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Abstract: Nowadays, solar power is a potential alternative energy source. To get the best
maximum power from solar power, it is necessary to have a strong enough inverter structure
and a good control algorithm. This paper presents the Maximum Power Point Tracking
(MPPT) algorithm of a solar PV system applied to a DC/DC/AC inverter to obtain maxi-
mum power, in which the DC/DC rectifier uses a Boost Converter and the DC/AC inverter
uses a Modular Multilevel Converter (MMC). The purpose is to convert electricity from the
grid-connected PV system. The MPPT algorithm uses the Incremental Conductance — Inte-
gral Regulator (INC-IR) method to find the maximum power point quickly and accurately
in different weather conditions. The operation of an MMC uses the Nearest Level Modula-
tion (NLM) method combined with a capacitor voltage balance algorithm to generate max-
imum AC voltage levels and control the capacitor voltage balance in the MMC. The Nearest
Level Modulation method has the advantage of providing a very low valve switching fre-
quency to increase the lifetime of the semiconductor valve. A closed-loop circuit with the
PI controller performs the grid-connected power control process. This control and modula-
tion process will produce sinusoidal alternating current (AC) and voltage with a sound total
harmonic distortion (THD) index. The simulation of the system will be performed on
MATLAB/Simulink software to demonstrate the performance of the proposed method and
applied to a 21-level MMC.

Keywords: Boost Converter, grid-connected, Maximum Power Point Tracking, Modular
Multilevel Converter, solar energy

1. Introduction

Nowadays, solar power has contributed a large amount of power to supply loads. To connect
solar power to the grid smoothly, valuable solutions for inverters and control algorithms for
inverters are needed. Therefore, research on inverter control applied to grid-connected solar
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power is receiving considerable attention [1]. Grid-connected PV systems do not require storage
systems because they operate in parallel with the grid [2-3]. DC/AC converters usually enable
the grid connection of PV systems. Many studies have been conducted on inverters to convert
DC/AC power to PV systems [4], as well as traditional inverters such as voltage source inverters
(VSIs) and current source inverters (CSIs). The output from VSI and CSI consists of only two
voltage levels. They have a structure with a small number of components and simple control.
Still, the switching loss is often large, and the voltage change rate is significant, so when
designing, it is necessary to use additional filters with large sizes, which are frequently used for
applications with low voltage ranges [5—6]. However, when a large-capacity PV system needs
to be connected to a medium-voltage or high-voltage grid, the application of the above converters
faces many limitations [7]. To overcome these limitations, multi-level converters for grid-
connected PV systems are necessary, including cascaded H-bridge (CHB), neutral-point-
clamped (NPC) converters and an MMC [8-10]. An MMC has outstanding advantages for
application to high voltage conversion systems among these converters. Specifically, it can
create an unlimited number of levels to divide the value of the levels to ensure that the
semiconductor valves do not have to withstand voltages exceeding their rated tolerance [11]. It
is easy to apply the NLM method and the capacitor voltage balancing an algorithm with a very
low valve switching frequency that other modulation methods cannot perform [12]. The
disadvantage of an MMC is the existence of a circulating current in the circuit, which causes
power loss and increases the tolerance limit of semiconductor components. When the number of
levels is large, the MMC control process becomes complicated [13]. When an MMC connects
the PV system to the grid, the problem that needs to be solved is to ensure optimal absorption of
solar energy while ensuring that the MMC operates to meet technical requirements such as:
balancing the voltage of the capacitors in each phase, the ACs and voltages must be sinusoidal
and meet the THD index well. This paper will present the MPPT algorithm applied to the
conversion system, including the DC/DC converter based on a Boost Converter and the DC/AC
inverter using an MMC. The combination of these two converters has a specific purpose: Boost
Converter increases the voltage to the input DC voltage value of the MMC and, at the same
time, has the function of controlling the maximum power capacity of the PV system based on
the INC-IR and MPPT algorithms. The MMC operates to create AC and voltage with good
quality to connect to the AC grid. This aims to determine the maximum power point as quickly
and accurately as possible by opening and closing semiconductor valves to improve the operating
efficiency and performance of the PV source. The MPPT method is widely used in stand-alone
PV systems and grid-connected PV systems and is used when the solar radiation is unstable [14].
In this paper, the MPPT algorithm is applied to the Boost Converter to generate a semiconductor
valve switching signal to change the operating voltage of the solar cell while increasing the DC
voltage supplied to the inverter. To solve these problems, the paper proposes the algorithm
INC-IR method, which automatically detects MPPT points to optimise solar energy sources for
the system to achieve maximum power. In addition, the Capacitor Voltage Balancing method,
the NLM method combined with the PI controller in the current and voltage regulation loop will
be applied to ensure the balance of capacitor voltage in the MMC while creating current and
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voltage on the AC side of the MMC in the form of a sinusoid with a small THD index. The
simulation and verification of the system operation are performed on MATLAB/Simulink
software. The results have shown the effectiveness of the proposed method and can be applied
to PV systems in practice.

