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ABSTRACT There exists the problems of output voltage zero-point drift and high even harmonic content
of the three-phase Cuk liftable voltage photovoltaic (PV) inverter when it adopts the conventional carrier
modulation method. In view of these, a new optimized Phase-Shifted Pulse Width Modulation (PSPWM)
strategy is proposed. Firstly, the optimal zero-sequence component is determined based on the inverter
topology and control objectives. Next, the zero-sequence component is injected into the sinusoidal signal
and used as the new modulating signal so that the carrier pulse width modulation is equivalent to the space
vector pulse width modulation. Finally, the carrier and modulating waveforms are blended in a superior
manner, and a new logical operation is applied to generate the required switching drive signals for the
control of the inverter switching tubes. In order to verify the effectiveness of the strategy, simulation and
experimental platforms were constructed, and numerous simulations and experiments were done. The results
show that the modulation strategy can solve the output voltage zero drift problem effectively, and suppress the
even harmonics effectively, meanwhile, the harmonics are mainly concentrated near the primary frequency,
which significantly reduces the total harmonic content and greatly improves the output voltage waveform.
In addition, the modulation can be achieved by reducing one carrier signal, thus simplifying the modulation
process and the design of the digital signal system.

INDEX TERMS Cuk PV inverter, liftable voltage inverter, PSPWM, zero-sequence component, space vector
modulation.

I. INTRODUCTION

With the rapid development of photovoltaic power generation
and other renewable energy generation systems, photovoltaic
inverters have occupied an extremely important position in
today’s energy field. Along with the emergence and con-
tinuous development of various high-voltage resistant high-
power devices, the traditional two-level Photovoltaic (PV)
inverter can no longer meet the needs of all aspects [1].
Since the input voltage of a PV power generation system
fluctuates in a wide range due to various factors such as
light intensity and temperature, the inverter output needs to
be flexibly adjusted to suit different situations and occasions,
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so multi-level PV inverters with the ability to raise and lower
voltage were born [2], [3], [4], [5], [6], [7], [8], [9].

In [7], a two-stage three-phase liftable voltage three-level
inverter is proposed. However, the topology increases the
number of switching tubes and passive devices, leading to an
increase in size and cost; and there are problems of low power
transfer efficiency and complex control. In [8], a three-phase
quasi-Z-source three-level inverter is proposed, but there are
still problems such as large switching losses and limited
boosting capacity. Aiming at these, a new single-stage three-
phase Cuk liftable voltage three-level inverter was proposed,
starting from the topology of the inverter itself, in [9]. The
inverter features a simple structure, easy control, few pas-
sive components, high voltage gain, and high performance
in both step-up and step-down, which satisfies the needs of
new energy generation systems. However, this inverter suffers
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from output voltage zero-point drift, high even harmonic
content, and limited output voltage range when conventional
sinusoidal wave modulation is applied.

A new hybrid Phase-Shifted Pulse Width Modulation
(PSPWM) improved synchronous optimized Pulse Width
Modulation (PWM) technique was proposed in [10], which
may effectively reduce the total harmonic distortion and
improve the system reliability. However, this modulation
strategy needs to be programmed offline to calculate the opti-
mal switching angle of the switching tubes, which increases
the complexity of the system control. A Variable Frequency
Phase-Shifted PWM (VF-PSPWM) strategy was proposed
in [11], which may reduce the voltage ripple and harmonic
content by changing the carrier frequency according to the
load current magnitude. However, it is also required to estab-
lish the quantitative relationship between the load current
change and the carrier frequency change, and it may impair
the fast response capability and reliability of the system.
In [12] and [13], The modulation strategies based on car-
rier transform and modulating waveform transform were
proposed, respectively, which can simplify the modulation
process of the system. However, it is challenging to accom-
plish the capacitance-voltage balance of the flying capacitor
inverter.

