method used in this article does not have
subharmonic oscillation, and usually only slow-scale bifurcation
phenomena such as Hopf bifurcation.

2) Bifurcation When the Placement Angle of PV Panels
Changes: When the system operates at the reference temper-
ature Tyt = 25°C, the vertical plane solar irradiance Irt
1600 W/m? and the PI; controller parameters are (Kp, T3)
(0.10.001). Set the PV panel placement of converter 2 65 = 30°,
and the PV panel placement of converter 1 6, as the bifurcation
parameter. It can be seen from Fig. 10(a), when the placement
angle of PV 1 01 < 52.4°, the inductor current i,; of converter
1 decreases with the increase of placement angle 6, but always

of inductor current it o does not change. Continuing to increase
the placement angle #;, converter 2 also enters a slight Hopf
bifurcation. The same change rule can be obtained from the
motion trajectories of eigenvalues in Fig. 11. It can be seen that
the placement angle of PV panels will not only affect the output
power of PV generators but also affect the stability of the system
operation.

B. Stability Boundary of Circuit Parameters

Based on this model, the stability region of the entire system
is divided when the parameters of converter 1 change. From the
above analysis, it can be seen that changes in the parameters of
converter 1 will have a slight impact on the stability of converter
2. Therefore, using K,1—0; as the coordinate observation point,
the stability region of the system can be obtained as shown
in Fig. 12. It can be seen from Fig. 12 that the larger the
proportion coefficient K1, the more unstable the system is, and
the placement angle 6; of the PV 1 is the same. The above
instability is caused by Hopf bifurcation.

Based on the above analysis, we can pay attention to the
following points when designing the parameters of the PV
system.
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1) The parameters of the PI controller inside the converter
should choose the relatively small K.

2) When the solar irradiance is constant, the placement angle
between the PV panel and the horizontal plane should be as
small as possible to ensure that the system absorbs enough
solar energy.

3) When selecting the site of the system, it is also necessary
to comprehensively consider the influence of geographical
factors such as local altitude and latitude on the actual solar
irradiance received by the system, that is, to ensure that
the system receives the maximum solar irradiance as far
as possible.

C. Influence of Frequency Difference on Model Accuracy

This section will discuss the accuracy of applying the model
to different frequency systems. By changing the switching fre-
quency fio of converter 2, the errors can be obtained, as shown
in Figs. 13 and 14.
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Fig. 14. Error of bifurcation boundary varying with switching frequency.
(a) Kp1 as the variable. (b) 61 as the variable.

1) Error of Steady Value: Set the system to work with the
reference temperature T, = 25°C and reference solar irra-
diance Ir,ef = 1000 W/m?. When the switching frequency fi;
of converter 1 is fixed as 20 kHz and the switching frequency
of converter 2 is changed from 0.2f;; to 2fy;, the theoretical
and simulation values of the steady-state of the system can be
obtained as shown in Table III.

By comparing theoretical and simulated values with data
provided in Table III, the steady-state error of the system can
be obtained by using the following formula:
iLi_theow - Z.Li_reall

error = (14)

TLi_real

The calculation results are shown in Fig. 13. It can be seen
that the calculation accuracy of the theoretical method is very
high, and the error remains below 0.2%, which further proves
the effectiveness of the model established in this article.
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TABLE III
ERROR IN DIFFERENT SWITCHING FREQUENCY

Jol fa iL1 theory(A) i1 real(A) 112 theory(A) ir2 real(A)
0.2 1.5561 1.5571 1.1363 1.1382
0.4 1.5561 1.5571 1.3962 1.3983
0.6 1.5561 1.5579 1.4833 1.4856
0.8 1.5561 1.5570 1.5365 1.5377
1.0 1.5561 1.5572 1.5561 1.5572
1.2 1.5561 1.5566 1.5701 1.5692
1.4 1.5561 1.5562 1.5849 1.5848
1.6 1.5561 1.5550 1.5923 1.5938
1.8 1.5561 1.5564 1.6038 1.6041
2.0 1.5561 1.5532 1.6124 1.6118

2) Error of Bifurcation Boundary: First, set the system to
work with the reference temperature 7T'.of = 25 °C and reference
solar irradiance Ir,of = 1000 W/m?2. When changing the switch-
ing frequency fs» with K},; as the bifurcation parameter, the
bifurcation boundary error of the system is shown in Fig. 14(a).
It can be seen that the change in switching frequency does not
have a significant impact on the bifurcation boundary, and there
is no significant error between theory and simulation.

Second, K, is set to 0.1 and the rest of the parameters are
consistent with Table II. At the PV panel placement angle ¢ is
the bifurcation parameter, and changing the switching frequency
[s2, the bifurcation boundary error can be obtained, as shown in
Fig. 14(b). It can be seen that the change in switching frequency
has little impact on bifurcation boundaries. However, the bi-
furcation boundaries obtained from theoretical calculations and
simulations still have certain errors, mainly due to the difference
between the theoretical calculation method and simulation cal-
culation method of PV generators in Section III. However, for
the need for linear equivalence of the output characteristic curve
of the PV generator, the engineering equivalent mathematical
model is mainly considered in this article.

Overall, DTM is suitable for modeling multibranch parallel
converters. Meanwhile, in our previous work [26], the cascaded
converters could only control the model error to around 5%,
and the error would also increase as the switching frequency
difference increased. However, this problem did not occur due
to the low coupling of parallel converters. Therefore, DTM has
higher accuracy when applied to parallel converters.