2. PV working characteristics and MPPT algorithm

2.1. Model and working characteristics of PV

PV systems receive energy from the sun, so their capacity depends heavily on weather
conditions. In addition, the way the equipment is installed, the arrangement, dust, etc., can all
affect the operation of PV [15]. This article only considers two main factors affecting the PV
system: temperature (°C) and radiation intensity (W/m?). The parameters of a solar cell under
standard conditions (a radiation intensity of 1000 W/m?, temperature 25°C) are presented in

Table 1.
Table 1. Parameters of a PV cell SPR-305E-WHT-D

Parameter Symbol Value
Capacity max Prmax 305 W
Voltage at maximum point MPP Vmpp 547V
Current at maximum point MPP Ivpp 5.58 A
Open circuit voltage Voc 642V
Short circuit current Isc 5.96 A

The nature of PV panels is to act as current sources, receiving energy from the sun and
emitting current with working characteristics, as shown in Fig. 1(a). This paper investigates a
PV system with 5 PV strings connected in series (Ny= 5); each PV string consists of 66 PV cells
connected in parallel (N, = 66). The total PV system capacity is Pvmp = 305.5.66 = 100 (kW).
The maximum voltage value Vump=54.7.5=273 (V). The maximum current value
Ivnvip = 5.58.66 = 368.28 (A). The ideal PV model described in Fig. 1(b) is a model that does not
consider the effects of R, and Ry, (Ry= 0 va Ry = ).

1aP i P ] I
power .
point . Ideal PV . 4

Short circuit

poi P-V characteristic |

“«—  curve : Nplp/l ]VpID i +
©iscff———————— A ————-= |

curve Open circuit

/oml | | _

>V
Viwpp (Vo 0)




\\'\\(\’\.CA‘L{S(J])iblllﬂ.])ﬂll.pl P N \-\‘\,\;’\'\'.j()lll’ll‘(ll}-.l)ill’l.l)l
X

POLSKA AKADEMIA NAUK

This paper has been accepted for publication in the AEE journal. This is the version which has not been
fully edited and content may change prior to final publication.
Citation information: DOI 10.24425/aee.2025.153907

(a) (b)
Fig. 1. P-V and I-V characteristics of PV (a); equivalent diagram of ideal PV (b)

The I-V characteristic equation obtained for PV when ignoring R, and Ry is as in Eq. (1).

aVaq

Ipy = Nplyp = Nyl = NIy, — NI (eNsGkD — 1), (1)

N, I is a constant current source corresponding to certain weather conditions, and N, Ip is
the diode's I-V characteristic, a monotonic curve in the positive VD voltage range. From there,
according to Eq. (1), we can represent the relationship between current - voltage and power -
voltage (I-V and P-V characteristics) of the SPR-305E-WHT-D solar panel under standard
conditions, as shown in Fig. 3 [16].