In [13], a unified form of Space Vector PWM (SVPWM)
and carrier PWM is derived from the equation and it is
proved that the bridge linking the both is the zero-sequence
component. In [14], a carrier modulation strategy for the
injection of zero-sequence components and midpoint poten-
tial balance control was proposed for a three-level midpoint-
clamped inverter. The strategy equates carrier modulation
with space vector modulation, which avoids output voltage
zero-point drift and decreases output harmonic content. How-
ever, exact mathematical relationships need to be established,
which is challenging to implement. Aiming at these, in [15],
an optimal zero-sequence voltage injection pulse-width mod-
ulation in two-level voltage source inverter applications is
proposed, and in [16], a multilevel PWM algorithm based on
zero-sequence component injection for three-level rectifiers
is proposed, and both literatures propose the idea of injecting
optimal zero-sequence components according to different
control objectives.

In view of the problems mentioned above, which have not
been well solved, this paper proposes an optimal PSPWM
strategy with zero-sequence component injection for the
problems of the three-phase Cuk liftable voltage inverter. The
optimal zero-sequence component developed in this paper are
injected into the sinusoidal signal as a new modulating wave-
form and it is modulated with the carrier waveform in the
proposed new combination. Firstly, we determine the optimal
zero-sequence component to be injected based on the inverter
topology and control objectives. Then, this optimal zero-
sequence component is injected into the sinusoidal signal
to obtain a new modulated waveform. Finally, we combine
the modulating wave and carrier wave in an optimized way
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for carrier phase-shifted modulation and obtain the desired
modulating signal with a new logic operation. The simula-
tion platform was built to conduct relevant simulations and
experiments, and the results showed that the strategy can
effectively eliminates output voltage zero drift, significantly
reduce harmonic content, and fully utilize the high voltage
gain performance of the inverter. Meanwhile, the proposed
strategy reduces one carrier signal compared to conventional
carrier modulation, simplifying the modulation process and
digital signal system design.

Il. WORKING PRINCIPLES OF CUK LIFTABLE

VOLTAGE INVERTER

A. INVERTER TOPOLOGY

The Cuk inverter studied in this paper is shown in Figure 1.
The Direct Current (DC) voltage source Ui, simulates the
PV input on the DC side, Sx1—4(X = A, B and C) represent
the switching tubes forming the three-phase bridge arms, and
Da—c represent the power diodes in reverse series to prevent
damage to the PV module caused by current backflow, and
also includes three flying-capacitors (Cra, Cr and Crgc),
an input-side inductor L;, an intermediate energy storage
capacitor Cy, and three-phase LC filter unit and load.
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FIGURE 1. Three-phase Cuk liftable voltage inverter.
TABLE 1. Switching combinations.
Stage Sxi Spo Sy Sy Ucr Uy
I 1 0 0 0  Charging ug,/2
II 1 1 1 1 e Ug,
il 0 1 1 1 Discharging U, /2
\Y 0 0 0 0 _— 0

Note: "0" means the corresponding switch is off; "1" means the
corresponding switch is on; "-" means that the flying capacitor Cry is neither
charged nor discharged.
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B. INVERTER WORKING STATUS

The three-phase inverters have the same structure in this
paper. Four switching tubes Sxj_4 in each phase are com-
bined two by two to form the corresponding phase bridge arm,
and Uxn represents the output level of a phase of the inverter,
where “X” represents the three-phase bridge arm (X = A,
B, C). There are four combinations of states in a cycle per
phase as shown in Table 1.

It can be seen that in one cycle, there are three levels
of “0”, “Uc1/2” and “Uc;” for each phase output of the
inverter. In the four operating states in one cycle, the flying
capacitor Cpp is charged and discharged in switching state |
and switching state III respectively, thus when the inverter
adopts the carrier phase-shifted modulation method, it can
make the flying capacitor charge and discharge periods equal.
and the flying capacitor charging and discharging currents are
equal to the sum of the input current plus the load current.
So, when the inverter operates in a steady state, the flying
capacitor charge and discharge currents are equal in one
cycle, and the average current through the fly span capacitor
is 0. Phase B and phase

C are the same as phase A. Therefore, when the inverter
adopts the carrier phase-shifted modulation method, all three
phases of the flying capacitor can achieve voltage self-
balancing, and its steady-state voltage is equal to half of the
energy storage capacitor Cj.