VI. EXPERIMENTAL VALIDATION

A prototype of a double-branch parallel PV system, as shown
in Fig. 15, was designed to study and verify the nonlinear
behaviors analyzed in the previous sections. The parameters
of the prototype used are the same as those in Table II. For
the power circuit, the input terminals of the two converters
are respectively powered by Chroma 62150H-1000S dc power
supply and IT6006C-500-40 dc power supply, to simulate the
PV array. The output terminals are connected to the same load.
The control loop is implemented by a Digital Signal Processor
(DSP TMS320F28335): First, voltage dividing resistors and an
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Fig. 15. Photo of the experimental circuit.

operational amplifier (TLV271) are used to sample the PV output
voltage uy,,. Then, the sampled signal is input into the ADC port
of the DSP, and the logic of the control loop is implemented
through the DSP. The correct PWM signal is output from the
ePWM port of the DSP, and then driven by the driving chip
(UCC27517) to turn ON and OFF the MOSFET. Ultimately, the
output of the PV array is maintained near the maximum power
point. Observing the waveforms of the inductor current output
from the prototype, the nonlinear behaviors consistent with the
theoretical results analyzed in Section V can be obtained.

A. Verifying the Impact of Internal Parameter Changes on
System Stability

ir,1 and it waveforms of the system are shown in Fig. 16,
in which the internal parameters of a single converter change,
and set the reference temperature Tyof = 25 °C and the reference
solar irradiance Ir.ef = 1000 W/m?2. Set the gain K, of the PI
controller in converter 1 to 0.05, the system can maintain stable
operation in the state of period 1, as shown in Fig. 16(a). Increase
K1 to 0.13, which is located near the bifurcation boundary. A
slight oscillation of the inductor current ir,; can be observed,
as shown in the green waveform in Fig. 16(b). At this point,
due to the output terminal being connected to the same load,
the two converters are coupled to each other. So, converter 2
also undergoes Hopf bifurcation. That is, a slight oscillation of
the inductor current i,2 is observed, as shown in the magenta
waveform in Fig. 16(b). Set K},; to 0.2, it is observed in the
experiment that the inductor current it and i experience a
more severe low-frequency oscillation, as shown in Fig. 16(c).

B. Verifying the Impact of External Condition Changes on
System Stability

The actual received solar irradiance of a single PV power
source changes, and set K,; = 0.1, the obtained waveforms of
i1 and i are shown in Fig. 17. When the solar irradiance
Irp = 1600 W/m? and both PV panels placement angle 6 are
30°, the system can maintain stable operation in period 1, as
shown in Fig. 17(a). When the placement angle of converter
1 6 is set to 50°, the actual received solar irradiance of
PV panel 1 decreases, inductor current ir,; is decreased, and
the slight oscillation of the inductor currents ir,; and ip2 can
be observed, as shown in Fig. 17(b). Increase 6; to 60°, a more
severe low-frequency oscillation is observed, as shown in the
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green waveform in Fig. 17(c). Although there are no changes in
the parameters in converter 2, converter 2 also undergoes Hopf
bifurcation due to the coupling at the output end. Where, a slight
oscillation of the inductor current i,5 is observed, as shown in
the magenta waveform in Fig. 17(c).

C. Verifying the System Stability When the Switching
Frequency Changes

First, keep other parameters unchanged and increase the
switching frequency of converter 2f;o to 28 kHz. At this time,

when K,; is also set to 0.05, the system works stably in the
working state of period 1, as shown in Fig. 18(a). it can also
be seen that the steady-state values of the inductor currents
obtained from the experiment are i; = 1.52 A and i =
1.59 A, which are almost consistent with the theoretical cal-
culation values, further verifying the accuracy of the studied
model. When increasing K;,; to 0.2, the system occurs Hopf
bifurcation, as shown in Fig. 18(b). Similarly, when f>
28 kHz and #; = 30° or 60°, stable and Hopf bifurcations
consistent with theoretical analysis can be observed, as shown in
Fig. 19.
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The excellent agreement between the theoretical analysis and
experimental results verifies the accuracy of the simplified DTM
in analyzing nonlinear behaviors in parallel systems.

VII. CONCLUSION AND FUTURE PLANS

Due to the intermittency of renewable energy systems, dc
distribution systems are usually designed in the form of multiple
parallel branches to improve system reliability. In this article,
for the presence of multiple switching modes and multiple state
variables in parallel converters, a simplified DTM is used to
model a double-branch parallel PV system, and its nonlinear
behavior is analyzed. In future designs, for the circuit using
voltage mode control with PI controller, the excessive gain of
PI controller K, can cause system oscillations. Moreover, for
the circuit where the PV generator serves as the input power
source, the placement angle of the PV panel directly affects the
maximum power point voltage and current. When the placement
angle of the PV panel increases, the output current of the PV
generator will decrease, that is, the inductor current of the
converter will also decrease. When the placement angle of the
PV panel is too large, the circuit will oscillate.

In addition, DTM used in this article can be applicable to
all PWM-controlled multibranch converter systems. In future
work, the proposed model can be applied to different energy
storage systems with more practical value in dc distribution
systems, to avoid special nonlinear behaviors caused by un-
reasonable parameters in system design. For the modeling of
parallel systems such as new energy generation systems, which
are highly susceptible to external conditions, the mathematical
model is established in this article has significant effects in terms
of accuracy, rapidity, and simplicity.

Howeyver, this article also has certain limitations. In terms of
the uncertainty of the constructed model, when applying it to
other systems in the future, the following factors need to be
considered.

1) The deviation between the new energy power supply

model and the actual model.

2) Errors caused by parasitic parameters in circuits.

3) For other complex systems with higher coupling, such
as cascaded converters with higher coupling than parallel
converters, the idea of SSA will bring certain errors to the
modeling results.

In future work, a more comprehensive and simpler model

still needs to be proposed, to minimize the impact of model
uncertainty as much as possible.
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