From Fig. 2, it can be seen that the I-V and P-V relationships are nonlinear. The characteristic
curves are not permanently fixed but are greatly influenced by weather factors (temperature,
radiation). Under standard STC conditions, the solar cell under consideration can provide a
maximum power of 100 kW with an open circuit voltage Voc =321 V and a short circuit current
Isc=393.36 A. From the characteristic curve in Fig. 2, we can see that the output power of the
solar cell is an adjustable quantity depending on the solar cell's voltage. We always want the
output power to reach the highest level to maximise energy use. The point where the solar cell
operates at the highest capacity is called the maximum power point (MPP).
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Fig. 2. Solar cell characteristics SPR-305E-WHT-D (5 series, 66 parallel)
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Affected by radiation intensity

400 @ - 1
1000 W/m*~
<300 - 1
5
£ 200 3 9
© 500 W/m
100 =
250 W/m?
0 \ L |
0 50 100 150 200 350
Voltage (V)
(@)
x 10* Affected by radiation intensity
101 1
1000 W/m?
=3
o} 2
g 5t 500 Wim* ____lewg
e 2
250 Wim? \
._'_'_'_._.___________._.d—-—'—_d__'_h‘““\\
0 50 100 150 200 250 300 350
Voltage (V)
(b)

Fig. 3. Effect of radiation intensity on solar cell characteristics

Figure 3 describes the change in the I-V and P-V characteristics of the cell when the solar
radiation intensity changes [16]. From Fig. 3, it can be seen that when changing the condition of
solar radiation intensity from W =250 W/m? to W = 500 W/m? and W = 1000 W/m?, the current
and power values of the I-V and P-V characteristics change, but the shape of the curve does not
change. Figure 4 describes the change of the I-V characteristic curve and P-V characteristic curve
of the battery when the temperature changes from 15°C to 25°C and 50°C.
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Fig. 4. Effect of temperature on solar cell characteristics

From the above surveys, it can be concluded that when the radiation intensity or
environmental temperature changes, the point with the highest power also moves, and the
location of that MPP cannot be known in advance. Therefore, an algorithm must be developed
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to track the movement of the MPP. From there, the solar power system must be imposed to
operate at the found MPP.

2.2. Method to detect MPPT point in Boost Converter

The Boost Converter increases the V. voltage from the solar cell to achieve a higher value
for the MMC input. Thanks to the MPPT algorithm, the Boost Converter also plays a vital role
in helping the PV operate at its maximum power point. Figure 5 shows the general structure of
the MPPT controller for the Boost Converter when coupled with the PV system to the grid.

Boost Converter

Ly Grid
V,, DC/AC [ ] B
. Converter |— Filter |<Transformer|
™MMC) || | | | |
A4
° MPPT
"] controller

Fig. 5. MPPT algorithm structure diagram using Boost Converter

The Boost Converter generates an output voltage greater than an input voltage; the voltage
and current relationship between output and input are described in Egs. (2) and (3).

Yout _ Vde _ 1

Vin  Vpy  1-D @)
i 1
out _dc _q9_p, 3)
Iin Ipv

Ve is the output voltage of the Boost Converter, V,y is the operating voltage of the PV, and
D is the modulation ratio of the Boost Converter. For the PV to operate according to the
maximum power point, we can adjust the voltage of the solar cell ¥,y to reach the Vmwp value by
adjusting the D factor of the Boost Converter. Figure 5 shows that the MPPT algorithm receives
information about the voltage and current at which the PV operates. From there, the algorithm
evaluates the operating status of the PV to reach its maximum capacity.

If this has not been achieved, the algorithm will adjust the D coefficient of the Boost
Converter to increase or decrease accordingly. Specifically, consider the two times k and k-1 in
Fig. 6; voltage and power at two times are Vix), Vir-1) va P #), Pi-1)-

If AP = Pgy— Pg-1y> 0, AV = Vigy— Vig-1y > 0, the system works in direction 1.

If AP = Pgy— Py < 0, AV = Vigy — Vig-1y) < 0, the system works in direction 2.

If AP = Pyy— P-1y > 0, AV = Viy— Vg1 < 0, the system works in direction 3.

If AP = Pyy— Py < 0, AV = Vigy — Vigery > 0, the system works in direction 4.