Taking the carrier phase-shifted modulation in phase A as
an example, the ideal waveforms of each switching signal and
capacitor are shown in Fig. 2.
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FIGURE 2. Theoretical switching signal and related waveform.
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Ill. THE PROPOSED CARRIER PHASE-SHIFTED
OPTIMIZED MODULATION STRATEGY

A. INJECTION OF ZERO-SEQUENCE COMPONENT

The double Fourier transform of the inverter in phase A
is used as an example (Neglecting high-frequency carrier
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(a) Three-phase sinusoidal signal and zero
sequence component
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(b) Modulated wave injected with zero-
sequence component

FIGURE 3. The process of injecting zero-sequence components.

harmonics and sideband harmonics of the output phase volt-
age). Analyzed in the case of conventional Sinusoidal Pulse
Width Modulation (SPWM), the output phase voltage can be
expressed as:

Up = % - msin (wt) €))

where: o is the fundamental angular frequency; m is the
modulation ratio.

The voltage Uc; across the energy storage capacitor Cj
is approximated by the dc component Uy, and the low fre-
quency kth harmonic component, which can be approxi-
mated as:

uci =[1+ Asin kot + @) ug. (@)

where: A is the Uc) low-frequency pulsation coefficient (the

ratio of the kth harmonic component to the DC component);

¢ is the initial phase of the pulsation component.
Combining (1) and (2) yields:

Augem

{cos[(k — Dwt + ¢]
—cos[tk+Dwt+¢l} 3)

u
Uup = %m sin (wt) +

Since the upper and lower bridge arms of the inverter in this
paper are asymmetric structures, when the sinusoidal signal
is chosen as the modulating wave modulation, the energy
storage capacitor voltage Uc; and the inductor current ir
at the DC terminal will pulsate approximately three times
the working frequency of the three-phase sinusoidal signal
envelope, thus affecting the quality of the output Alternating
Current (AC) voltage. So, when k =3, we can know from (3)
that the output AC voltage contains second and fourth har-
monic components in addition to fundamental components,
resulting in zero drift of the output voltage. Therefore, this
paper chooses to inject the regular sinusoidal signal with zero-
sequence components as the modulating waveform.
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From [17], it can be obtained that injecting the zero-
sequence component into the sinusoidal modulating wave-
form can make the SPWM modulation method effectively
equivalent to Space Vector Modulation (SVM), which not
only improves the inverter DC voltage utilization and reduces
the output voltage harmonic content, but also eliminates the
complex vector synthesis process of space vector sinusoidal
pulse width modulation. The injected zero-sequence compo-
nent Vz varies with the distribution factork (0 <k < 1). In this
paper, we take k = 0.5, from (4) and (5), we can obtain that the
upper and lower parts of the modulated signal injected with
zero-sequence components are symmetrical and approximate
to the sinusoidal signal structure, as shown in Fig. 3.

U, = msin (wt)

o 21
up = msin ( wt — 3 4)
_ ( 2n )
ue =msin | wt + —
3
1
up=—> [max (ua,b,c) + min (“a,qu)] (3)

Ura,b,c = Ua.b.c T U

where: the zero-sequence component Uz is obtained from
the three-phase sinusoidal reference signal U,, Uy, and Ug;
Ura, U, and Uy are the three-phase modulating signal after
injecting the zero-sequence component; m is the modulation
ratio; w is the modulating waveform angular frequency.

B. PROPOSED CARRIER PHASE-SHIFTED MODULATION
AND OPTIMIZATION

In this paper, a carrier Phase-Shifted PWM (PSPWM) with a
sinusoidal signal injected with zero-sequence components as
the modulating waveform is used and optimized.

The conventional carrier phase-shifted modulation method
that injects zero-sequence components into the modulating
signal is shown in Fig. 4. The modulated signal U, is com-
pared with two triangular carriers V1 and V,, which are 180°
phase difference, to generate the switching signals Sx; and
Sx2 respectively. Then the Sx; and Sx» switching signals
are inverted to produce Sx4 and Sx3 switching signals corre-
spondingly, and the modulation waveform is shown in Fig. 4.