If AP = Py — Pp1y= 0, AV = Vigy — Vig-1y= 0, the system works at the MPP.
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Fig. 6. PV working states

Based on the P-V characteristic curve, if we want to increase the PV operating point to its
maximum, we need to change the voltage V,y by the voltage Vwmpp; then the PV capacity is
adjusted to Pmmp. From the formula Vy,, = Vao/(1-D) of the Boost Converter, we keep Vq. fixed;
if we want to change Vv, we need to change the coefficient D, thereby making the solar panel
system operate at the desired characteristic point. When keeping V. fixed:

Increase D: D(k) = D(k— 1) + AD > Reduce Vpy;

Reduce D: D(k) = D(k — 1) — AD - Increase Vpy.

The value of D(k) is updated continuously after each change. The increase or decrease of D
previously depends on the choice of the step of changing AD of each cycle. AD is the step of
changing the D of the algorithm; determining AD is very important. The first method is to give
AD a fixed value; the algorithm will perform the maximum power point detection by changing
D step by step (each step only changes a fixed amount of AD). If AD is chosen too small, the
algorithm can find the MMP accurately, but tracking the maximum power point will take a long
time. When the radiation or temperature changes suddenly, the algorithm becomes less effective.
If AD is chosen to be significant, the algorithm will track faster, but because of the significant
step size, the algorithm is prone to large fluctuations, and it isn't easy to find the exact MPP.

2.3. INC-IR method automatically detects MPPT points

The INC-IR (Incremental Conductance - Integral Regulator) method is proposed as an
effective way to adjust the D coefficient [17]. There is no need to depend on a fixed AD. This
method calculates the AD value that needs to be changed based on the slope of the power curve.
We can express the relationship between the change in power and voltage as Eq. (4).

@ _dwn _ Al 1 A

v~ av _I+Vdv(_)v+dv_e‘ “)
Let e be the slope of the power and voltage curve. AD is no longer kept constant but changes

continuously based on the power change. If the power change is small, AD is adjusted to increase

to reduce the algorithm execution time. If the power change is small, AD is decreased to find the
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exact MPP. The IC method is combined with an integration step to adjust AD according to the
power change [18]. The algorithm flowchart is shown in Fig. 7.

INC+IR
Initialize D= D,

Measure: V(k), I(k)

Al = I(k)-I(k-1)
AV = V(k)-V(k-1)
!

_IG) AT

e=
V(k) AV

Vik-1)=V(k)
Itk-1)=I(k

Fig. 7. Flowchart of the INC+IR method algorithm

Specifically, the algorithm: Initially, the D value is fixed at Do, but when starting the MPPT
algorithm, the voltage and current values are saved in the memory area. Based on the voltage
change, the current slope e is calculated according to the equation AD = K. /e (K is chosen to be
5 to 7 according to [19]). The new D value is calculated by D,-AD. Thanks to this method, the
slope e is adjusted to 0 (at this time, the system works at the MPP). The INC+IR method helps
the PV system follow the maximum power point faster and more accurately than conventional
methods. At the end of each change cycle, the voltage and current V(k), I(k) are updated to the
controller. The MPPT algorithm always ensures that the PV operates in the desired state.

3. MMUC structure and NLM modulation method

3.1. MMC converter structure

The MMC structure consists of three phases, as shown in Fig. 8; each phase comprises two
valve branches, including the upper and lower branches, and each branch contains the number N
of Submodules (N SMs) (total SMs on phase 1 is 2N). On each branch, an additional L, inductor
and R, resistor are connected. The AC voltage on each phase is taken at the midpoint between
the two inductors of each branch. L, limits the short-circuit current from outside into the MMC
and helps the capacitors to charge better and smooth the output voltage wave; R, represents the
losses in the SMs [20]. The input DC voltage is supplied by a common source V.. At each time,
on a phase, there are always N SMs inserted to create a step voltage level of 2N + 1 according to
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the NLM algorithm, and then each SM will be subjected to a voltage level of Vy./N. Each SM is
a half-bridge inverter connected in parallel with the capacitor, with the working principle shown

in Fig. 9.
Lde 5 SM
P T el B el T i R
* s z 5 +
Via | SMy | SMy | SMx i S5 Ve
M R, R, R,
L(] L() L(]
+ fva Y e ¥y ive i,
= Va . i, o
- lLa V} irp _lr_;_.
R, R, RD‘ lLe
o L, L,
+
f | SMyn+1 | SMn+1 | SMyi1
Via 5 i E
i | SMan E‘ | SMan E' | SMin E‘

N

(b)
Fig. 9. Switching states of each SM

s

Fig. 8. MMC structure

| NE

(d

Figure 9 describes each SM's on-off state of valves S1 and S2. The current direction is
conventionally positive with Figs. 9(a) and (b) and negative with Figs. 9(c) and (d). The on-off
states are described explicitly in Table 2.

Table 2.

Working status of SM

Valve status

Si S2

Output
voltage

Direction of
current

Capacitor state

1 0

Vic /N

Charge
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0 1 0 + Shortcut
1 0 Vac/N - Discharge
0 1 0 - Shortcut

Since the three phases of the MMC have the same structure when calculating, one phase will
be modelled; the remaining phases can be done similarly. From Fig. 10, the output voltage of the
MMC is written as (5).

vL-vy vL+vy 1% -V
=ty = =—9%4yp, . (5)

e, =

According to the document [18], the reference value for the AC electromotive force of the
MMC is as (6).

m.V,
e,ﬁef=T‘iccoswt=uL—uU. (6)

From (5) and (6), the modulating signal for vj¢, v, is written as (7).

ref _ Vdc ref _ Vdc
v =t ey _T(l —mcoswt)

ref _ Vdc ref _ Vdc ’
vt =t e —7(1 +mcoswt)

O]

From Eq. (6), the modulation process for the MMC must produce the voltages of the upper
and lower branches of the MMC, which are vy and v, respectively. The amount set for v}, vjf
is calculated from Formula (7). This paper will focus on the NLM method because of its

advantages, such as expanding many SMs in large numbers and switching with small losses.

3.2. NLM method for MMC

The principle of the NLM method applied to the MMC is based on dividing the DC voltage
equally among the SMs and arranging these voltages to follow the desired reference voltage.
Then, the total voltage of the SMs is in a ladder form following the desired reference voltage.
Figure 10 describes the form of the reference voltage and the modulation voltage (ladder form)
according to the NLM method. The task of the NLM algorithm in the MMC is to find the number
of SMs that need to be inserted at each time ¢, t, t3, . through rounding calculation.

10
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Fig. 10. Reference voltage and modulation voltage of NLM method

There, vrr is the desired reference voltage, and vy is the step voltage according to the NLM
method. Figure 10 shows that the vy, output voltage combines many step voltage levels,
following the desired vir voltage line. If the number of voltage levels increases, the output
voltage quality will be higher, and the harmonic distortion will decrease. Ideally, when the V.
value remains constant, if the number of step voltages increases, the output voltage will have a
form almost identical to the reference voltage. This is very important for improving and
enhancing voltage quality. When applying the NLM method to the MMC, we will divide the
upper and lower branch voltages equally for the SMs on each branch. The magnitude of a step
voltage level is equal to the voltage on an SM. If we ignore the voltage on the bypass mode SMs,
the relationship between the voltage on each SM (Vsm) capacitor and the Ve voltage is as (8).

Vac = N.Vsy . ®)

The step voltage on each branch is Vsu; from (7), we can calculate the number of SMs
inserted as (9).

v v N
Ny="-—=—"{1-mcoswt)==(1—mcoswt)
Vsm 2Vsm 2 (9)
ref s
N, =2 =h(1 +mcoswt) = E(l +mcoswt)
Vsm 2Vsm 2
u{]ef Vdc
Ny = round ;s ( U ) = round ,s [E (1—mcosw t)]
ref (10)

Ve ’
N, = round, ,s5 (u;d ) = roundy »s5 [ﬁ (1+mcosw t)]

Figure 11(a) shows the upper and lower branch voltage, and the MMC phase voltage, and
Fig. 11(b) shows the algorithm flowchart for NLM for the MMC. After the controller calculates
the reference value for the MMC voltage, the amount set for each phase's upper and lower
branches is calculated based on the Formula (7). Then, the NLM method calculates the N, SMs

11
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that must be inserted in the two branches of each phase through (9). The value of Ny is a positive
integer, so after the calculation, the value of N, needs to be rounded. In this paper, the rounding
method of 0.25 (round ¢.5) according to [12] is used, and from here, the number of SMs of the
upper and lower branches at each time is calculated as (10).