In this paper, the above PSPWM modulation strategy is
further optimized. Simplify two triangular carriers with 180°
phase difference into one carrier signal, and then shift the
modulated signal by 180° phase horizontally. We can know
from analytical verification that the same delta carrier wave
is compared with the modulated wave with 180° phase differ-
ence respectively, the generated switching signals have 180°
phase difference and are reversed. So, the logical relationship
and theoretical waveform diagram of the proposed modula-
tion strategy are shown in Fig. 5 and Fig. 6.

It can be seen that the new modulation strategy not only
reduces one carrier signal, but the modulating waveform uy,
can also be obtained by simply transforming the original
modulating signal u;;, which makes the modulation strategy
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FIGURE 4. Conventional PS-PWM modulation with zero-sequence
component injection.
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FIGURE 5. The proposed PS-PWM with zero-sequence component.

easier to implement in digital signal processing systems and
also gives the same inverter performance as the previous
PSPWM.

Under this modulation strategy, the Cuk liftable volt-
age inverter studied in this paper operates in the Current
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FIGURE 6. The proposed PS-PWM logic relationship.

Continuous Mode (CCM). When the inverter is operating in
a steady state, assuming that the DC input is an ideal voltage
source Uiy, ignoring the harmonic components contained in
the flying capacitor Cpx and energy storage capacitor Ci, the
inverter performance is analyzed as follows:

Taking the phase A as an example, during the 1/3 cycle of
the phase A modulating signal as the dominant modulating
signal, the input-side inductor current ip; will pulsate twice
the industrial frequency, the analysis of the four operating
states in each switching cycle by the volt-second balance
principle is:

T Uy 1 Uin — Ucra
—\{\D—-—-=)T ———— (1 -D)T
/E[L1 ( 2) R DT

6

Ui Uin — Uc1 + U
+L_m (D—Z) Ts+ in Cl1 CFA
1

(1 — D) Tyldwt =0

L
(6)
The switching signal duty cycle D is:
1
D= # %

where: Ura is the phase A modulated signal after injecting
the zero-sequence component. Combining (4), (5), and (7)
yields:

D=Lt n@r) —sin (wr — 2= (n 1 ”)
= -+ — — - — — < < =
274 @ R 6 ~“'T7

(3)
Combining (6) and (8) yields:
UCl mm
= — 9
T ©)

Because Uc is equal to the inverter three-phase bridge arm
bus voltage, the peak output phase voltage fundamental can
be derived as:

Upm = Uct - = .y, (10)
om=Uc1 - =——F=""Ui
The switching tube voltage stress Vs is:
U U,
Vs = Cl _ Zom (11)
2 m

Since the modulating wave is a sinusoidal signal injected
with zero-sequence components, the modulation ratio m
should conform to 0 < m < 1.154 to avoid over-modulation
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FIGURE 7. Inverter voltage gain curve.

TABLE 2. Parameters chosen in the simulation model.

parameter value
DC supply voltage/V 100
Carrier frequency/kHz 10
Inductor L1/mH 50
Capacitor C1/uF 470
Flying capacitor Crx/uF 100
Filter inductor L/mH 3
Filter capacitor C/uF 5
R=40Q
load R=80Q2

R=80Q L=8mH

m=0.7

m=0.4

Unw/V

t/ ms

FIGURE 8. Output voltage waveform of inverter with different modulation
ratios.

of the inverter. The voltage gain curve is shown in Fig. 7.
we can see that the output three-phase voltage can theo-
retically approximate up to 25 times the input DC voltage.
To ensure that the inverter operates in the linear modulation
region and retains a certain safety margin, it is appropriate to
control the modulation ratio m in the range of 0.3 < m < 1.0.
And we can deduce that when 0.547 < m < 1, the inverter can
achieve step-up output; when 0.3 < m < 0.547, the inverter
can achieve step-down output from (10).
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FIGURE 9. Three-phase output voltage waveforms with different
modulation ratios after filtering.