VA ( Start )
step
1 V)

Ve
step <
vy <
ref ref v
v L‘ Y ref
Read valuelV .~

g v

| Calculation vy, vy |

{
I

ti its T2 Tt
ref Calculate N, SMs to
Vio/2 Vphase .
insert on each branch
Vstep *
Ve/2) phase b | Round »s |

0 72 4 *
Pulse generation and
capacitor voltage

Vpe/2)

balance
(a) (b)
Fig. 11. Upper and lower branch voltage and MMC phase voltage (a); flowchart of the algorithm for

performing NLM (b)

3.3. Capacitor voltage balancing algorithm

We calculate the number of NV, of the SMs that need to be turned on using the NLM algorithm
based on the input reference voltage value. The next problem to be solved is to select the number
of N, of the SMs that need to be turned on in a sampling cycle from the 2N SMs on each phase.
To do this, we perform the capacitor voltage balancing algorithm, which means arranging the
capacitor voltage values of the SMs, from which we select the Ny of the SMs that need to be
turned on. At that time, the voltage of the capacitors that are turned on will have an oscillation
value within an allowable range. This algorithm is shown explicitly in Fig. 12.

12
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Yes [ Turn ON for Nx SMs with N
highest capacitor voltage
No
Turmn ON for Nx SMs with |

lowest capacitor voltage

Fig. 12. Flowchart of capacitor voltage balancing algorithm

This method is simple to implement and does not require an additional capacitor voltage
control loop. At the same time, these two methods cannot be separated. The NLM method will
select the SMs to turn on during an MMC operating cycle, from which the new capacitor voltage
balancing method has data to arrange the capacitor values to ensure that the capacitors are
operated in a balanced state

4. Design a control system, simulate and evaluate results

The structure of the control for the system is shown in Fig. 13. The structure consists of two
control loops: the inner loop controls the current, and the outer loop controls the voltage. The
current loop uses AC adjustment; the current value measured on the abc reference frame is then
converted to the dg frame, compared with the reference value, the error is fed into the current
controller, and the output of the current loop is the reference voltage of the voltage regulation
loop. This value is fed to the NLM stage and the capacitor voltage balancing stage to select the
SMs to be turned on and to send the switching pulses to the IGBT valves of the MMC inverter
on each phase. In addition, the control structure is also equipped with a controller to determine
the MPPT point for the DC/DC Boost Converter. The simulation process is performed on
MATLAB/Simulink software for 2.5 s with the system parameters in Table 3.
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Fig. 13. Grid-connected PV-MMC system control structure

The scenario is simulated for the system with radiation intensity and temperature changes, as
shown in Fig. 14(a). Initially, the intensity is 1000 W/m?2. After 0.6 s, the radiation decreases
gradually to 250 W/m? within 0.5 s. At 1.2 s, the radiation gradually increases to 1000 W/m?2
within 0.5 s and remains the same until the end 0of 2.5 s. At time 2 s, the temperature rapidly rises
to 50°C, checking the system response to the temperature change.

When simulating the system under the radiation conditions in Fig. 14(a), the power obtained
after applying the MMPT algorithm is shown in Fig. 14(b). Initially, when MPPT is not turned
on, the D coefficient is fixed at 0.55, and the PV power is stable at 86 kW. After 0.4 s, MPPT is
turned on, and the PV power is adjusted to the maximum power (100 kW). From 0.6 sto 1.7 s,
the solar radiation changes, the power also changes, and the simulation result is similar to the
theory of radiation influence. At 2 s, the temperature increases to 50°C, leading to a decrease in
the maximum power of the PV. The power graph is consistent with the original theory.