TABLE 3. Comparison of different strategies and topologies.

. Capacitor voltage
Inverter Topology Modulation strategy | THD of Uas self-balancing
Capacitor voltage self-
balancing seven-level inverter IPD-PWM 23.34% Yes
Literature[18]
SC-ANPC inverter . Yes
Literature[19] CO-PWM 28.72%
SI-ANPC inverter
Literature[20] SD-SVM 247% No
SPWM 28.03%
Cuk liftable voltage inverter
i Yes
in the paper The proposed 1.78%
strategy

Note: Uag refers to the inverter output filtered line voltage; “Yes” refers
to the capacitor voltage can be self-balancing, and “No” refers to the
capacitor voltage can't be self-balancing.

IV. SIMULATION ANALYSIS

In order to verify the effectiveness of the strategy proposed
in this paper, MATLAB R2021a is utilized as the simula-
tion platform to establish the Cuk liftable voltage inverter
simulation model, and the circuit and modulation strategy
parameters are set as shown in Table 2.

The inverter output voltage waveforms for modulation
ratios m = 0.7 and m = 0.4 are shown in Fig. 8 and Fig. 9,
respectively. Fig. 8 shows the output phase voltage Uan of
phase A and the output line voltage Usp of phase A and
phase B. The output voltage of U\ is a three-level waveform
and the output voltage of Uap is a five-level waveform. Fig. 9
shows the three-phase output sinusoidal voltage waveform
after filtering. It can be seen that the output waveform con-
forms well to the theoretical analysis, and there is no output
voltage zero-point drift or waveform distortion.

Comparing the output voltage waveforms at m = 0.7 and
m = 0.4, it can be seen that as the modulation ratio m
decreases, the output voltage amplitude decreases signifi-
cantly. In Fig. 7, the peak three-phase steady-state output
voltage is about 285 V at m = 0.7, which is in the step-up
state; the peak output phase voltage is about 84 V at m = 0.4,
which is in the step-down state. It is verified that the inverter
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FIGURE 10. Frequency spectrum of output voltage with different
modulation ratios.
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FIGURE 11. Capacitance voltage waveforms with different modulation
ratios.

has the ability to raise and lower the voltage, and the step-up
has a high gain.

Fig.10 shows the output phase voltage spectrum analysis
for m = 0.4 and m = 0.7. It can be seen that the fundamen-
tal amplitudes at the two modulation ratios are 84.49V and
285.1V, and the THD is 2.15% and 1.78%, respectively.

Fig. 11 shows the voltage waveforms of the energy storage
capacitor C; and the flying capacitor Cgx for two modula-
tion ratios. It can be seen from the charging and discharg-
ing process that the capacitors are able to achieve voltage
self-balancing.

VOLUME 11, 2023



R. Gong, C. Zhao: Optimized Carrier Phase-Shifted Modulation Strategy for Cuk PV Inverter

IEEE Access

400 | I
| |
N | | ."/\I‘- f\
E | | ;: :‘. .‘" \ /
S [ :I;‘ Vo
. VARV,
-400 R=400 ] R=800 | R=80Q)
10 I 1 L=8mH
| |
' I I ~
2 |
= -/ ~
| |
-10 ' 1
tls

Three-phase
Cuk inverter

FIGURE 13. Constructed inverter experiment platform.

TABLE 4. Parameters chosen in the experimental platform.

parameter value
DC supply voltage/V 12
Carrier frequency/kHz 10
Inductor L1/mH 50
Capacitor C1/uF 470
Flying capacitor Crx/uF 100
Filter inductor L/mH 3
Filter capacitor C/uF 5
R=400)
load R=800

Fig. 12 shows the output voltage waveforms under different
load conditions for modulation ratio m = 0.7 and the output
current change waveforms when the load changes abruptly.
It can be seen that the fundamental value and THD of the
output voltage hardly change for different loads, and the line
current can respond quickly to changes in the load. It indicates
that the inverter with the modulation strategy has strong
load capability and fast response, and can maintain system
stability under sudden load changes.