Table 3. System simulation parameters

STT Solar System Symbol | Value Unit
1 Power Prev 100 kW
2 Maximum voltage Vmmp 273.5 v
3 Maximum current Immp 368.28 A

MPPT - Boost Converter

4 Inductor Lboost 8.5¢-4 H

5 Capacitor Choost 0.0045 C

14
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6 Switching frequency Sooost 2000 Hz
MMC parameters
7 Branch inductor Lo 4.7e-5 H
8 SM capacitor Csm 0.02 F
9 Number of SM N 10
10 Branch resistance R 6.76¢-4 Q
11 Primary transformer voltage Vri 260 \%
12 Secondary transformer voltage Vsee 25 kv
13 Transformer power Pga 100 kVA
14 Grid inductance Ly 2.5¢-4 H
15 Grid resistance Ry 0.019 Q
16 Grid power Perid 100 kW
17 Grid voltage Verid 25 kV
18 | Grid frequency Serid 50 Hz
¢ 1000
S
g 800
é 600
% 400
E 200 |-
Ssof
é 40
dé" 30 |
@
0 05 1.0 15 2.0 25
Times (s)
(a)

15



WWWw .CA‘L{S(J])iblllﬂ.])illl.pl P N \-\‘\\;‘\'\'.j()Ul'll‘dl}-,l)ill’l,l)l

(=

This paper has been accepted for publication in the AEE journal. This is the version which has not been
fully edited and content may change prior to final publication.
Citation information: DOI 10.24425/aee.2025.153907

Power PV (kW)
o
3

Fig. 14. Simulation of radiation intensity and temperature conditions (a); power of PV (b)

Figure 15 shows the change in operating voltage and current of the solar cell. Initially, the
operating voltage and current are at 226 V and 384 A. After 0.4 s, the MPPT is turned on, and
the voltage and current are adjusted to the maximum power point (Vpy =273.5 V; I,y =368 A).
The values of V}y, and I,y are consistent with the initial parameters in Table 1. When the solar
radiation changes from 1000 W/m2 to 250 W/m2, the VMMP voltage of the cell decreases
slightly to about 268 V; when the radiation returns to 1000 W/m2, the voltage increases again to
273.5 V; the operating current of the cell changes in the same form as the change in the intensity
of I, radiation. At time 2 s, the temperature increases to 50°C, causing the Vwvpp voltage to
decrease, the IMPP current to rise slightly, and the system works according to theory

PV operating voltage PV operating current
400 [
. ————fOR r
! ( < i 300 .
200 = : 9,. ||
bk ad 4 i i J
200 ALl A0 L 1Y
L f'[ﬂ'fhl'lr 1l
L
100 S |36 (TP
100 N
0 0
0 05 1.0 15 20 25 0 05 1.0 1.5 20 25
Times (s) Times (s)

Fig. 15. Operating voltage and current of PV

The MPPT changes the modulation factor D of the Boost Converter. Initially, D is fixed at
0.55; after turning on the MPPT, the D cycle is adjusted. With the desired V4. of 500 V, applying
Formula (2), the ideal D value to be achieved is 0.45. Figure 16 shows the change of D through
each stage, the first stage from 0 to 0.4 s (MPPT is not turned on), and D is kept fixed at 0.55.
After turning on the MPPT, D is adjusted to fluctuate around the value of 0.45. The PV system
is brought to operate at the maximum power point with fast speed and tiny deviation. During the
period of 0.6—1.7 s, the radiation and V. voltage change, causing D to change accordingly. At
1.7 s, the radiation returns 1000 kW/m?, and D is adjusted to the desired value. At 2 s, the
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temperature increases, causing the operating voltage of ¥}, to decrease, and D rises to 0.504.
Through the Boost Converter, the DC voltage is increased to 500 V. Figure 17 is the output Vg
voltage of the Boost Converter, which is also the Vg value supplied to the MMC. The results
show that the voltage response is excellent and close to the Vet set value of 500 V. The above
results have demonstrated that the INC algorithm has given fast and accurate effects, which
proves that the algorithm has met all the proposed MPPT goals for the PV system.

0.56

0.54 ‘

0.52

0.50 Factor D B
0.48

0.46

0.44

0 0.5 1.0 1.5 2.0 2.5
Times (s)

Fig. 16. Modulation factor D for Boost Converter

600
Ve

500

Ve ref

. p )

200

Voltage (V)

100

0 0.5 1.0 1.5 2.0 2.5
Times (s)

Fig. 17. DC side voltage of MMC

Figure 18 shows the MMC's current response /; and I, Follow the reference value. The I,
graph is similar to the radiation; /, is controlled to 0. The transient process only occurs in the
first 0.1 seconds, which proves that the PI controller has given an excellent response.

0 05 10 15 20 25 0 05 10 15 20 25
Times (s) Times (s)

Fig. 18. Response of current /s va I,
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Figure 19 shows the capacitor voltage on the MMC's SM. Thanks to the capacitor voltage
balancing algorithm, the capacitor voltage is always kept stable at a rated value of 50 V. Its
deviation is in the range of 44 V to 56 V, which is 12% and is a guaranteed and acceptable value
for the MMC to operate stably for a long time.

§ kﬁﬂwﬁf\\wf \\ A M

6] \'1

1.95 2

60

iS

5

5

Voltage (V)
o

(=)

Tlmes (s)

Fig. 19. Capacitor voltage of an SM when applying capacitor voltage balancing algorithm

Figure 20(a) and Fig. 21(a) show the MMC output voltage and current; the results show that
the current and voltage are always sinusoidal. The MMC output voltage follows the set value
and has a 21-level form, which is in accordance with the principle of NLM. The THD value of
the output voltage is shown in Fig. 20(b), which is 3.32%; the THD value of the output current
is shown in Fig. 21(b), which is 4.68%, and indicates that the output voltage and current are good
quality.

Voltage (V)

Times (s)

@
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Fig. 20. Output voltage of the MMC and THD index of voltage
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Fig. 21. Output current of the MMC and THD index of current

The DC voltage, after passing through the MMC, becomes AC voltage and is fed into the
transformer to increase the voltage to the grid with a peak amplitude equal to a grid voltage
amplitude of 20 kV; the current on the grid is small, about 3 A, shown in Figs. 22(a) and 22(b),
respectively.
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Fig. 22. Grid current (a); grid voltage (b)

Figure 23 shows the output power of the PV-MMC system. Under standard conditions, the
maximum power achieved is about 95.5 kW, close to the required reference value. The difference
is 4.5 kW, corresponding to 4.5%. This shows that the solar panel system has achieved an
efficiency of 95.5%. This is a good value to absorb the maximum power from the solar power
system.
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Fig. 23. Output power of PV-MMC system to the grid.

5. Conclusion

This paper presents the structure of the grid-connected PV system through two converters: a
Boost Converter and MMC. The implementation process has analysed the operation of the PV
system and the factors affecting the energy conversion process. At the same time, the operation
and the principle of MPPT point control for Boost Converter, control of the grid-connected MMC
operation through NLM algorithm, capacitor voltage balancing algorithm and grid-connected
PI control for MMC have also been analysed. The results show that the MPPT tracking
performance of the PV system is good, specifically: when the set power requirement changes
from 86 kW to 100 kW with changing temperature and radiation conditions, the algorithm only
takes about 0.4 seconds to achieve the maximum power response close to a set value of 95.5 kW.
This algorithm also takes only 0.4 seconds to achieve the desired current and voltage values
corresponding to the required maximum power. The current results show that the Boost
Converter's output DC and voltage closely follow the set value with acceptable small
fluctuations. The output AC and voltage of the MMC are sinusoidal with low THD indexes of
3.32% and 4.68%, respectively, which are low values within the acceptable range. The voltage
value on the capacitor of the MMC is controlled to fluctuate around the equilibrium position with
a low deviation of 12%, which is acceptable for the capacitor to operate stably in the long term.
The above results of the paper have demonstrated that the INC algorithm combined with MPPT,
PI control combined with NLM and the capacitor voltage value balancing algorithm have given
excellent efficiency to the MMC and achieved all the set goals. This is the basis for applying the
power circuit system and control circuit to large-capacity PV systems described in this paper.
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