Table 3 shows the comparison of different strategies and
different topologies. As can be seen from the table, firstly, the
Cuk liftable inverter in this paper has a significant reduction
in harmonic content using the proposed strategy compared
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FIGURE 14. Inverter output waveform for m = 0.7.

to the conventional SPWM modulation. Furthermore, the
Cuk liftable voltage inverter using the proposed modulation
strategy is also superior to other different inverter topologies
that can be used in PV applications. These further prove
the effectiveness and superiority of the proposed modulation
strategy.

V. EXPERIMENTAL VERIFICATION

To further verify the effectiveness of this modulation strategy,
an experimental platform for this inverter was built, as shown
in Fig. 13. The 32-channel output pulse signals are generated
by the ALTERA FPGA (EP4CE6F17C8N), and the selected
key parameters are shown in Table 4.

Figures 14 and 15 show the output waveforms of the
inverter when the modulation ratio is 0.7 and 0.4, respectively.
From their subplots (a) and (b), it can be seen that the inverter
output unfiltered line voltage and phase voltage are three-
level and five-level respectively, which correspond to the
simulated waveform, and the voltage conforms to the theo-
retical step-up and step-down laws. From their subplot (c),
it can be seen that the output sinusoidal voltage and current
waveforms of the inverter after filtering are good, and there
is no zero-point drift or waveform distortion. In addition, the
peak output sinusoidal voltage at m =0.7 is about 34.2V, and
the peak output sinusoidal voltage at m =0.4 is about 9V.
It can be seen that although the experimental data are different
from the simulation data, they match the voltage gain of the
theoretical and simulation results. These also further prove
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FIGURE 15. Inverter output waveform for m = 0.4.
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FIGURE 16. Frequency spectrum of output voltage with different
modulation ratios.

the correctness and effectiveness of the strategy proposed in

this paper.
Figure 16 shows the frequency spectrum of the inverter
output sinusoidal voltage for m = 0.7 and m = 04,

respectively. It can be seen that the harmonic content is sig-
nificantly lower and mainly concentrated around the primary
frequency, which is highly consistent with the simulation
spectrum analysis results, which further verifies the effec-
tiveness to suppress the even harmonics of the modulation
strategy.
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FIGURE 17. Inverter capacitor voltage waveform for m = 0.7.
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FIGURE 18. Output voltage and current waveforms with sudden load
changes.

Fig. 17 illustrates the inverter capacitor voltage waveform
for m = 0.7. From the figure, it can be seen that the capacitor
voltage can achieve voltage self-balancing, which is in full
agreement with the simulation results.

Figure 18 illustrates the output voltage and current wave-
forms measured when the inverter switches to different load
conditions. It can be seen that the output voltage waveform
is nearly constant when switching different loads, and the
current can respond quickly to load changes. It is consistent
with the simulation results and further proves that the inverter
has strong load capacity and fast response capability with the
modulation strategy.

VI. CONCLUSION

Aiming at the problems of zero-point voltage drift and
high output voltage harmonic content in the three-phase
Cuk liftable voltage inverter with conventional carrier phase-
shifted modulation strategy, a new carrier phase-shifted
optimized modulation strategy is proposed in this paper.
A three-phase Cuk inverter simulation model and experimen-
tal platform were established, and relevant simulations and
experiments were conducted. The results show that:
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1) Using a sinusoidal signal injected with the optimal

zero-sequence components instead of a conventional
modulating signal for carrier phase-shifted modulation,
can effectively eliminate the zero-point drift of the
output voltage and effectively solve the problem of high
harmonic content.

2) Compared to the conventional carrier phase-shifted

modulation strategy, one carrier signal can be reduced,
which makes the strategy easier to implement in digital
signal processing systems.

3) The strategy has a large modulation ratio variation

range, which can effectively exploit the step-up and
step-down performance as well as the high voltage
gain performance of the inverter. Well suited for pho-
tovoltaic and other renewable energy generation appli-
cations when the input voltage varies widely or the
voltage level is lower.
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